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ABSTRACT

Geothermal waters of the Republic of Croatia hold significant energy potential for
heating, electricity production, and direct cascading water use in various locations. Due to
relatively low usage levels and growing awareness of using renewable energy sources, interest
in this resource is expected to increase. Hydrothermal systems, transferring the Earth's internal
heat to the surface, vary considerably worldwide due to their different formation mechanisms.
They are differentiated based on geological, hydrogeological, and thermal characteristics,
necessitating distinct methodological approaches for research. Hydrothermal systems in the
Pannonian part of Croatia, where the naturally circulating water transfers heat to the surface,
experience higher than average terrestrial heat flow from the asthenosphere due to a regionally
thinned lithosphere in the Pannonian Basin System (PBS). Pannonian part of Croatia, known
for its elevated geothermal gradient, is located at the SW margin of PBS, which is a back-arc
basin developed as a result of the Miocene extensional disintegration of orogenic terrains and
subsequent events of basin evolution.

The Topusko hydrothermal system (THS), where natural thermal springs with
temperatures up to 53 °C emerge, is located at the tectonic boundary of two major tectonic
units: the Dinarides in the SW and the southwestern margin of the PBS to the NE. Therefore,
the Topusko THS is characterised by favourable geothermal characteristics (average
geothermal gradient approximately 40 °C/km). In the past fifty years, thermal water has served
as a basis for developing tourism and health care centres, and since the 1980s, it has been
utilised for district heating. Despite the great natural potential of the Topusko geothermal
resource, geological research is scarce, and unpublished reports on well construction and
revitalisation make up most of the available data. Here, multidisciplinary research, including
hydrogeological, geothermal, hydrogeochemical, structural, and geophysical investigations,
was conducted with the objective of refining the available conceptual model, which was finally
physically validated by constructing a numerical model of THS. Good conceptual and
numerical models of groundwater flow and heat transport enable the delineation and protection
of recharge areas, the determination of sustainable extraction rates, and ensuring the sustainable
use of natural thermal springs.

The primary objectives of the presented work within the scope of the doctoral dissertation
were to characterise naturally emerging thermal waters, reconstruct the geological setting, and
refine the existing conceptual model through hydrogeochemical, geophysical, and

hydrogeological analyses. The research included detailed hydrogeochemical characterisation,



which revealed Ca-HCO3 facies of Topusko thermal waters heated in a Mesozoic carbonate
aquifer with an estimated equilibrium temperature of 78-90 °C, based on historical and new
data, respectively. The thermal water emerges through an identified fault damage zone in
Topusko, which provides the permeability necessary for the upwelling of thermal water.
Aquifer transmissivity values from step-drawdown tests were found to range between 1.8x102
and 2.3x102 m?/s.

Further, a two-year hydrogeochemical and isotopic monitoring program identified that
the thermal waters are of meteoric origin, recharged during colder climatic conditions around
the late Pleistocene to Early Holocene, with the last atmospheric contact approximately nine
thousand years ago. Stable and radioactive isotopes, alongside chemical geothermometers, were
used to understand the origin and interactions of these waters with the system. Monitoring of
hydrogeochemical parameters in Topusko thermal waters provided further insights into system
changes from baseline levels, aiding in the identification of potential anthropogenic impacts
and natural changes on the system.

Integrating structural, geochemical, and hydrogeological data led to a novel conceptual
model of the Topusko hydrothermal system. The stratigraphic sequence and regional structural
setting were defined based on geological maps and extensive field investigations, showing that
the thermal waters circulate within a carbonate aquifer, receiving diffuse recharge from Triassic
carbonates about 13 km south of Topusko. The regional thrusts and the Topusko anticline
structure facilitate the gravity-driven flow of groundwater in a northward direction and its
subsequent upwelling at the Topusko discharge area. Numerical fluid flow and heat transport
simulations corroborate the proposed conceptual model, showing a thermal anomaly
approaching the field temperature observations. In particular, a thermal anomaly was modelled
in the Topusko subsurface with temperature values of 31.3 °C and 59.5 °C at the surface and
the base of the thermal aquifer, respectively.

Presented research enhanced the understanding of the THS, highlighting the influence of
regional and local geological structures on fluid dynamics. These insights are crucial for the
sustainable utilisation and environmental protection of the thermal resources in the area, paving

the path for future multidisciplinary research to further refine the conceptual model of THS.

Keywords: hydrothermal system, thermal spring, conceptual modelling,

multidisciplinary approach, fractured carbonates, Topusko



ProSireni sazetak

Geotermalne vode Republike Hrvatske imaju znacajan energetski potencijal za grijanje,
proizvodnju elektri¢ne energije i neposredno kaskadno koristenje vode na brojnim lokacijama.
S obzirom na niski stupanj koristenja geotermalnog potencijala u Hrvatskoj i porast svijesti 0
potrebi koriStenja obnovljivih izvora energije, oCekuje se povecanje interesa za ovaj resurs u
bliskoj buduénosti (Roscini i dr., 2020; Directive EU/2023/2413). Kako bi se on Koristio na
odrziv nacin, potrebno je poznavanje procesa koji ga pokrecu i utjecu na njega.

Hidrotermalni sustavi, koji prenose unutarnju toplinu Zemlje na povrSinu, znacajno se
razlikuju u svijetu zbog razli¢itih mehanizama formiranja. Razlikuju se na temelju geoloskih,
hidrogeoloskih i toplinskih karakteristika, S$to zahtijeva razliite metodoloske pristupe
istrazivanju. Hidrotermalne sustave u panonskom dijelu Hrvatske, gdje prirodna cirkuliracija
vode prenosi toplinu na povrSinu, Karakterizira poviseni toplinski tok iz astenosfere (76
mW/m?), zbog regionalno stanjene litosfere u Panonskom bazenskom sustavu (PBS). Panonski
dio Hrvatske poznat je po povisenom geotermalnom gradijentu (49 °C/km) (Bosnjak i dr.,
1998). Nalazi se na JZ rubu PBS-a, zaluénog bazena nastalog kao rezultat miocenske ekstenzije
te dezintegracije orogenih terena i naknadnih dogadaja tijekom evolucije bazena (Tomljenovi¢
& Csontos, 2001; Schmid i dr., 2008; Horvéath i dr., 2015).

U proucavanju hidrotermalnih sustava potrebno je odrediti porijeklo fluida i podrucje
prihranjivanja, prostorno rasprostiranje vodonosnika, smjer toka fluida i dubinu do koje se
spusta te uzroke 1 nacine zagrijavanja i izviranja. Potencijalno podrucje prihranjivanja u ranim
fazama istrazivanja se odreduje geoloSkom prospekcijom, odnosno definiranjem izdanaka
dobro propusnih stijena na topografski istaknutim podru¢jima. Sto se ti¢e moguénosti
zagrijavanje vode, vazno je utvrditi postoji li na istrazivanom podrucju dostatni toplinski tok iz
unutras$njosti Zemlje te omogucuju li stijene prijenos topline prema povrsini. Isto je tako nuzno
utvrditi postoje li strukture kojima se oborinska voda moze spustati na ve¢u dubinu, zagrijati |,
naposljetku, izvirati.

Sire podrugje istrazivanja (300 km?) nalazi se otprilike 60 km juzno od Zagreba u
Sisa¢ko-moslavackoj zupaniji, na SI rubu Dinarida i JZ rubu PBS-a te pripada tektonskoj
jedinici Unutarnjih Dinarida (Schmid i dr., 2004; Vlahovi¢ i dr., 2005; Horvath i dr., 2015;
Paveli¢ 1 Kovaci¢, 2018). Termalni izvori u Topuskom, temperatura do 53 °C, nalaze se u
Glinskoj depresiji uz isto¢ne padine Petrove gore. Multidisciplinarna istrazivanja koja ukljuc¢uju
hidrogeoloska, geotermijska, hidrogeokemijska, strukturna i geofizicka istrazivanja, provedena

su sa svrhom izrade i uto¢njivanja postojeceg konceptualnog modela hidrotermalnog sustava



Topusko (THS), koji je i fizicki validiran izradom numeri¢kog modela toka podzemne vode i
prijenosa topline. Dobar konceptualni te pouzdan numeric¢ki model toka podzemne vode i
prijenosa topline omogucuje ocrtavanje i zastitu podrucja prihranjivanja, odredivanje odrzivih

koli¢ina crpljenja i osiguravanje dugotrajno odrzivog koristenja termalnog izvorista.

Ciljevi i hipoteze

Glavni ciljevi ovog rada ukljucuju cjelovitu geokemijsku karakterizaciju termalne vode
i odredivanje ravnotezne temperature geotermalnog rezervoara, rekonstrukciju strukturnog
sklopa izvorisnog podrucja pomocéu metode elektriéne tomografije, kako bi se identificirale
pretpostavljene rasjedne strukture u podzemlju, utvrdivanje hidrogeoloskih parametara
geotermalnog vodonosnika u podruéju izviranja hidrotermalnog sustava Topuskog iz novih
hidrodinamickih mjerenja, rekonstrukciju strukturnog sklopa sireg podrucja prihranivanja i
geotermalnog vodonosnika na temelju interpretacije prikupljenih strukturno-geoloskih
podataka, geolosko modeliranje THS-a na temelju novih prikupljenih podataka te numericko
modeliranje toka fluida i prijenosa topline u THS-u na temelju novih podataka. Ciljevi su
bazirani na Cetirima hipotezama: (i) geotermalni vodonosnik u Topuskom je hidrotermalnog
postanka, (ii) podrucje prihranjivanja geotermalnog vodonosnika THS-a je zapadno od navlake
Petrove gore, (iii) prirodni termalni izvori u Topuskom nalaze se u oStecenoj zoni rasjeda koja
ima dovoljno visoku propusnost da omoguci izviranje termalne vode i (iv) temperature u

geotermalnom vodonosniku su viSe nego na prirodnim izvorima.

Znanstveni doprinos

Odredivanje = hidrogeoloskih,  hidrogeokemijskih 1  geotermijskih  znacajki
hidrotermalnog sustava Topusko pomaZze u osiguravanju njegovog buduceg odrzivog
koristenja. Definiranje podrucja prihranjivanja provedeno je sa ciljem zastite od antropogenih
utjecaja koji bi pogorsali koli¢insko i kemijsko stanje geotermalnog vodonosnika. Provedena
multidisciplinarna istrazivanja posluzit ¢e za definiranje metodologije za proucavanje
karbonatnih geotermalnih vodonosnika hidrotermalnog postanka, koji prihranjuju najveci broj

prirodnih termalnih izvoriSta u Hrvatskoj.

Metode i postupci
Metodologija se sastoji od Cetiri razliite vrste istrazivanja, koje Su Svojstvene
primijenjenim geoloskim istrazivanjima: (i) bibliografsko istrazivanje, (ii) terenski rad, (iii)

laboratorijsko istrazivanje 1 (iv) kabinetsko istrazivanje.



(1) Prikupljena je i pregledana postojeca literatura i podatci kako bi se identificirale praznine u
dosadas$njim saznanjima 0 podru¢ju istrazivanja te kako bi se predlozena istrazivanja
pozicionirala unutar postojece baze podataka te oblikovale hipoteze doktorske disertacije.

(if) Terenski rad ukljucuje prikupljanje terenskih podataka za hidrokemijska, geofizicka,
hidrodinamicka i strukurno geoloska istrazivanja na podru¢ju THS-a.

Monitoring termalne vode u Topuskom proveden je u trajanju dvije godine (2021. -
2023.). Temperatura se kontinuirano pratila koriStenjem automatskih uredaja za biljezenje
podataka (Onset HOBO U12-015 Stainless Steel Temperature Data Logger). In situ mjerenja
(na licu mjesta) (pomo¢u multiparametarske sonde WTW Multi 3630 IDS), preuzimanje
podataka iz automatskih mjeraca te uzorkovanja termalne vode i oborine za hidrogeokemijske
analize provodila su se svaki mjesec. Uzorci vode prikupljani su u polietilenskim bo¢icama od
100 i 200 ml koje sprjeavaju isparavanje te su cuvane u hladnjaku. Koncentracija
bikarbonatnog aniona odredivana je in situ volumetrijskom titracijom pomocu digitalnog
titratora (HACH 16900). U izvorisnom podrucju THS-a provedeno je geofizicko profiliranje
metodom elektri¢ne tomografije (ERT), okomito i paralelno s identificiranim i pretpostavljenim
podzemnim strukturama. ERT mjerenja su izvedena koristenjem POLARES 2.0 sustava za
elektricno snimanje (P.A.S.I. srl) kako bi se istrazila hipoteza o rasjedima potpomognutom
prirodnom izviranju termalne vode. Za procjenu hidrogeoloskih parametara vodonosnika
provedeno je ispitivanje postojecih busotina metodom testiranja u koracima pomocu digitalnog
manometra (Keller LEX1) budué¢i da je termalni vodonosnik u Topuskom arteskog tipa.
Geolosko i strukturno modeliranje podrucja istrazivanja temeljeno je na postoje¢im literaturnim
I novo prikupljenim terenskim podatcima izdanaka, sto je rezultiralo novom interpretacijom
regionalnih struktura i njihove evolucije.

(iii) Nakon svake kampanje uzorkovanja, provedena je analiza glavnih aniona i kationa (ionska
kromatografija na DIONEX ICS-6000 DP uredaju; Thermo Fischer Scientific Inc., Waltham,
Massachusetts, SAD) i analiza izotopa 2H i 180 (spektrofotometrijska metoda, Picarro L2130-I
izotopski i plinski analizator). Hach DR3900 spektrofotometar koristen je za odredivanje
sadrzaja SiO2 u uzorcima termalne vode. Glavni anionski i kationski sastav, koncentracije SiO>
I stabilni izotopi vode analizirani su u Hidrokemijskom laboratoriju Zavoda za hidrogeologiju
i inzenjersku geologiju Hrvatskoga geoloskog instituta. Glavni ionski sastav uzoraka pruzio je
uvid u mineraloski sastav vodonosnika, kao 1 moguce mijeSanje s vodom iz pli¢ih hladnih
vodonosnika u podrucju izviranja (Blake i dr., 2016). Takoder, koriSten je za geotermometriju,
zajedno sa sadrzajem silicijevog dioksida (SiO2), za izraCunavanje ravnoteznih temperatura

lezista koristenjem razli¢itih empirijskih formula (Blasco i dr., 2017; Armannsson &



Fridriksson, 2009). Pomoéu omjera stabilnih izotopa 2H i 80 u termalnoj vodi i oborini ispitano
je meteorsko podrijetlo termalne vode. Osim toga, uzorkovanje vode provedeno je tijekom
razdoblja minimalnog i maksimalnog zahvacanja vode iz buSotina za analize radioaktivnih
izotopa (3H i *C) i analize stabilnih izotopa sulfatnog aniona (S i $20). Uzorci su analizirani
u vanjskim laboratorijima: ®H i C u Laboratoriju za mjerenje niskih radioaktivnosti pri
Institutu Ruder Boskovi¢ u Zagrebu, a stabilni izotopi sulfatnog aniona u Laboratoriju za
odredivanje izotopa u okoliSu i hidroloskom ciklusu, Hydroisotop GmbH u Njemackoj. Na
temelju aktivnosti radioaktivnih izotopa odredeno je srednje vrijeme zadrzavanja vode (od
zadnjeg kontakta s atmosferom), kao i mogucée mijeSanje s plitkom podzemnom vodom u
izvorisnom podruéju. Analiza S i 80 koristena je kao alat za procjenu porijekla sulfata u
termalnim izvorima (Thiébaud i dr., 2010), koje ranije nije utvrdivano.

(iv) Obrada prikupljenih hidrokemijskih podataka radena je u rac¢unalnim programima Excel,
Diagrammes (Simler, 2012) i Grapher, koji su posluzili za odredivanje hidrokemijskih facijesa,
indeksa saturacije odredenih minerala (npr. kalcit i dolomit), izracun ukupne otopljene krute
tvari (eng. total dissolved solids, TDS) i graficki prikaz odnosa glavnih aniona i kationa te
izotopnih odnosa u uzorcima termalne vode i oborine. Podaci prikupljeni hidrodinami¢kim
mjerenjima koristeni su za procjenu transmisivnosti termalnog vodonosnika kroz dobro
utvrdenu eksperimentalnu vezu izmedu transmisivnosti i specificnog kapaciteta zdenaca.
Konkretno, koristene su empirijske jednadzbe koje su predlozili Fabbri (1997) i Verbovsek
(2008) buduc¢i da su razvijene za karbonatne termalne, odnosno dolomitne vodonosnike. Obrada
dobivenih ERT podataka izvedena je koristenjem Res2DInv racunalnog programa. Za potrebe
geoloskih 1 strukturnih istrazivanja izradena je kompozitna geoloska karta podrucja istrazivanja
koristenjem listova osnovnih geoloskih karata bivse Jugoslavije u mjerilu 1:100.000, kao i
geoloska karta bivse Jugoslavije u mjerilu 1:500.000. Izraden je opis geoloske grade Sireg
podrucja istrazivanja, uklju¢ujué¢i kompozitni geoloski stup koji ocrtava litostratigrafski i
kronostratigrafski slijed naslaga na tom podruéju. Sinteza postojecih podataka napravljena je
pomoc¢u GIS racunalnog programa i alata za graficko uredivanje. Na temelju obradenih
prikupljenih podataka interpretirani su regionalni geoloski odnosi i strukture, utvrdeni su glavni
regionalni rasjedni sustavi na istrazivanom podrucju kako bi se rekonstruirao strukturni sklop
Sireg istrazivanog podrucja te geometrija geotermalnog vodonosnika na regionalnoj razini.
Fizi¢ka validacija konceptualnog modela numerickim simulacijama, koja se ¢esto koristi za
testiranje hipoteza o regionalnim i lokalnim tokovima fluida (Havril i dr., 2016; Montanari i dr.
2017), izvedena je koristenjem komercijalnog programa FEFLOW (Diersch, 2014). Navedene

faze rada su se vremenski i sadrzajno preklapale i nadopunjavale.
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Rezultati i zakljudci

Primarni ciljevi doktorske disertacije bili su naciniti potpunu karakterizaciju voda
prirodnog termalnog izvorista, rekonstruirati geolosku gradu i regionalni strukturni sklop Sireg
istrazivanog podrucja te u konacnici poboljSati postoje¢i konceptualni model kroz
hidrogeokemijska, geofizicka i hidrogeoloska istrazvanja i pripadajuce analize. Istrazivanje je
ukljucivalo detaljnu hidrogeokemijsku karakterizaciju, koja je otkrila Ca-HCOs facijes
termalnih voda THS-a koje potjecu iz mezozojskog karbonatnog vodonosnika u kojem se
zagrijavaju do procijenjene ravnotezne temperature od 78 — 90 °C. Termalna voda istjece kroz
identificiranu rasjednu zonu u Topuskom, koja osigurava potrebnu propusnost za izviranje
termalne vode. Utvrdeno je da se vrijednosti transmisivnosti vodonosnika, izraunate iz
rezultata pokusnog crpljenja u koracima, kreéu izmedu 1,8x102 i 2,3x102 m?/s.

Dvogodisnji program hidrogeokemijskog i izotopnog pracenja pokazao je da su
termalne vode meteorskog porijekla, da se prihranjivanje odvijalo tijekom hladnijih klimatskih
uvjeta oko kasnog pleistocena do ranog holocena, s posljednjim atmosferskim kontaktom prije
priblizno devet tisu¢a godina. Stabilni i radioaktivni izotopi, uz kemijske geotermometre,
koristeni su za definiranje porijekla i interakcija ovih voda sa sustavom. Pracenje vrijednosti
hidrogeokemijskih parametara u termalnim vodama THS-a daje uvid u promjene sustava u
odnosu na pocetne razine, Sto pomaZze u identifikaciji potencijalnih antropogenih utjecaja 1
prirodnih promjena na sustav.

Integracija postojecih i novoprikupljenih strukturnih, geokemijskih i hidrogeoloskih
podataka dovela je do izrade novog konceptualnog modela THS-a. Stratigrafski slijed i
regionalna strukturna grada definirani su temeljem geoloskih karata i opseznih terenskih
istrazivanja. Rezultati ukazuju da termalne vode cirkuliraju unutar karbonatnog vodonosnika,
koji se prihranjuje iz trijaskih karbonata oko 13 km juzno od Topuskog. Regionalne navlake i
struktura antiklinale Topusko omoguéuju gravitacijski tok podzemne vode u smjeru sjevera i
njezino izdizanje u podru¢ju istjecanja u Topuskom. Numericke simulacije toka fluida i
prijenosa topline potvrduju predloZeni konceptualni model, pokazujuéi toplinsku anomaliju
koja se priblizava temperaturama opazanim u stvarnosti. Modelirana je toplinska anomalija u
podzemlju Topuskog s temperaturnim vrijednostima od 31,3 °C na povrsini odnosno 59,5 °C
na dnu termalnog vodonosnika.

Provedeno istrazivanje u okviru izrade doktorske disertacije znacajno je unaprijedilo
razumijevanje THS-a te naglasilo utjecaj regionalnih i lokalnih geoloskih struktura na dinamiku

fluida. Ovi su uvidi vrlo znacajni za odrzivo koriStenje i zastitu hidrotermalnog sustava u cjelini

vii



te ¢e wusmjeriti buduca multidisciplinarnim istrazivanjima za daljnje usavrSavanje

konceptualnog modela THS-a.

Kljuéne rijeci: hidrotermalni sustav, termalni izvor, konceptualni model, multidisciplinarni
pristup, razlomljeni karbonati, Topusko
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1. INTRODUCTION

1.1. General background on hydrothermal systems in the Pannonian part

of Croatia

Geothermal energy, derived from thermal energy stored within the Earth's interior, has
a significant role in the European Union's clean energy transition, as outlined in the European
Green Deal (European Commission, 2019). As a renewable energy source, it provides a clean
alternative to conventional energy generation methods by eliminating combustion, thus
facilitating compliance with environmental standards and regulations (Aliyu & Garba, 2019;
Roscini et al., 2020; Directive EU/2023/2413). The characteristics, classification and utilisation
of geothermal resources are linked to the geological and hydrogeological settings, as well as
the thermal aspects of the associated geothermal systems. Geothermal systems, transferring the
Earth's internal heat to the surface, vary considerably globally due to their different formation
processes (Mocek, 2014). In geothermal systems, heat transfer can occur through various
mechanisms, but when it involves naturally circulating water in either a liquid or vapour state,
itis classified as a hydrothermal system (Ojha et al., 2021; Khodayar & Bjoérnsson, 2024). These
systems are usually categorised based on their temperature. A hydrothermal system is
considered low-temperature if the fluid in the aquifer has a temperature below 90 °C, making
it insufficient for electrical energy production (Bowen, 1989; Williams et al., 2011).

A review study by Goldscheider et al. (2010) emphasises the significance of deep
carbonate rock aquifers, particularly those exhibiting some degree of karstification, as a source
of thermal water outside volcanic regions. While a comprehensive global evaluation of these
resources remains elusive, numerous documented examples highlight their vital role in
supplying thermal baths and geothermal facilities. The authors point to Europe's largest
naturally flowing thermal water system, originating from Triassic carbonate rocks and feeding
the renowned baths of Budapest, Hungary, as a prime example (Dublansky, 1995; Balderer et
al., 2014). Similarly, this trend extends globally amongst other countries, such as Switzerland
(Volpi, 2018), France (Widhen et al., 2023), Italy (Torresan et al., 2022), the UK (Farr &
Bottrell, 2013), Turkey (Dilsiz, 2004), Poland (Kaminskaite-Baranauskiene et al., 2023),
Jordan (Schaffer & Sass, 2014), Tunisia (Dhia, 1987), Canada (Grasby et al., 2000), and China
(Lei et al., 2022), with Stuttgart, Germany, boasting Europe's second-highest concentration of

mineral and thermal springs, again associated with a karst aquifer (Goldscheider et al., 2003;



Ufrecht, 2006, 2015). These widespread occurrences underscore the important role that karst
aquifers play in providing thermal water resources across the globe.

Karst landscapes are characterised by the occurrence of prominent springs (Ford &
Williams, 2007), where the ones with elevated temperatures are termed as thermal springs. They
are often distinguished based on the temperature, although the definitions for related terms such
as cold, lukewarm, warm and hot are absent. Therefore, two common thresholds are frequently
utilised, including the average local air temperature and the temperature of the human body,
making the springs whose temperature is more than 5 °C above the mean annual air temperature
thermal (Goldschier et al., 2010; Pentecost, 2003). This definition has a clear limitation: a spring
with a temperature of 5 °C qualifies as thermal in colder regions, whereas a spring in the tropics
must reach 20 °C to meet the criterion. Considering the climatic conditions of the area where
springs occur is essential. According to Borovi¢ & Markovi¢ (2015) and Kovaci¢ (1998),
thermal spring localities in the Pannonian part of Croatia are traditionally categorised using a
modified balneological scale from subthermal (13 — 20 °C), hypothermal (20 — 34 °C),
homeothermal (34 — 38 °C) to hyperthermal (>38 °C). It is visible that the balneological scale
is formed in relation to the human body temperatures (lower than, similar to, and above that
temperature). The modification is made in the lower part of the spectrum (subthermal) and
refers to temperatures above-average air temperatures in the Pannonian part of Croatia, where
the majority of natural thermal springs are situated.

In such non-volcanic areas, various heat sources and transport mechanisms contribute
to the formation and functioning of hydrothermal systems (Drogue, 1985; Bowen, 1989).
Earth's residual internal heat and radioactive decay act as primary sources. The average
continental thermal gradient (30 °C/km) translates to a heat flow of 65 m\W/mz2, though volcanic
zones can exhibit much higher gradients (100 — 200 °C/km or more) (Economides &
Ungemach, 1987). Heat transfer occurs by mechanisms of conduction, convection, and
radiation , with fluid convection being the most efficient (Sass, 2007). Upwelling thermal
groundwater in discharge zones further elevates near-surface geothermal gradients and heat
flow (Bredehoeft & Papadopulos, 1965; Goldscheider, 2010).

The Pannonian Basin System (PBS), including the Croatian part at the SW edge, is a
significant area of interest for geothermal research due to its geological and tectonic
characteristics. Natural thermal springs fed by fractured and karsified carbonate aquifers are
found in approximately two dozen localities in the Croatian part of the PBS, with temperatures
reaching up to 62 °C (Borovi¢ et al., 2016). These springs are the discharge features of

hydrothermal systems, often characterised by recharge in the mountainous hinterlands and



water circulation through carbonate geothermal aquifers. The elevated heat flow in this region
is attributed to a higher-than-average geothermal gradient (49 °C/km), resulting from the
thinned lithosphere due to Miocene back-arc extension, which allows substantial heat flow (76
mW/m?) from the asthenosphere to the surface (Bosnjak et al., 1998; Horvath et al., 2015;
Leneky et al., 2002).

In the PBS, three levels of the regional flow of thermal water have been identified: i)
gravity flows in the Neogene-Quaternary clastic rocks and sediments of the basin fill (the
shallowest), ii) gravity flows in pre-Neogene confined carbonate aquifers below them, and iii)
flow caused by overpressure in the deepest Mesozoic aquifers (Figure 1, Horvéth et al., 2015;
Vass et al., 2018). As the main geothermal aquifers in Croatia, the Mesozoic carbonate rocks
often crop out as inselbergs or along the basin margins, which implies greater recharge in these
marginal parts where the aquifer is shallower and is covered by thinner Neogene deposits
(Stevanovic et al., 2015; Havril et al., 2016). In a study by Deming (2002), subsurface waters
were sorted into oceanic, meteoric, and evolved water. In such hydrothermal systems, where
the natural discharge of thermal water is present, the water is dominantly of meteoric origin
(Armannsson, 2012; IAEA, 2013). Still, sometimes connate and magmatic waters are involved.
Thermal water is considered a form of evolved water, which can originate from the ocean or
the atmosphere, where the initial composition undergoes changes through physical and
chemical processes. The groundwater flow in such systems is primarily gravity-driven,
influenced by topographic gradients between the recharge and discharge areas (Horvath et al.,
2015).

Figure 1. From Horvath et al. (2015). A N-S cross-section depicts the main grounwater flow systems and
associated geothermal resources in the Pannonian Basin System. The color gradient of arrows (blue to red)
signifies increasing water temperature. Two gravity-driven flow systems are identified: (1) within the porous
sedimentary basin fill and (2) in Mesozoic carbonates (including Eocene and/or Miocene formations in some
areas). Additionally, a high-pressure system (3) exists beneath a sealing layer (red ellipses) and encompasses
lower Pannonian and Early to Middle Miocene basin fill along with fractured basement rocks. The abbreviations
M1, M2, and M3 represent Mesozoic carbonate rocks. Cr stands for the crystalline basement.



In specific hydrogeological settings, groundwater recharge occurs through various
mechanisms. These include mountain front or hillslope runoff, seepage from sinkholes, and
contributions from surface water bodies such as lakes, rivers, and canals (Anderson et al., 2015).
Comprehending the evolution of thermal water within the geological context and structure of
the karst system, along with the flow patterns and boundary conditions in terms of hydraulics
and geochemistry, is crucial in the development of a conceptual model of the hydrothermal
system. Understanding the factors governing hydrothermal resources at a system level is
essential for their sustainable utilisation. This involves identifying recharge areas to refine
existing conceptual models, assessing groundwater balance, and enhancing the comprehension
of regional and local flow patterns.

Although the water circulation in such karst hydrothermal systems is primarily gravity-
driven, resulting from topographic gradients (Téth, 2009), temperature-induced density
gradients promote the upward flow of heated water towards springs, with reduced water
viscosity further accelerating circulation. Groundwater flow is significantly influenced by
fractures and faults, which can act as conduits or barriers depending on various factors, making
their hydraulic function challenging to predict (Caine et al. 1996; Underschultz et al. 2005).
High-permeability faults are essential for the development of thermal systems (Forster & Smith
1988a, b; Keegan-Treloar et al., 2022). The dip of faults affects the depth of circulation and,
consequently, the temperature of the water, which is why thermal springs are often aligned
along the fault lines (Grasby & Hutcheon, 2001; Li et al., 2007; Faulkner et al., 2010;
Worthington et al., 2019; Pouraskarparast et al., 2024).

In hydrothermal system research, methods applicable to various tectonic settings and
system segments are typically employed. These include field investigations and geophysical
data acquisition to reconstruct the geological framework and tectonic evolution. Field
investigations reveal surface geological relations, fracture network systems, and fault patterns,
providing invaluable insights into subsurface geological reconstruction processes (Muffler &
Cataldi, 1978; Flovenz et al., 2012; Kosovi¢ et al., 2023, 2024). Integrating these datasets
allows the construction of robust 2D or 3D geological models, essential for understanding
hydrothermal aquifer architecture and principal faults. Hydrothermal systems require detailed
studies of fluid origin, recharge areas, aquifer geometry, heat transfer mechanisms, fluid flow
direction, and conditions under which hydrothermal features manifest at the surface. Identifying
and monitoring these parameters is crucial for sustainable geothermal resource management,
ensuring constant recharge and protecting the system from adverse impacts (Fetter, 2001,
Marini, 2004; Heasler, 2009). All of the mentioned investigations aid in updating and
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improving conceptual models of hydrothermal systems. A conceptual model is a simplified
representation of a hydrothermal system, integrating geological, hydrological, and geothermal
information, helping us visualise the flow paths of heated water, recharge and discharge areas,
and the overall structure of the system. This research focused on developing and refining a
robust conceptual model for the specific case of the Topusko hydrothermal system situated in
the Pannonian part of Croatia.

1.2. Overview of the study area
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Figure 2. Generalised geographical setting of the study area, i.e., the Topusko hydrothermal system, which is
situated between the Petrova gora Mt. to the west and Zrinska gora Mt. to the east. Coordinate system: EPSG 3765.

The town of Topusko, located about 60 km south of Zagreb, is positioned at an altitude
of 122 masl between Petrova gora Mt. to the west and Zrinska gora Mt. to the east (Figure 2).
Geomorphologically, the city area is a part of the floodplain along the middle course of the
Glina river. As of the 2011 census (DZS, 2022), Topusko had 2310 inhabitants and has been
inhabited since ancient times due to its rich thermal water springs and ore deposits, with traces
dating back to the Neolithic or Copper Age (Simuni¢, 2008). The area is renowned for its clay
and peat 'mud baths' and thermal water used in balneotherapy (Pavlekovié¢, 1986; Cepelak &
Mandi¢, 1989; Cepelak, 2007). During the Croatian War of Independence (1991-1995),
Topusko suffered extensive destruction, and much of the damage remains unrepaired to this
day. Despite the significant natural potential of the Topusko geothermal resource, geological



investigations remained scarce, with most available data consisting of unpublished reports on
well construction and revitalisation.

Topusko experiences a moderate continental climate, slightly influenced by the
Mediterranean climate of the northern Adriatic (Zaninovi¢, 2008). Annual precipitation
averages around 900 mm, peaking at 1400 mm, mainly in early summer and late autumn.
Temperatures range from an average of -1.1 °C in January to 20.8 °C in July, with an annual
average of 10.0 °C (DHMZ, 2021).

In the area of Topusko, there are three natural thermal springs with a total yield of
approximately 25 I/s (Ba¢ & Herak, 1962; Bahun & Raljevié, 1969), and temperatures ranging
from 46 °C (Blatne kupelji) to 53 °C (Livadski izvor) (Figure 3) (Pavi¢ et al., 2024a). The
artesian thermal springs in Topusko have been renowned since Roman times, ranking as the
second warmest in Croatia (Simuni¢, 2008; Borovi¢ et al., 2016). Previous hydrochemical
analyses of thermal water show CaMg-HCO3 facies indicating water accumulation in carbonate
rocks (i.e., dolomite or limestone; Cubranié, 1984). Three production wells were drilled up to
the depth of 250 m in the immediate vicinity of the natural springs during the 1980s (Figure 3).
They are currently used for heating, recreational and medicinal purposes, with a total capacity
of 200 I/s and pressure of around 1.4 bar (Pavi¢ et al., 2023). The decrease in pressure from
2.18 bar (1978) to 1.5 bar (1982) was observed and attributed to overexploitation (Segoti¢ &
Smit, 2007).
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Figure 3. Topusko city area with the location of thermal springs (Livadski izvor, Blatne kupelji and Bistro vrelo)
and production wells (TEB-1-4). Coordinate system: EPSG 3765.



Thermal water with temperatures up to 65 °C has been utilised since the 1980s for health
and recreational purposes and district heating (Cubrani¢, 1984; Segoti¢ & Smit, 2007).
However, the geological features driving the development of the Topusko hydrothermal system
(THS) and regulating regional groundwater flow direction remained unclear. In the initial stages
of THS research, the potential recharge area was identified by locating outcrops of permeable
rocks in topographically elevated regions around Topusko. However, the absence of systematic
and detailed structural-geological and hydrogeological studies has impeded the reconstruction
of the regional geological relations and understanding of the THS functioning. Although
available publications and unpublished reports propose conflicting hypotheses, the most
commonly referenced conceptual model dates back to the early 2000s (Simunié, 2008).

Simuni¢ (2008) proposed that the THS recharge area is located west of the Petrova gora
Mt., where Triassic carbonates crop out. According to the proposed model, the water circulates
from W to E below the Petrova gora Mt. nappe, heats up due to geothermal gradient, and
discharges in highly permeable fault damage zones in Topusko. Besides the mentioned
publication, detailed bibliographic research determined that there were no published scientific
papers or doctoral dissertations on the topic of the mentioned investigations in the THS area
before this research. Only one professional article, one book chapter, four unpublished reports
from the Archive of the Croatian Geological Survey (HGI-CGS), and two graduate theses were
identified. In this study, as a result, unpublished reports collected from users of thermal springs
made up the majority of the initial dataset for the study area (20 reports dating from 1978 to
2013).

1.3. Multidisciplinary approach to conceptual modelling

In the study of hydrothermal systems, it is necessary to determine the origin of the fluid
and the area of recharge, the spatial aquifer distribution, the direction of the fluid flow and the
depth to which it descends, as well as the causes and the means of heating and upwelling to the
surface. Multidisciplinary research, which includes hydrogeological, geothermal,
hydrogeochemical, structural, and geophysical investigations, was used to construct a
conceptual model of the THS based on the synthesis of acquired results from different research
methods. The applied methodology consisted of four different types of research, which are
inherent to applied geological research: (i) bibliographic research, (ii) fieldwork, (iii) laboratory

research, and (iv) desk research.



(i) Collection and review of existing literature and data was done to identify gaps in the field of
research and area of interest, position our research within the existing knowledge base, and
formulate the doctoral dissertation's hypotheses.

(ii) Fieldwork was done for the acquisition of new data and included re-ambulation of
geological maps and detailed hydrogeological and structural mapping; performing
hydrodynamic measurements at existing abstraction wells was done to determine
hydrogeological parameters of geothermal aquifers; continuous monitoring of groundwater
temperatures at thermal springs was established, as well as periodic monthly hydrogeological
monitoring and sampling at thermal springs for major anion and cation and stable isotopes 2H
and 80 analyses (a); water sampling during minimum and maximum production for radioactive
isotope analyses (*H and 1“C) and stable S and 20 isotope analyses from sulphate anion (b),
and ERT geophysical profiling in the area of thermal water discharge. Figure 4 shows field
sampling locations for hydrogeological monitoring, including the precipitation collector
positioned in the assumed recharge area (Figure 4A), sampling locations TEB-4 well in
Topusko (Figure 4B), and in situ measurements and sampling at Livadski izvor spring (Figure
4C, D).

(iii) Laboratory research included hydrogeochemical analyses of thermal water samples done
in the Hydrochemical laboratory of the HGI-CGS (a), and those listed under (b) subcontracted
from other laboratories (Hydroisotop GmbH in Germany and Ruder Boskovi¢ Institute in
Croatia).

(iv) Desk research included analysing and interpreting acquired structural-geological,
hydrogeochemical, hydrogeological, thermal, and geophysical data. After data interpretation,
2D geological modelling based on existing and newly acquired data followed, along with the
conceptualisation of THS and its functioning, attributing hydraulic and thermal parameters to
modelled geological units, creation of 2D numerical fluid flow and heat transport models, and

final renewed conceptualisation of THS and its functioning.



Figure 4. The precipitation collector is positioned in the assumed recharge area (A), TEB-4 well in Topusko (B),
and in situ measurements and sampling at Livadski izvor spring (C, D).

1.4. Objectives and hypotheses of research

The main objectives of the research:

1.

Establish a complete geochemical characterisation of the thermal water and
determine the geothermal reservoir equilibrium temperature;

Reconstruct the structural setting of the discharge area using electrical resistivity
tomography to identify the supposed fault structures in the subsurface;
Determine hydrogeological parameters of the geothermal aquifer in the
discharge area of the Topusko hydrothermal system from new hydrodynamic
measurements;

Reconstruct the structural setting of the proposed recharge area and geothermal
aquifer based on the interpretation of collected structural-geological data;
Perform geological modelling of the Topusko hydrothermal system based on

newly acquired data;



6. Perform numerical modelling of fluid flow and heat transport in the Topusko
hydrothermal system based on newly acquired data.

In accordance with the purpose of the research and the defined objectives, the research

hypotheses were formulated as follows:

1. Topusko geothermal aquifer is of hydrothermal origin.

2. Recharge area of the Topusko geothermal aquifer is west of the Petrova gora
nappe.

3. The natural thermal springs in Topusko occur in a fault damage zone of

intersecting faults, which has high enough permeability to enable the upwelling
of thermal water.

4. Temperatures in the geothermal aquifer are higher than at the natural springs.

1.5. Scientific contribution

This research makes significant scientific contributions to the understanding of THS
functioning by determining its hydrogeological, hydrogeochemical, and geothermal
characteristics. It aims to ensure the sustainable future use of this geothermal resource. By
defining the recharge area of THS, this research will help in the future protection of the
geothermal aquifer from adverse impacts, preserving its good quantitative and chemical status.
Additionally, the applied multidisciplinary methodology serves as a foundation for the
development of a methodology for studying carbonate geothermal aquifers of hydrothermal
origin, which supply water to the largest number of natural thermal springs in Croatia. The
proposed novel and updated conceptual model of THS will promote its sustainable utilisation

and benefit its future research.
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2. ORIGINAL SCIENTIFIC PAPERS

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

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

1. Introduction

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

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

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

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

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

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

2. Materials and Methods
2.1. Study Area

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

Geological and Hydrogeological Setting

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

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

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

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

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

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

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

_ antions B Zanions % 100’ (1)
Zions

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

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

Charge balance error (%)

2.2.2. Geothermometers

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

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

1315

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

T=519= log (SiO,) —27315(°C), ®)

T 1315 —273.15 (°C). )

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

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

T 491 — log (Si0,)

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

2.3. Hydrogeological Investigations

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

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

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

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

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

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

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

T (m?/s) =239 x SC'¥7. (10)

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

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

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

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

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

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

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

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

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

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

TEB-1 243

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

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

TEB-3 163

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

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

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

TP-4 50

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

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

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

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

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

3.1.2. Geothermometrical Results

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

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

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

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

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

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

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

A = 62.78Q + 3686.3Q2 (11)

The obtained parameters were used to determine the well efficiency. The well efficiency
is good (70-80%) at low flow rates, and it drastically drops to approximately 40% at higher
flow rates, suggesting significant head losses in the well. Poor well efficiency is also
suggested by the C value, indicating severe clogging in the well [58].

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

3.2.2. TEB-3 Step-Drawdown Test

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

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

A= 9.81Q + 1316.4Q? (12)

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

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

3.3. Interpretation of ERT Results
Figure 5 shows three cross-sections (TOP-1, 2, and 3) of continuous 2D resistivity
models of the subsurface.

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

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

4. Discussion and Conclusions

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

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

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

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

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

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

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

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

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sul5065498 /s1, Figure S1: Interpretation of the step-drawdown
test results conducted in the TEB-1 well; Figure S2: Interpretation of the step-drawdown test results
conducted in the TEB-3 well.
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Figure S1: Interpretation of the step-drawdown test results conducted in the TEB-1 well.
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Figure S2: Interpretation of the step-drawdown test results conducted in the TEB-3 well.
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Abstract Thermal waters in Topusko (Croatia),
with temperatures of up to 65 °C, have been used
for heating, health, and recreational tourism for the
past fifty years. Hydrogeochemical monitoring can
provide insights into deeper geological processes
and indicate system changes from baseline levels.
It helps to identify potential anthropogenic impacts,
as well as natural changes. Hydrogeochemical, geo-
thermometrical, and environmental isotope stud-
ies of thermal waters in Topusko were conducted
to improve the existing conceptual model of the
Topusko hydrothermal system (THS), providing a
baseline for continuous monitoring of the thermal
resource. 2-year thermal springs and precipitation
monitoring took place from March 2021 until March
2023. Major anions and cations, stable and radioac-
tive isotopes (i.e. 130, 24, SO42_, *H and 14C) and
geothermometers were used to assess the origin of
thermal waters in Topusko and their interaction with
thermal aquifer. The results indicate the meteoric ori-
gin of thermal water, which was recharged in colder
climatic conditions around the late Pleistocene—Early
Holocene. Thermal water was last in contact with the
atmosphere before approximately 9.5 kyr. Ca-HCO;
hydrochemical facies suggests carbonate dissolution
as the dominant process driving the solute content.

M. Pavi¢ - M. Briski - M. Pola - S. Borovié (<))
Croatian Geological Survey, Sachsova 2, 10000 Zagreb,
Croatia

e-mail: sborovic@hgi-cgs.hr

Geothermometrical results indicate an equilibrium
temperature in the reservoir of 90 °C.

Keywords Thermal water - Hydrochemical
analyses - Stable water isotopes - Groundwater mean
residence time - Topusko

Introduction

Thermal waters, characterised by elevated tempera-
ture values and unique chemical compositions, are
valuable natural resources with applications in ener-
getics, recreation, and therapy. Studying hydrogeo-
chemical properties and environmental isotopes in
thermal waters provides insights into their origin,
hydrological processes, and water—rock interactions.
These waters, ranging from 20 °C to above 225 °C
globally, exhibit distinct geochemical characteris-
tics influenced by geological, hydrogeological, and
thermal characteristics. Comprehending their hydro-
geochemical behaviour is essential for sustainable
resource management, geothermal exploration, and
environmental monitoring (Armannsson & Fridriks-
son, 2009).

Examination of aqueous geochemistry is impor-
tant in all phases of geothermal aquifer exploration,
evaluation, and utilisation (Haizlip, 2016; Marini,
2004). Hydrogeochemical monitoring helps evalu-
ate hydrothermal systems by determination of the
geochemical baseline levels, tracking changes, and

@ Springer
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assessing the impact of water abstraction on the sys-
tem. It involves analysing water chemistry, subsurface
temperatures, and thermal and non-thermal ground-
water interactions. Continuous geochemical surveys
enable comparisons of existing and new data, aid-
ing in the detection of anthropogenic impacts (i.e.
the response of the aquifer to production stress) and
natural variations (i.e. climate change and modifica-
tions of flow pathways due to earthquakes). Moni-
toring is essential for resource protection, legislative
compliance, documentation of disturbances or natu-
ral changes, and scientific research (Heasler et al.,
2009; Pryer, 2021). Continuous datasets are required
to ensure adequate quantities of fluids with the nec-
essary temperatures and pressures in the geothermal
aquifer.

The chemical composition of groundwater is usu-
ally determined by the original composition of the
infiltrated water and factors like altitude, vegetation,
climate, aquifer mineralogy, and chemical reactions
during its flow (Mazor, 2004). The analysis of the
major ion and isotopic content, in situ parameters,
spatial distribution, water composition evolution,
and hydrochemical identification of water type are
all useful tools for evaluating water chemistry and
comprehensive characterisation of hydrothermal sys-
tems (Hounslow, 1995; Young, 1985). These analyses
serve multiple purposes, including the differentiation
of water types by observing the major ions content
and determining parameters such as the temperatures
attained at different depths (Verma et al., 2008) or
the water mean residence time (MRT) (Plummer &
Glynn, 2013). Moreover, they offer insights into the
mineralogical composition of the aquifer and poten-
tial mixing with water from shallower cold aquifers in
the spring areas (Blake et al., 2016). Various chemi-
cal geothermometers are used to estimate the aqui-
fer equilibrium temperatures (Blasco et al., 2019;
Karingithi, 1984). Tritium concentrations are used
to assess the potential mixing of thermal waters with
shallow groundwater (Janik et al., 1985; Lewis et al.,
1989). Comparing stable water isotopes 8'%0 and 5°H
in thermal water with the local meteoric water lines
helps confirm/identify thermal water origin (Rman,
2016; Szocs et al., 2013). Analysis of '*C and 8'°C
of thermal water dissolved inorganic content is often
used to estimate the time of thermal water infiltra-
tion into the subsurface in the assumed recharge area.
Finally, analyses of 6**S and §'®0 serve as a tool for

@ Springer

assessing the origin of sulphates in the thermal water
Miljevié¢ et al., 2013; Porowski, 2014; Thiébaud
et al., 2010).

The thermal springs in Topusko, situated in Cen-
tral Croatia, reach temperatures of up to 53 °C. These
springs are located in an area characterised by ele-
vated heat flow at the southwest edge of the Pannon-
ian Basin System (Horvith et al., 2015), representing
a component of an intermediate-scale hydrothermal
system. Geothermal systems exhibit distinct chemi-
cal compositions that influence their potential appli-
cations, and based on Moeck’s (2014) classification,
Topusko is a non-magmatic conduction-dominated
hydrothermal system (CD2d type). Despite limited
prior investigations, thermal water in Topusko has
been extensively utilised for district heating, health
and spa purposes since the 1980s. Pavi¢ et al. (2023)
examined the historical geochemical data of thermal
water, identified a possible fault zone responsible for
thermal water outflow, and conducted a step-draw-
down test to assess the transmissivity of the aquifer.
Understanding the hydrogeochemical behaviour, ther-
mal characteristics, and isotopic signatures of these
waters is crucial for sustainable resource manage-
ment, geothermal energy utilisation, and therapeutic
applications.

Despite the prominence of Topusko as a thermal
water site, comprehensive scientific investigations
encompassing hydrogeochemical, geothermomet-
ric, and environmental isotopic aspects are limited.
Therefore, this study aims to bridge this research gap
by conducting an integrated analysis of the hydrogeo-
chemical properties and environmental isotopes in
Topusko thermal waters.

During the two-year research, the primary objec-
tive was to thoroughly monitor thermal springs and
thermal water while establishing a geochemical base-
line. Additionally, the study examined water—rock
interactions, provided a detailed characterisation of
thermal water geochemistry, determined aquifer equi-
librium temperatures, investigated the sulphate ori-
gin in thermal water, and estimated the water MRT
within the system.

Investigation of Topusko thermal springs adds to
the growing body of knowledge about this particular
location and offers information on the broader subject
of geothermal research and utilisation. It emphasises
the essential role that hydrogeochemical monitoring
has in unravelling the complexities of hydrothermal
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systems, protecting these resources, and fulfilling the
needs of scientific research and energy production.

Materials and methods
Study area: geological and hydrogeological setting

The thermal springs in Topusko are located in Cen-
tral Croatia, within the southwest edge of the Panno-
nian Basin System (PBS). Pannonian part of Croatia
is characterised by a higher than average geothermal
gradient (49 °C/km) and heat flux (76 mW/m?) due to
back-arc crustal thinning in the PBS (Bosnjak, 1998;
Horvath et al., 2015). These thermal waters have been
used for centuries and have played a fundamental role
in the development of tourism and healthcare facili-
ties over the past five decades (Borovi¢ & Markovic,
2015). The climate in the study area is moderate con-
tinental, slightly influenced by the Mediterranean cli-
mate of the northern Adriatic (Zaninovi¢ et al., 2008).
The average annual precipitation is approximately
900 mm, and the annual average air temperature is
10.0 °C (DHMZ, 2021).

Thermal springs are generally part of intermediate-
scale hydrothermal systems, including recharge areas
in the mountainous hinterlands and geothermal aqui-
fers, which are mainly hosted in Mesozoic carbonate
rocks in Croatia (Borovié et al., 2016). According to
Simuni¢ (2008), the aquifer receives recharge from
dolomite deposits outcropping west of Petrova Gora
nappe. As a result, both the local and regional con-
texts must be considered.

The wider study area (W from Topusko) belongs to
the Internal Dinarides tectonic unit and is situated at
the NE margin of the Dinarides and SW margin of the
PBS (Horvath et al., 2015; Paveli¢ & Kovaci¢, 2018;
Schmid et al., 2004). In the west, the study area is
bounded by a tectonic contact dividing Internal from
External Dinarides (Fig. 1). The Internal Dinarides
consist of a set of complex nappe sheets comprised of
continental-derived material sedimented at the distal
edge of the Adriatic microplate (Schmid et al., 2008).
The External Dinarides are characterised by very
thick sequences of Mesozoic carbonates, up to 8 km,
deposited at the Adriatic Carbonate Platform (Schmid
et al., 2004; Vlahovi¢ et al., 2005). Figure 1 shows
that the majority of the THS study area is comprised
of Late Paleozoic and Triassic deposits (P, T, T,),

while in the vicinity of the thermal water discharge
area, the Holocene, Quaternary and Plio-Quaternary
deposits (H; Q; PI, Q) cover up older rocks, struc-
tures, and faults, which makes subsurface geological
relations quite challenging to reconstruct.

According to the Basic geological map sheet Slunj
(Korolija et al., 1980b), the oldest deposits in the
research area belong to the clastic development of the
younger Paleozoic found on Petrova Gora (P), schists,
quartz-greywacke sandstones, shales, and fine-
grained conglomerates of questionable total thick-
ness. The Lower Triassic deposits (T,) continuously
follow clastic development, composed of red-violet
mica-schist, light reddish mica-schist sandstones,
and grey-greenish schist marls. The Middle and
Upper Triassic deposits (T, ;) consist predominantly
of carbonate limestone and dolomite rocks, which
are intensively karstified south of the Topusko. SW
from the thermal spring area, Jurassic sedimentary,
metamorphic and orthometamorphic rocks (J,3; J,)
outcrop to small extents, belonging to the ophiolitic-
sedimentary thrust complex. They are represented
by quartz-greywacke sandstones, shales and cherts,
metamorphosed sediments (pelites and psammites),
cherts, limestones and pyroclastic rocks, and amphi-
bolites and amphibolite schist, respectively (Siki¢
et al., 2009). Deposits belonging to External Dinar-
ides are dominantly represented by intensively karsti-
fied Mesozoic limestones and dolomites (J, K). Pal-
aeocene (Pc, E) clastic deposits are also characterised
by flysch development (conglomerates, sandstones,
silt, marls, clays).

Neogene deposits (Figs. 1 and 2; M; M,; PLQ;
Q (P1. H)) are primarily transgressive to all older
rocks. These sediments are represented by the sur-
face occurrence of clastites, fine-grained and coarse-
grained conglomerates, sandstones, silts, marls, clays,
lithothamnium limestone, fine- to coarse-grained
gravels, sands, and conglomeratic sands (Hrvatski
geoloski institut, 2009; Korolija et al., 1980b).

From a hydrogeological point of view, Triassic
carbonates represent artesian geothermal aquifers in
the area of the Topusko HTS. The complex of Pale-
ozoic deposits, out of which Petrova Gora is mainly
built, forms an impermeable core complex, together
with individual lower Triassic elements of the struc-
tural setting (Bahun & Raljevi¢, 1969; Simuni¢ et al.,
2008). Low permeability younger Neogene deposits
cover the geothermal aquifer in the discharge area.
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Fig. 1 Geographical position (a) and geological map of a wider study area of THS (b) (HGI-CGS, 2009; Korolija et al., 1980a;

Savezni geoloski zavod, 1970)

In the area of Topusko, there are three natural
thermal springs with a total capacity of approxi-
mately 25 L/s and temperatures ranging from 46 °C
(Blatne kupelji) to 53 °C (Livadski izvor). There
are four exploitation wells near the natural thermal
springs. Exploitation wells TEB-1, TEB-2, TEB-3,
and TEB-4 were drilled in the period 1982-1989.
TEB-1 (243 m), TEB-3 (163 m), and TEB-4 (80.8 m)
are used for spa and heating purposes, while TEB-2
is damaged and no longer in operation. Total well
capacity is estimated at 200 L/s with water temper-
ature of up to 65 °C. The wells are artesian with a
pressure of 0.5 to 2.3 bar ((Vjubranic’, 1984; gegotié
& Smit, 2007). According to Simunié et al. (2008),
the spring area is bounded by three faults that form
a block in the form of a three-sided prism, enabling
the uplifting of Triassic carbonates, which was deter-
mined by drilling (Fig. 2). Pavi¢ et al. (2023) identi-
fied fault damage zones in the spring area that provide
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a preferential pathway for groundwater upwelling to
the surface from a confined geothermal aquifer.

Water sampling and analyses

The monitoring of thermal waters and cumulative
precipitation collection in the Topusko study area was
conducted for two years, from March 2021 to Febru-
ary 2023 and April 2021 to March 2023, respectively.
Sampling and monitoring points include two natural
thermal springs, Livadski izvor and Blatne kupelji,
and well TEB-4. The temperature was continuously
monitored at the thermal springs using automatic data
loggers (Onset HOBO Water level loggers 30, which
were replaced by the Onset HOBO U12-015 Stainless
Steel Temperature Data Logger in July 2021 due to
repeated malfunctions caused probably by its expo-
sure to higher water temperatures). Periodic moni-
toring included monthly in sifu measurements, data
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Fig. 2 Geological map of the thermal spring area in Topusko.
Locations of exploitation wells and natural thermal springs
are presented: Blatne kupelji spring, Bistro vrelo spring, and
Livadski izvor spring (modified after Pavic et al., 2023)

retrievals from automatic loggers, and thermal water
and cumulative precipitation sampling for subsequent
hydrogeochemical analyses. After each sampling
campaign, principal anions and cations, silica (SiO,)
concentration, and stable water isotope content (2H
and 130) were analysed. In addition, water sampling
was conducted during minimum and maximum water
abstraction periods for radioactive isotope analyses
(*H and '*C) and stable isotope analyses from sul-
phate anion (**S and "20).

The monthly thermal water samples were col-
lected in polyethylene bottles (Armannsson, 2012)
of 100- and 200-mL volume and stored at 4 °C until
the upcoming analyses. Cumulative precipitation
samples were acquired by Palmex RAIN SAMPLER
RS1B, specially designed for collecting and storing
samples without evaporation. In sifu measurements
of key physico-chemical parameters (temperature
(T), pH and electrical conductivity (EC)) were con-
ducted using the WTW Multi 3320 multiparameter
probe. Additionally, alkalinity (bicarbonate concen-
tration) was determined in the field using a digital

titrator (HACH 16900), by volumetric, titrimetric
method with 1.6 N H,SO,, and bromocresol green
indicator.

Thermal water samples have been analysed at the
Croatian Geological Institute laboratory for the major
ions content using ion chromatography (Thermo Sci-
entific Dionex ICS-6000 HPIC System). The analysis
of stable oxygen and hydrogen isotopes in water was
done using a Picarro analyser (Picarro L2130-i Iso-
tope and Gas Concentration Analyser). During sam-
ple measurements, international standards produced
by the USGS (isotope reference material USGS 46,
USGS47, and USGS48) were also measured, allow-
ing subsequent result calibration for each measure-
ment. Measurement precision was+0.2 %o for %0
and+1 %o for 6°H. Results are presented in delta
notation (%o), normalised to the international meas-
urement standard VSMOW (Vienna Standard Mean
Ocean Water) (Craig, 1961; Mazor, 2004). Hach
DR3900 Spectrophotometer was used to determine
Si0, content in the thermal water samples. Labora-
tory for low-level radioactivity of Ruder Boskovié
Institute determined tritium activity concentration
in two thermal water samples from well TEB-4 with
the method of electrolytic enrichment (LNA-PS 7.2/3
Determination of *H activity concentration) using the
liquid scintillation counter Quantulus 1220. The same
laboratory determined relative specific '*C activity in
the same samples by accelerator mass spectrometry
(AMS) technique (AMS-14C) (Krajcar Bronié et al.,
2010; Sironi¢ et al., 2013). In addition, three thermal
water samples were analysed in the Hydrosiotop labo-
ratory in Germany to determine 8°*S and §'%0 val-
ues of sulphate anion. The isotopic compositions are
given in traditional delta notations (%o) with respect
to the VSMOW standard for oxygen and CDT (Can-
yon Diablo Troilite) for sulphur.

Data processing methods

The acquired major ions data were processed in Excel
and "Diagrammes V6.72" software (Simler, 2012).
They were used to calculate total dissolved solids
(TDS) content and saturation indexes of calcite and
dolomite (SI) to evaluate chemical equilibrium in
thermal water samples. The quality of the major ions
analyses was tested by assessing the charge balance
and its error through the equation:
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where the ionic concentrations are in meg/L. Samples
with a charge balance error of more than 5% were
excluded from further analyses (Appelo & Postma,
2005; Mazor, 2004). The remaining dataset, together
with measured in situ parameters, is presented graphi-
cally by box plot diagram and by descriptive statis-
tic: arithmetic mean (Average), minimum (Min) and
maximum (Max), and the standard deviation (St.
dev).

Piper diagram (Piper, 1944) and molar and
equivalent ratios of major ions (Ca’**+Mg>* vs
HCO,;™+S0,%", Ca** vs SO,%7, Na® vs CI, etc.)
were used to identify the hydrochemical facies of
thermal water, the water—rock interaction processes,
and the dominant lithology in the recharge area
(Komatsu et al., 2021; Serianz et al., 2020; Xu et al.,
2019).

The saturation indexes (SI) of the main minerals
in the aquifer were calculated to assess whether these
minerals are close to or far from equilibrium with
their solubility products (Clark, 2015; Lépez-Chicano
et al., 2001). The index gives the saturation degree
of the groundwater sample with respect to minerals
based on the equation (Appelo & Postma, 2005):

SI=10g<IA7P>, 2)

where IAP is the ion activity product, and K repre-
sents the solubility product. The equilibrium condi-
tions between the mineral and the solution are repre-
sented by a straight line on a logarithmic plot, where
SI takes the zero value. If greater than zero, the min-
eral is supersaturated and can precipitate (SI>0), and
less than zero reflects undersaturation and possible
dissolution if the specific mineral is present. Accord-
ing to many authors (Chelnokov et al., 2022; Lépez-
Chicano et al., 2001; Plummer et al., 1990; Serianz
et al., 2020), the assumed range of SI uncertainty for
calcite is+0.1 and+0.5 for dolomite. The accepted
equilibrium range is indicated as a grey rectangle
area in the results section. The study of the satura-
tion index (SI) is crucial in assessing the potential
for precipitation or dissolution of minerals in thermal
waters. It also provides information on the water’s
capacity to corrode materials or deposit mineral

Charge balance error (% )=
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scales, which is critical to understanding the impacts
on subsurface infrastructure and environmental sys-
tems (Appelo & Postma, 2005; Taghavi et al., 2019).

Comparing the stable water isotopic composition
(8°H and 8'®0) of precipitation and thermal spring
water provides insight into the origin, residence
time, and features of water transport through the sys-
tem (Edwards et al., 2007; TAEA, 1970; Tijani et al.,
2022). Excel and online statistic calculator Statis-
tic Kingdom (2017) were used for stable water iso-
tope data preparation, observation of the relationship
between 82H and 8'30, statistical analyses, determi-
nation of outliers and testing isotope content distribu-
tion for normality before construction of local mete-
oric water line (LMWL). The 8°H excess (d-excess;
Dansgaard, 1964) was calculated for each sample fol-
lowing the equation:

d — excess (%0) = 8°H — 88'%0 3)

It can be interpreted as an index of deviation from
the global meteoric water line GMWL (Craig, 1961),
which has a d-excess value of 10%o.. This excess,
caused by kinetic evaporation (non-equilibrium) dur-
ing the formation of the primary vapour mass, can
be a valuable tool to determine the origin of water
and conditions during the vapour formation (Clark,
2015). Linear regression model of precipitation sta-
ble water isotope data and Chauvenet’s Criterion test
(Taylor, 1997) on d-excess values were used to iden-
tify outliers before LMWL calculation, following the
method described by Benjamin et al. (2005). A Quan-
tile—Quantile plot (Q-Q plot) was used as a graphical
tool, together with the Shapiro—Wilk W-test, to iden-
tify deviations from the normality of the data. LMWL
was calculated using the ordinary least square regres-
sion (OLSR), excluding outlier data. This simple
linear regression model is one of the three types of
linear regression analyses recommended by the [AEA
(Hughes & Crawford, 2012; IAEA, 1992). Finally,
5'®0 and 8”H values of thermal water samples were
compared to OLSR LMWL to study the relationship
between precipitation and groundwater.

Tritium can be used to determine the mean ground-
water residence time or mixing processes in the aqui-
fer since the concentration in groundwater reflects the
atmospheric concentration when the water was last in
contact with the atmosphere. The half-life of tritium
is 12.32 years, and its concentrations are measured in
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trittum units (TU) (1 TU=0.118 Bq 17!, which repre-
sents one “H atom in 10'® atoms of hydrogen) (Fetter,
2001; TAEA, 2005, 2013; Rozanski et al., 1991). The
classification after Motzer (2007) was used in this
study: tritium content < 0.8 TU indicates the recharge
at least before 1950, tritium activity concentrations of
0.8 —4 TU suggest a mix of sub-modern and modern
water, while 5—15 TU concentrations indicate mod-
ern recharge (<5 to 10 years). Detection of tritium in
thermal water could imply mixing with the ground-
water of modern recharge, which can further be a sign
of thermal water overexploitation.

NetpathXL software (Parkhurst & Charlton, 2008;
Plummer et al., 1994) was used to correct the initial
¢ activity (14C0) and to estimate radiocarbon ages
of dissolved inorganic carbon (DIC) in a single ther-
mal water sample, in which the initial and final water
are defined as the same sample (Plummer & Glynn,
2013). This approach to radiocarbon dating is done
without consideration of the geochemical mass bal-
ance reactions. Han and Plummer’s graphical method
(2012) was used to evaluate dominant geochemical
processes occurring in geothermal aquifers, which
affected the DIC carbon isotope content before *C
radioactive decay, and to qualitatively estimate the
radiocarbon age of thermal water samples. The radio-
carbon DIC groundwater age (t) in years BP can be
estimated by applying the '*C decay equation, assum-
ing advective piston-flow conditions:

— _tlﬁ In <14_C> 4
T 2\, ) @
where 1,, is the '“C half-life (Libby—5570 yr or
physical 5730 yr), '*C content of DIC measured from
the collected groundwater sample, and the initial
14C0 DIC value without considering impacts of geo-
chemical processes on water chemistry (Geyh, 2000,
2005; TAEA, 1970). Radiocarbon dating of ground-
water is undoubtedly one of the most challenging
and frequently disputed applications of radiocarbon
dating introduced by Miinnich (1957) and Miin-
nich and Roether (1967). Considerable challenges
in the interpretation of presented results arise due
to the potential influence of geochemical reactions
("reservoir effect"), such as carbonate dissolution,
ion exchange, and isotopic exchanges, which can
complicate the accurate '“C ages by altering the ini-
tial '*C content independently of radioactive decay.

Geochemical processes often reduce the '*C content
beyond radioactive decay, leading to apparently older
than expected groundwater ages. In this work, for the
application of traditional adjustment models, we use
the lowercase *pmc’ for the '*C content of DIC (**C
DIC), which represents the '“C content without nor-
malisation (IAEA, 2013).

Different chemical geothermometers (silica and
cation) were used to estimate the equilibrium tem-
perature of thermal water in the aquifer. Chemical
geothermometry represents the classical approach
for estimating thermal water temperature within a
deep aquifer. It relies on various empirical or experi-
mentally derived calibrations based on temperature-
dependent heterogeneous chemical reactions (Flévenz
et al.,, 2012). Classical chemical geothermometers
use elemental content controlled by these reactions to
infer the reservoir temperature (e.g. as seen in stud-
ies by Truesdell, 1976; Marini, 2004; Blasco et al.,
2018). This approach assumes that these elemental
contents remain unaltered during the water’s ascent
to the surface without significant modifications due to
interactions with the surrounding rocks, attaining the
equilibrium state.

Stable isotopes (5'%0 and 8*S) of sulphate anion
(SO42‘) in thermal water were compared with the
graphical classification provided by Porowski (2014,
2019) to determine the origin of sulphates in ther-
mal water, as successfully applied by many authors
(Bouaicha et al., 2019; Eastoe et al., 2022; Forizs
et al., 2019; Miljevic et al., 2013).

Results and discussion
Major ions chemistry

A total of 72 thermal water samples were analysed.
Based on the calculated charge balance error, two
samples collected from Livadski izvor and Blatne
kupelji thermal springs were excluded from the anal-
ysis. Table 1 shows the mean values and ranges of the
groundwater physico-chemical parameters measured
in situ, the major ions, and the silica concentration.
The graphical representation of the data summa-
rised in Table 1 is shown in Fig. 3 in the form of a
box-plot diagram, which indicates that analysed ther-
mal water samples originate from the same thermal
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Table 1 Descriptive statistics of in situ physico-chemical parameters, major ions, and silica content of Topusko thermal water

Sampling site Statistics T~ pH EC TDS* Ca®* Mg?>* Nat K' HCO,~ SO~ CI- NO;~ SiO,
°C - pS/em mg/L
Livadski izvor spring Mean 524 6.50 620 546 80.8 163 17.7 11.0 2447 983 17.5 0.6 38.1
Min 514 638 582 497 782 146 173 107 231.8 78.6 145 03 353
Max 53.2 6.76 635 562 824 169 179 113 2574 106.8 194 29 40.5
St. dev 0.5 0.09 10 14 08 05 02 02 68 7.3 1.3 0.8 14
Blatne kupelji spring Mean 48.0 6.85 636 556 834 167 179 11.1 249.6 100.7 17.87 0.5 37.8
Min 44.1 6.51 593 503 787 148 17.6 109 233.0 81.6 14.64 0.3 28.6
Max 51.9 7.40 650 574 86.0 173 182 11.5 258.6 108.7 19.68 0.6 41.0
St. dev 23 031 13 15 1.8 05 02 02 6.0 7.4 1.3 0.1 2.3
Well TEB-4 Mean 64.1 6.56 626 555 82.0 167 179 11.2 2489 100.0 17.63 - 39.1
Min 61.1 6.35 607 502 79.6 150 175 109 2342 754 12.81 - 36.3
Max 652 6.71 670 577 82.8 172 182 11.5 2684 109.2 19.60 — 414
St. dev 1.0 009 14 17 0.7 04 02 02 77 8.7 1.7 - 1.5
Charge balance errors are +5%. *TDS was calculated using Diagrammes V6.72 software (Simler, 2012)
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Fig. 3 Box-plot of Topusko thermal water major ions (mg/L), temperature T (°C), and pH

aquifer and display constant properties over the moni-
tored period.

Thermal water pH is slightly acidic, with average
values in the monitored objects from 6.5 to 6.8. The
electrical conductivity (EC) ranges from 582 pS/cm
to 680 pS/cm, being increased by the temperature
effect, where the parameter values are proportion-
ally increased with respect to temperature and not
due to high mineralisation or high concentrations
of HCO;™ and SO,*” (Hermans et al., 2014). Total
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dissolved solids (TDS) in thermal water range
from 497 to 577 mg/L and serve as a good indi-
cator of water mineralisation (Hiscock & Bense,
2014), which can be characterised as medium
to low. The TDS values are within the range
for thermal waters of Internal Dinarides, which
generally show TDS lower than 1 g/L. (Milenié
et al., 2012). The generally low mineralisation
of the thermal water indicates a precipitation
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recharge-dominated groundwater system, and water
with a TDS < 1000 mg/L is considered fresh (Halle,
2004).

Continuous temperature measurements in thermal
springs are presented in Fig. 4. The average recorded
temperatures for thermal spring Livadski izvor are
52.68 °C and 48.04 °C for Blatne kupelji. Maximal
measured temperatures are 53.66 °C and 52.42 °C,
respectively. The temperature of thermal waters var-
ies from 42.68 °C to 53.66 °C in the springs, while
the temperature of water in TEB-4 well is 65 °C.
Annual changes in temperature follow the seasonal
changes in the air temperature, with more amplified
amplitudes recorded at Blatne kupelji spring (up to
10 °C).

In samples from Topusko thermal water,
major cations concentrations follow the order
Ca**>Na*>Mg**>K*, with the dominance of
Ca’* (~80 mg/L) and comparable Na* and Mg>*
concentrations (17 mg/L). The dominant anion in
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thermal water samples is HCO;™, ranging from 232
to 268 mg/L for all three sampling locations, followed
by relatively high concentrations of SO,2~ anion,
ranging from 75 to 109 mg/L. The composition of
the major ions of thermal water is shown graphi-
cally using Piper’s diagram (Fig. 5) (Piper, 1944).
According to the composition of the major anions and
cations, the samples show Ca-HCOj; hydrochemical
facies (Freeze & Cherry, 1979), as indicated by the
dominant presence of Ca** and HCO,™ in the Piper
diagram. This composition suggests that the lime-
stone is the dominant source of dissolved solutes
in the aquifer and prevailing in the catchment area,
together with dolomites, as the dominance of Ca**
cation followed by Mg?*, with lower content of alkali
metals, is characteristic of groundwater in world-
wide carbonate aquifers (Goldscheider et al., 2010;
Lei et al., 2022; Li et al., 2020; Patekar et al., 2022;
Wang et al., 2020). Plotting of sample composition in
the Piper diagram in almost the same spot indicates

42.68 6
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Fig. 4 Continuous temperature data measured at thermal springs Livadski izvor and Blatne kupelji from March 2021 to February

2023
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Fig. 5 Piper diagram of
thermal water samples
from the discharge area
of Topusko HTS (March
2021-February 2023)

+ Livadski izvor

a large and stable system where the ion composition
is more or less constant with no significant changes
over time.

Assuming that the initial composition of Topusko
thermal waters originates from precipitation, which is
usually the primary recharge source for most ground-
waters (Armannsson, 2012), during the water cycle,
the initial composition of water is altered mainly
through rock-weathering, evaporation and other geo-
chemical processes that occur in the aquifer (i.e.
dissolution, ion exchange, sulphate reduction, etc.)
(Appelo & Postma, 2005; Fetter, 2001; Halle, 2004;
Mazor, 2004). In order to get a better understanding
of water—rock interaction and geochemical processes
governing the solute content in thermal water, biplot
diagrams of molar or equivalent ratios of major ani-
ons and cations were studied (Clark, 2015; Garrels,
1976; Hounslow, 1995; Rman, 2016; Xu et al., 2019;
Zhang et al.,, 2016). Due to the plausible flow of
Topusko water in a carbonate aquifer, the Ca>*/Mg>*
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molar ratio was investigated (Fig. 6a). The stoichiom-
etry ratio of dominant dolomite dissolution would be
1 and mixed limestone with dolomite 2 (Fellehner,
2004; Gao et al., 2017; Hilberg & Schneider, 2011).
Topusko water shows the equivalent ratio of 3, point-
ing to a surplus of Ca®* over Mg>*. Such ratio sug-
gests a prevailing interaction of thermal water with
limestone, followed by dolomite, as well as possible
additional sources of Ca’".

Additionally, the relationship between
(Ca’* +Mg”*) and HCO,~ in Fig. 6b shows the sur-
plus of cations over HCO;™, suggesting an additional
source of Ca’* besides carbonate dissolution. Pos-
sible sources could be ion exchange, gypsum disso-
lution, silicate weathering, or incongruent dissolu-
tions of dolomite. The following bivariate plots were
examined to narrow the occurrence of one or more of
these processes. The scatter plot (Ca*t+Mg>*) ver-
sus (HCO,~ +S0,%") is commonly used to identify
ion exchange processes (Fisher & Mullican, 1997;
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(Ca?* + Mg?") — (HCO;™ +S0,>7) versus Na* + K*-Cl~

Nematollahi et al., 2016; Tay et al., 2015; Tziritis
et al., 2016). As depicted in Fig. 6¢, SO,*~ partici-
pates in balancing the solution in addition to HCO;™.
The equiline represents the stoichiometry correlation
between these ions, which assumes carbonate and
gypsum (and anhydrite) dissolution as the dominant
and equally represented process controlling solution
composition. Samples show a ratio of 0.9 result-
ing from a (Ca*"+Mg?") depletion with respect to
HCO;4~ +SO42_, suggesting the cation exchange pro-
cess occurs in the aquifer along with carbonate miner-
als dissolution. As a result, Nat and K* must balance
the excess in the solution’s negative charges.

For further evaluation of the previously
assumed ion exchange process, a bivariate plot
(Ca®*  +Mg*")—(HCO;~  +SO,*)  versus
(Na* +K* —Cl") was examined (Fig. 6d) (Garcia
et al., 2001; Xiao et al., 2017). Samples plotting at
the centre of the plot would indicate the absence of
ion exchange or reverse or ion exchange processes. In
the case of ion exchange as a significant controlling

process, the samples would plot on the line with
slope—1 (y=—x). Results indicate that Na*, K%,
Ca®*, and Mg>* in Topusko thermal aquifer partici-
pate in ion exchange reactions. The graph in Fig. 6d
shows the decrease in Ca** and Mg”* content versus
the increase in Nat and K*. Such phenomena can be
explained by an ion exchange process where Na% is
removed from clay minerals and replaced by Ca>*
from the solution:

Ca’* 4+ 2Na — Clay — 2Na™ + Ca — Clay,

The ion exchange process reduces the concentra-
tions of Ca** and Mg?* and increases the Na* con-
centration in groundwater. Furthermore, the weather-
ing of albite could also contribute to Na™ According
to Zhang et al. (2016), such a process might reflect
longer groundwater residence times and longer flow
paths, facilitating cation exchange reactions between
the thermal water and aquifer matrix. Markovié et al.
(2015) showed an additional process of ion exchange
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occurring along carbonate dissolution and control-
ling the major ion chemistry in the thermal waters of
Hrvatsko Zagorje.

The occurrence of evaporite mineral gypsum dis-
solution in the thermal aquifer was investigated
through the Ca®*/SO,*~ (Fig. 7a). Usually, the pri-
mary assumption regarding sources of sulphates in
the groundwater is the dissolution of gypsum and/or
anhydrite, which results in the Ca2+/SO42_ stoichiom-
etry equivalent ratio of 1. Topusko water has an aver-
age value of the Ca2+/SO42_ ratio 2, which distributes
all samples above the gypsum dissolution line. An
excess of Ca’" relative to sulphate anion indicates
other sources of cation in addition to gypsum, such
as calcite, dolomite or silicates (i.e. minerals like
feldspar). Pavi¢ et al. (2023) investigated historical
chemical analyses of Topusko water and argued that
gypsum dissolution is a minor process together with
the dominant carbonate dissolution.

Dissolution of halite was additionally investi-
gated to evaluate the source of Na® (Fig. 7b). Na*
vs CI™ biplot shows most samples plot above 1:1
equiline, with the ratio value of 1.5, suggesting that

halite dissolution is not a primary source of Na‘.
Excess of Na' over Cl™ indicates other sources
of Na*, such as albite (plagioclase) weathering or
ion exchange (i.e. natural softening). Ion exchange
occurs when the equivalent ratio of Na' versus
(Na*+ClI") is greater than 0.5 (Hounslow, 1995).
The calculated ratio for thermal water samples shows
a value of 0.6, corroborating the results obtained
by the (Ca’* +Mg’")—(HCO;~ +S0,>7) versus
(Na* +K* —CI) ratio (Fig. 6d).

Ca**/Na®™ and HCO;/Na™ ion ratios can be used
to distinguish between silicate and carbonate weath-
ering (Fig. 8a).

Research by Drever and Hurcomb in (1986) (cited
in Hounslow, 1995) has shown that the process of sil-
icate weathering leads to a water Na/Ca ratio resem-
bling that of the plagioclase mineral it originated
from. The molar ratios of Ca®*/Na* greater than 10
imply solely carbonate weathering in the catchment
area. Contrarily, the weathering of feldspar produces
more alkali cations, and as a result, the Ca**/Na*
ratio is typically smaller than 1 (Clark, 2015; Gail-
lardet et al., 1999). The Ca**/Na* molar ratio of 3
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in Topusko thermal water samples is a manifestation
of approximately 25-30% of silicate weathering and
around 75% of carbonate weathering. Figure 8b cor-
roborates previous indications of dominant carbonate
dissolution and cation exchange processes in the ther-
mal aquifer.

Considerable silica is released into solution by
weathering albite and orthoclase (alkali feldspar)
compared to other silicates (Clark, 2015; Hounslow,
1995). An arbitrary division of dominant silicate
or carbonate weathering can be performed using
the HCO;/SiO, molar ratio being less than five or
greater than ten for predominant silicate or carbon-
ate dissolution, respectively. Figure 9a displays the
bicarbonate/silica ratio of around 6 in the investi-
gated thermal water. In addition, the ratio of Mg>*/
(Mg®* +Ca*") greater than 0.5 would indicate
silicate weathering, whereas in Topusko thermal
water samples is 0.25, implying limestone-dolomite
weathering process occurring during water chemi-
cal evolution (Fig. 9b). Thermal water samples fall
between categories where the interpretation of results
is ambiguous. The ratio of SiO,/(Na+ K-Cl) between
values of 1 and two is indicative of albite weathering
and less than 1 of cation exchange. Thermal water
samples take on the value around 1.2, again corrobo-
rating the previously deducted impression on albite
weathering in the aquifer or along the flow path.

If some uncertainties are still present, it is advis-
able to look at TDS values, which are usually
lower for dominantly silicate weathering in the sys-
tem (100200 mg/L) than dominantly carbonate
(500 mg/L. or higher). In addition, considering the

regional geological map, the surface outcrops of sili-
cate lithologies (Jurassic siliciclastic deposits) are
present at the surface SW from Topusko and can be
expected in the subsurface.

The studied ratios point to carbonate dissolution as
the main source of major ions and the ion exchange
process in the thermal aquifer as the dominant source
of Na™ occurrence. The ion exchange process might
occur in the final part of thermal water rise to the sur-
face due to contact with Miocene sediments and Cre-
taceous flysch (Misié, 2022).

Since the main thermal aquifer is composed of cal-
cite and dolomite, their SIs were further investigated
(Fig. 10). The results show that most samples from
TEB-4 have saturation index values close to zero, fall-
ing within the uncertainty range (grey rectangle) and
indicating that calcite and dolomite are in equilibrium
in these waters. On the other hand, most of the sam-
ples from Livadski izvor spring had saturation index
values below zero, indicating undersaturation. These
results underline the dynamic nature of the interac-
tions between minerals and thermal water, with most
samples of TEB-4 showing a state of equilibrium in
terms of calcite and dolomite saturation. Such results
suggest that equilibrium water—rock interaction had
been attained in the aquifer (Appelo & Postma, 2005).

Stable water isotopes

The 5'0 and 8%H values for the thermal waters in the
study area ranged from—11.03%¢ to—10.73%¢ and
from —76.02%o to—74.28%o, respectively. A total of
24 precipitation samples were analysed, with values

(2 HCO,/SiO, > 10 (carbonate weathernig)
Al - limestone-dolomite weathering
A2 - dolomite weathering

>

A3 - dolomite dissolution, calcite
@ precipitation or seawater
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Fig. 9 Biplot of HCO;™ vs SiO, ratio and HCO;~ /SiO, vs Mg2*/(Ca2* + Mg2*) equivalent ratio. Modified from Hounslow (1995)

and (de Carvalho Filho et al., 2022)
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Fig. 10 Calculated 1.2
saturation indexes (SI)
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Fig. 11 Q-Q plot of &°H and 8'%0 (d-excess) precipitation
data

of 8'80 and 8”H ranging from — 13.80%o to —3.96%o
and from—100.21%0 to—20.73%0, respectively
(Briski et al., 2023).

Construction of LMWL and comparison with thermal
water composition

A Q-Q plot was used to assess the normality of pre-
cipitation stable water isotope data before statistical
analysis. Figure 11 indicates that most d-excess nor-
malised values closely adhere to a theoretical nor-
mal distribution. However, one data point deviates

@ Springer
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significantly from the dataset. Despite this outlier,
the W-test suggests that the remaining values do not
deviate substantially from normal distribution, with
an asymmetrical skewness. Using Chauvenet’s Cri-
terion, the outlier identified was removed (precipita-
tion sampled in August 2022), and subsequent anal-
ysis showed that the dataset now exhibited a normal
distribution with potentially symmetrical skewness.

Based on the simple linear regression model, the
local meteoric water line (OLSR LMWL) is:

&°H = 7.985'%0 + 12.48

The diagram in Fig. 12 shows the isotopic com-
position (8°H and 8'%0) of all collected samples of
thermal waters and precipitation in the area of the
Topusko hydrothermal system together with calcu-
lated OLSR LMWL. The thermal water samples are
distributed on the LMWL, confirming the meteoric
origin of discharged thermal water in the spring
area and showing that the secondary processes,
such as evaporation of precipitation before infiltra-
tion, are negligible (Mazor, 2004). The weighted
arithmetic mean value, calculated following Mance
(2014), of the collected precipitation samples is
580 = —9.40 %o (Fig. 12). Typically, the weighted
mean annual value of 3'®0 and 8°H in precipitation
represents the isotopic signature of groundwater
(Clark, 2015). The mean value of the thermal water
samples is approximately —10.92%0 with minor
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Fig. 12 Isotopic composition 8*°H and 8'%0 of all collected
thermal water and precipitation samples in the area of the
Topusko hydrothermal system together with calculated OLSR
LMWL

variations among the sampled objects. Lower mean
values of stable isotopes of thermal waters in rela-
tion to weighted mean precipitation values (-1.51
%o) may indicate a different area of recharge (i.e.
a higher altitude) or that the recharge took place in
colder climatic conditions in comparison with pre-
sent (Bayari et al., 2009; Mazor, 2004; Porowski,
2014). Since there are no substantial changes in alti-
tude in the investigated area (Fig. 2), the observed
shift could be justified by different climatic condi-
tions, suggesting that the Topusko thermal waters
are relatively old.

Paleogroundwater

Paleogroundwaters, recharged during past glacia-
tion events, exhibit distinct isotopic characteristics,
being isotopically depleted relative to modern mete-
oric groundwaters and shifted along GMWL towards
negative values (Clark et al., 2000; Grasby & Chen,
2005; Porowski, 2014). The "paleoclimatic effect"
was exemplified by Porowski (2014) in the Great
Hungarian Plain, where Pleistocene recharge had

5'%0 values below —10 %o and the values of '*C
activity less than 10 pMC (i.e. 20 ka BP). To account
for potential altitude effects, 8*H and 5'%0 values
from nearby measurements in Zagreb and Mt. Med-
vednica (10 km north of Zagreb station) were consid-
ered, revealing a consistent vertical isotopic gradient
of —0.28%0 per 100 m (Krajcar-Broni¢ et al., 1998;
Vreca et al., 2006). Kern et al. (2020) recommend
the use of values of — 1.2%c/km for 8'30 and —7.9%./
km for 8°H as an altitude’ effect in the Adriatic Pan-
nonian region for modern precipitation. This infor-
mation allowed for the estimation of precipitation
recharge elevation from =700 to 1200 m above sea
level of THS. Notably, the absence of high mountains
in the region supports the idea of geothermal aquifer
recharge during different climate conditions, indicat-
ing paleogroundwater in Topusko.

In the assumed recharge area, d-excess values for
precipitation ranged from 9.73%o to 15.81%0, with
thermal water values falling within this range, aver-
aging 12.1%o. These observed d-excess values reflect
the climate conditions at the time of recharge, which
may have been notably different from the present.
While the study area is close to the Mediterranean
coast, it appears that continental precipitation is the
primary source of recharge, as suggested by mixing
of vapour sources in thermal water d-excess values
(Kostrova et al., 2020; Chizhova et al., 2022).

Tritium content

Table 2 shows tritium concentrations of analysed
thermal water samples. The tritium activity concen-
trations for samples collected during the minimum
abstraction rates are below the detection limit. The
absence of detectable tritium suggests that geother-
mal waters are sub-modern (Motzer, 2007) and have
infiltrated the subsurface before 1950.

The tritium concentration of the sample collected
after the heating season, when the abstraction rates
are maximal, was determined to be 0.89+0.82 TU,

Table 2 Results of tritium activity concentrations of thermal water samples

Well, sampling date Depth (m) Conditions Bg/L TU (tritium unit)
TEB-4; 12.5.2022 80.8 Maximal use of thermal water* 0.10+0.10 0.89+0.82
TEB-4; 13.9.2022 80.8 Minimal use of thermal water 0.02+0.03%* 0.14 +£0.28%*

* The end of the district heating season, which lasts around 205 days. ** Below detection limit
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indicating the mixing of sub-modern and modern
water (Motzer, 2007). However, this interpretation
should be carefully considered since the measured
value is at the limit between the two categories. This
result could suggest a mixing of the thermal water
with modern water from shallow aquifers connected
to a local pressure drop in the thermal aquifer due to
thermal water abstraction for heating and health pur-
poses. Although the thermal aquifer is confined and
artesian, its upper confining layer is probably leaky,
providing a connection with the shallow colder aqui-
fer hosted in the Quaternary cover. Such results are
not representative of tritium content in the thermal
aquifer. Similar tritium concentration activity results
in thermal springs and interpretations were reported
by Young (1985).

Carbon isotopes of dissolved inorganic carbon (DIC)

Topusko thermal water samples have '“C activity of
11.6-13.1 pMC and '“C DIC apparent age between
16,330 and 16,790+40 years BP (Table 3). Con-
ventional radiocarbon age results suggest that the
groundwater was recharged during the Late Pleis-
tocene, close to the last glacial maximum (LGM),
around 18,000 years BP (Clark et al., 2009; Hughes
et al., 2013, 2022a; Prell et al., 1980), by paleo-pre-
cipitation. High values for the 8'°C measured with
respect to VPDB in water samples are consistent and
range from—4.1 to—4.3 %o, indicating possible dilu-
tion with "dead carbon", mixing or isotopic exchange
(Gallagher et al., 2000).

Single-sample-based correction models

Traditional adjustment models (Eichinger, 1983;
Fontes & Garnier, 1979; Ingerson & Pearson, 1964;
Mook et al., 1974; Plummer & Sprinkle, 2001; Tam-
ers, 1975) were used to calculate initial 14C content
and adjusted '*C ages based on DIC content from a

single well TEB-4 and major ions composition data.
The parameters used in traditional models’ calcula-
tions via NetpathXL are assumed to be 100 pMC for
the initial '*C value of the soil CO,, solid carbonate
minerals are assumed to have 8'>C of 0 %o and '*C of
0 %o and the 8'°C of soil gas CO, was calculated by
assuming that the dissolved CO, is in isotopic equi-
librium with the soil gas (Han & Plummer, 2016).
However, in reality, these values exhibit spatial and
temporal variations, impacting the certainty of '*C
age estimations, which depend on both model choice
and estimated '*C and '3C values of soil CO, and car-
bonate minerals (Han & Plummer, 2016; Wood et al.,
2014). Concentrations of total dissolved inorganic
carbon (TDIC) were assumed to be equal to bicar-
bonate (alkalinity), considering the pH-dependent
distribution of dissolved carbonate species (Mook,
2000). In most systems closed to soil CO,, HCO;™ is
the predominant species, and TDIC is mainly in the
form of alkalinity (HCO;™) (Bottrell et al., 2019; Han
& Plummer, 2016).

Han graphical method

The Han et al. (2012) graphical method was used to
identify geochemical processes that affect the chemi-
cal composition of thermal water and for qualita-
tive estimation of the radiocarbon age of thermal
groundwater samples. The graphs in Fig. 13 show
the relationship between 8'°C (%0) and the recipro-
cal of DIC concentration ([DIC]) (I), the relationship
between measured '*C activity (pMC) and 1/[DIC]
(II), and the relationship between measured *C activ-
ity (pMC) and 8'C (%o) (III). It is assumed that DIC
and HCO;™ concentrations are almost equal regard-
ing Topusko water chemical evolution following
recharge, which is determined by plotting data points
left of line X in graphs I and II. Since the value of
8'13C soil gas CO, at the time of recharge is unknown,
it is assumed to be — 26 %o, which is today’s measured

Table 3 Carbon isotope data of DIC and *C apparent age of Topusko thermal water

Well, sampling date Conditions ¢ (pMC) H¢ (pme) 813C (%o Apparent
VPDB) DIC '“C age
(BP)
TEB-4; 12.5.2022 Maximal use of thermal water* 13.1+0.1 26.8 -4.3 16 330+40
TEB-4; 13.9.2022 Minimal use of thermal water 12.4+0.1 25.3 -4.3 16 790 +40

“The end of the district heating season, which lasts around 205 days
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Fig. 13 Graphical representation modified after Han et al.
(2012) shows chemical and isotopic evolution of DIC in
Topusko thermal water. The full-line arrows represent the

average concentration of C; type of plants (Cerling
et al., 1993; Han & Wassenaar, 2021; Mook, 2000).
The initial '*C value of soil CO, is assumed to be 100
pMC. The assigned *C and 8'3C values for carbonate
minerals are 0 pMC and 0 %o, respectively (Han &
Plummer, 2016). In our study, Tamer’s point, the *pri-
mary’ carbon isotopic composition of DIC (mainly
COy(,,)+HCO;") is located at—13 %o for 8°C and
50 pMC. A more detailed explanation of diagram
construction and application is provided by Han et al.
(2012).

The samples are plotted in region 6 of the Han
graph (Fig. 13; (II) and (III)), typical for "old waters".
Samples plotting in this region are expected to have
undergone '“C decay. It is observed that the data plot
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isotopic exchange between water and solid carbonate, and the
dashed-line arrows represent the decay of '4C

very close to the carbonate dissolution line, which is
indicative of a strong dilution of carbon isotopic con-
tent and a downward shift point to '*C decay. The
Han graph indicates two possible major processes
influencing DIC and carbon isotope composition
(*3C and 'C) in thermal water: (i) isotopic exchange
between water and carbonate and (ii) incongruent dis-
solution of carbonates. The effect of "dead carbon"
introduced by the dissolution of limestones and dolo-
mites changes the isotopic composition by increasing
8'3C and diluting '*C concentrations from crossing
point O, as carbonates are assumed to have '“C-free
DIC (~0 pMC). It is to reiterate that if groundwaters
are old, water—rock interaction might cause the loss of
the initial isotopic signature (Han & Plummer, 2016).
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Based on the graphs in Fig. 13, the age of thermal
water could be estimated to be around 9,250 years
BP, from an initial '*C content of ca. 40 pMC (verti-
cal intersection with zero-age line Z, on graph II).

Radiocarbon age of Topusko thermal water

The radiocarbon age calculated by application of tra-
ditional models (Plummer & Glynn, 2013) and Han
et al. (2012) graphical method is presented in Table 4.

The relationship between *H and '*C content in
groundwater and '*C and 'C in nature, schematically
presented by Mook (2000), indicates the presence
of old groundwater in the Topusko aquifer, which
has a carbon isotopic footprint more similar to fos-
sil carbonates than aged groundwater. The identified
geochemical processes, which account for the res-
ervoir effect and result in 8'°C enrichment and '*C
depletion, are strong and backing up the use of de-
normalised '*C DIC values (pmc’) for calculation of
radiocarbon age by application of traditional adjust-
ment models to a single water analysis in the system.
The various models generated corrected values of
initial '*C (A,) content ranging from 59 to 100 pmc,
which gave thermal water residence times of 6,668 to
10,687 years BP, based on the l4c activity measured
in thermal water samples. The average residence time
obtained from traditional models is 8,448 years BP
and 9,250 years BP for qualitative estimation using
the Han—Plummer plot (A, ca. 40 pMC). Horvatinci¢
et al. (2012) reported groundwater age for a similar
14C activity value from the Zagreb dolomite geother-
mal aquifer at 11,650+ 620 years BP but without cor-
rection for the reservoir effect.

Along with numerous empirical methods that have
been used to estimate A, Geyh (2000) calculated a
set of A values that would be better suited for char-
acterising the initial '*C activity of DIC in water dis-
charging from distinct aquifer geological settings,
which were proven to exhibit strong agreement with
A, values frequently derived more rigorously through
independent modelling. In the case of THS, where
the catchment area is dominantly built of carbonates,
thermal water age corrections of —3,500 to—35,000
can be expected, with the estimated initial 14C activi-
ties ranging from 55 to 65 (pMC). Such calculations
can roughly be considered in accordance with the
results obtained for THS with the traditional model of
the Mook and Han graphical method (Table 4).

Within the context of the geological time scale,
the recharge of the Topusko geothermal aquifer
might have occurred during the Late Pleistocene and
the beginning of the Holocene, coinciding with the
end of the Last Glacial Cycle—a global ice expan-
sion period (Gofi, 2022; Palacios et al., 2022). Dur-
ing this period, most of western and central Europe
and Eurasia was open steppe-tundra, while the Alps
presented solid ice fields and montane glaciers (Li,
2022). Research by Hughes et al. (2022b) suggests
that some of the lowest Pleistocene glaciers in South-
ern Europe formed in the coastal Dinaric Alps bor-
dering the Adriatic Sea. During the LGM (Hughes
et al., 2013), average global temperatures were around
8.3+ 1.5 °C, with year-round ice covering about 8%
of Earth’s surface and 25% of the land area, while
currently (as of 2012) about 3.1% of Earth’s surface
and 10.7%, respectively (Dubey, 2023). This sug-
gests that climate conditions during the recharge were

Table 4 The corrected initial activities of '*C DIC values and calculated radiocarbon ages using traditional adjustment models cal-

culated via NetpathXL and Han et al. (2012) graphical method

Well Uncorrected age Selected adjustment models

Mass balance Tamers

Fontes and
Garnier

Ingerson and Mook
Pearson

Han graph

A, Age A Age Ay Age A Age

pmc BP pmc BP pmc BP pmc BP

Age Ay Age A
BP pmc BP pmc
TEB-4 12.5.2023 16,330

TEB-4 13.9.2023.% 16,790

60.04 6,668 67.26 7,607 68.81 7,795 9195 10,192 71.88 8,155 40.20 9,010
59.56 7,078 67.69 8,136 68.26 8,205 92.16 10,687 69.51 8,355 40.40 9,491

*NetpathXL programme uses modern *C half-life (5730) and needs to be converted to Libby half-life (5570) using the equation
tlibby =0.972t55, (L. N. Plummer & Glynn, 2013). The age differences range from 187 years to 299 for the oldest age estimation,

and negligible differences can be assumed for this study and method
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colder than present, corroborating the stable water
isotope signature.

Stable sulphate anion isotopes 8**S and §'%0 of
SO,*"

The results of 5°*S and §'%0 of SO,*~ anion in ther-
mal water samples are presented in Table 5. The anal-
ysis found a consistent isotopic composition across
sampled thermal waters, with average values of 9.3
%o and 8.35 %o for 8>*S and 8'%0, respectively. This
uniformity indicates a stable source or process gov-
erning the sulphate composition within this hydro-
thermal system.

According to the ratio of 8%*S and 6'%0 of SO42_,
the sulphate in the Topusko water could be of atmos-
pheric or evaporitic origin (Fig. 14; Porowski et al.,
2019).

The atmospheric deposition (i.e. rain and snow-
melt) as a source of the sulphates in the Topusko
water can be excluded since the atmospheric input
usually results in low concertation of sulphates.

Conversely, the Topusko water has a relatively high
concentration of sulphates (Table 1), which is higher
than other thermal and fresh waters in Central Croatia
(Borovié, 2015; Markovié et al., 2015; Naki¢ et al.,
2013). Furthermore, it is unlikely that the isotopic
signature of sulphates reflects the current atmospheric
conditions due to the long residence time of the ther-
mal water suggested by 8'%0, 8%H, 3H, and “C.

The presence of sulphate in the Topusko thermal
water may be linked to the dissolution of evaporite
sulphates (gypsum and/or anhydrite). The enrich-
ment of sulphates with heavier isotopes, such as
oxygen 0 and sulphur **S, is a characteristic sign
of evaporite sulphate dissolution. Gypsum is known
to accumulate in the soil of arid regions and often
occurs alongside dolomite and limestone. Given the
geological composition of the Topusko geothermal
aquifer, which predominantly consists of carbonates,
the presence of evaporites below the aquifer is plausi-
ble. Geological mapping of the region identified gyp-
sum outcrops NW of Cetingrad (= 20 km SW from
Topusko), likely part of an Upper Permian evaporite

Table 5 &**S and 5'30 isotopic composition of SO,>~ anion in thermal water samples

Well, sampling date Conditions 8%S (%0) (CDT) 880 (%0)
(VSMOW)
TEB-4; 12.5.2022 Maximal use of thermal water* 9.2 9.3
TEB-4; 13.9.2022 Minimal use of thermal water 9.4 7.4
“The end of the district heating season, which lasts around 205 days
Fig. 14 The &**S versus 30
5180 of dissolved SO,*~ in
thermal water of Topusko 25
aquifer (triangles) versus
the background values of g 20-
typical sulphate sources (@)
(after Porowski et al., 2019) ; 154 i
> atmospheric evaporites
o Ll
£ 101 deposition
2 O
3 57
o ~ soil sulphate /‘
]
o 07 modern
oxidation of reduced marine SO4
-59  inorganic sulphur compunds
-10 _\ T T T T T T T T T T
-30 -20 -1 0 10 20 30

0
6%S S0, (%o CDT)
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sequence associated with fibrous gypsum and fine-
grained primary dolomite (Korolija et al., 1980b).
Gypsum and anhydrite dissolve without isotope
fractionation, which enables direct use of the isotopic
composition of SO4,™ as a tracer for the sulphate
origin (Porowski, 2014). By comparing the sulphate
isotope content in Topusko thermal water to global
measurements of marine evaporite deposits, notable
variations in 8**S values over geological time were
observed. These values ranged from around+ 35 %o
during the Cambrian to less than+ 10 %o in the Per-
mian period. Similarly, 8'%0 values fluctuated from
approximately +20 %o to around+7 %o (Claypool
et al., 1980). Previous studies, such as Forzis et al.
(2019) in Budapest (Hungary), have used similar
analyses to determine the origin of dissolved sul-
phates in thermal waters and concluded that the dis-
solved sulphate in thermal water is mainly a prod-
uct of Permian evaporite dissolution. It is possible
to assume that the presence of dissolved sulphate in
Topusko thermal water, characterised by an average
5%*S value of 9.3 %o and an average 8'%0 value of
8.35 %o, can be attributed to evaporite dissolution.

Geothermometers

The equilibrium thermal water temperature in the
thermal aquifer was estimated by several classical
chemical geothermometers (Table 6).

The Na-K (g, h, i; Table 6) and Na-K-Ca (j, k;
Table 6) geothermometers provide an average equi-
librium temperature of thermal water from 263.8 °C
to 526.1 °C, which is not realistic, based on the geo-
logical and hydrogeological setting in the study area,
and therefore are rejected. Furthermore, these geo-
thermometers are generally considered inadequate
for low-temperature reservoirs/aquifers (Karingithi,

1984). The Ca-Mg geothermometer (I; Table 6) yields
elevated temperature values, approximately 117 °C,
which can potentially be influenced by uncertain-
ties due to the disorder degree of dolomite (Blasco
et al., 2017; Bruno et al., 2020). The values obtained
by K-Mg geothermometers were 64 °C, similar to
those obtained by SiO,-chalcedony (approximately
60 °C), close to the wellhead and spring temperature
values. These calculations are unrealistic because the
temperature of the water can decrease slightly dur-
ing its ascent to the surface, and there is no mecha-
nism which would cause the water to heat up during
outflow. The calculated average aquifer equilibra-
tion temperature by quartz geothermometers (a,b,c;
Table 6) is 90 °C. Pavi¢ et al. (2023) reported the
predicted average aquifer temperature of THS to be
approximately 78 °C using quartz geothermometers.
The discrepancy could be related to the lower silica
concentrations in the historical hydrochemical data.
Despite the small difference, both results could be
considered realistic since quartz geothermometers
are generally considered the more accurate for low-
temperature systems with waters with near neutral
pH (Blasco et al., 2018, 2019; Borovi¢, 2015; Rman,
2009; Witcher & Stone, 1983).

Conclusions

The paper presented and discussed the results of the
first systematic monitoring of the thermal waters of
the THS, and the main conclusions which can be
drawn therefrom are as follows:

1. Principal ion chemistry data show that the
Topusko thermal waters display Ca-HCO; hydro-
chemical facies, confirming the influence of geo-

Table 6 Temperatures (°C) calculated using experimentally calibrated chemical geothermometers (silica and cationic) for the

Topusko thermal water samples

Sampling location 2 (°C) b(°C) ¢(°C) d(°C) e(°C) f(°C) g(°C) h(°C) i(°C) j(°C) k(°C) 1(°C) m (°C)
Livadski izvor spring  89.7 89.5 90.7 588 60.8 903 5257 360.83 388.0 4157 2644 117.7 63.9
Blatne kupelji spring  89.3 892 904 584 60.5 899 526.1 360.99 3832 4158 262.5 118.0 64.0
TEB-4 well 90.8 906 91.8 599 619 914 5265 36121 388.6 416.1 2644 1169 64.0
Average 899 898 91.0 590 61.1 905 5261 361.10 3883 4158 2638 1175 64.0

(a—Truesdell, 1976), (b—Fournier, 1977), (c—Michard, 1979), (d—Verma & Santoyo, 1997), (e—Fournier, 1977), (f—Arnorsson
et al., 1983), (z—Michard, 1979), (h—Fournier, 1977), (i—Truesdell, 1976), (—Fournier & Truesdell, 1973), (k—Benjamin et al.,
1983), (I—(Chiodini et al., 1995), (m—Giggenbach, 1988))
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logical formations dominated by carbonate rocks.
In THS, around 75% of carbonate weathering and
25-30% of silicate weathering occur. High con-
centrations of Ca**, Na* and Mg?>* were caused
by mineral dissolution and cation exchange. Con-
sidering the available historical data, thermal
water composition is stable. The differences were
observed in the higher silica content at present,
possibly due to different measurement methodol-
ogies. lon exchange and silicate weathering cause
the increase of Na™ from the recharge to the dis-
charge zone.

2. Stable water isotope data, 8°H and 8'%0, suggest
that the recharge of thermal water is of meteoric
origin, i.e. precipitation. Lower mean values
of stable isotopes (-1.51 %o in 8'%0) of thermal
waters in relation to weighted mean precipitation
values indicate that the recharge took place in
colder climatic conditions compared to the pre-
sent. The 5'0 values of thermal water are very
uniform, from —11.3 %o to—10.73 %o, indicating
deep circulation and large areal extent and thick-
ness of the aquifer, with longer residence times
in which seasonal variations of precipitation are
homogenised.

3. Additionally, '*C dating of DIC shows that
thermal water has residence time ranging from
6,668 years BP to 10,687 years BP. The average
residence time obtained from traditional models
is 8,473 years BP and 9,536 years BP for quali-
tative estimation using the Han-Plummer plot.
These ages also suggest that thermal water is rep-
resentative of the colder climate in the late Pleis-
tocene or early Holocene.

4. Tritium activity in thermal water is below the
detection limit. However, after the period of
extensive abstraction for district heating during
winter, some tritium activity (around the detec-
tion limit) was measured in thermal water sam-
ples. Possible infiltration of modern precipita-
tion from younger layers above is possible, as the
hanging wall is not absolutely impermeable. Reg-
ular and precise measurement of tritium activ-
ity would be very useful for understanding if the
abstraction rates are sustainable.

5. Chemical geothermometers were used to estimate
the maximum equilibrium temperature reached
by thermal waters in the aquifer. The quartz geo-

thermometer provided the most plausible equilib-
rium aquifer temperature of 90 °C.

6. Data on stable sulphate anion isotopes, 8*S and
8'%0, point to gypsum and/or anhydrite dissolu-
tion at depth. Deeper boreholes or seismic pro-
files do not exist, so this assumption is based
solely on hydrochemical data.

All of the mentioned analyses and interpretations
give valuable information for the development of the
conceptual model of THS by constraining the hydro-
geochemical processes that drive the solute content,
determining the source of recharge of the hydrother-
mal system, and thermal water mean residence time.
Also, this research provides a quality baseline for
the future monitoring and management activities of
Topusko hydrothermal system, which is highly rec-
ommended due to the continuous utilisation of the
resource.
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Abstract

A comprehensive understanding of hydrothermal systems is often obtained through the in-
tegration of conceptual and numerical modelling. This integrated approach provides a struc-
tured framework for the reconstruction and quantification of fluid dynamics in the reservoir,
thereby facilitating informed decision-making for sustainable utilisation and environmental
protection of the hydrothermal system. In this study, an updated conceptual model of the
Topusko hydrothermal system (THS), central Croatia, is proposed based on structural, geo-
chemical, and hydrogeological ana&The stratigraphic sequence and the structural
framework of the THS were defined on geological maps and field investigations. As
depicted by hydrochemical and is nalyses the thermal waters in the Topusko system
(temperatures < 65 °C) are of met rlgln and circulate in a carbonate aquifer. The THS
receives diffuse recharge ap tely 13 km S of Topusko, where Triassic carbonates
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crop out. Gravity-driven reg on roundwater circulation is favoured by regional thrusts that
tectonically uplifted Pala z rocks of low permeability. These structures confine the flu-
id flow in the permeabl tured and karstified Triassic carbonates, favouring the north-
ward circulation of the water. A regional anticline lifts the aquifer closer to the surface in
Topusko. Open fractures in the anticline hinge zone increase the fracturing and permeabil-

ko thermal spri

erical simulations of fluid flow and heat transport corroborate the

ity field of the aqu;r, promoting the rapid upwelling of thermal water resulting in the Topus-
t

Keywords: thermal spring, conceptual
modelling, numerical modelling, recharge area,
fractured carbonates, SW Pannonian basin,
central Croatia

struct

proposed con odel. In particular, a thermal anomaly was modelled in the Topusko
subsurface %wperature values of 31.3 °C and 59.5 °C at the surface and at the base
of the thermal aquifer, respectively, approaching the field observations. These findings show
that the cihion of Topusko thermal water is influenced by regional and local geological
gesting that the enhanced permeability field in the discharge area enables

1. INTRODUCTION O

Geothermal systems, which represent a renewable resource for
energy and raw material production, vary considerably world-
wide due to the different mechanisms governing their forma-
tion. They are classified according to their principal properties
and characteristics, including their geological, hydrogeologi-
cal, geochemical, and thermal aspects (MOECK, 2014). A sub-
set of geothermal systems is referred to as hydrothermal when
the heat transfer mechanism involves circulating water,
whether as liquid or vapour (OJHA et al., 2021; KHODAYAR
& BIORNSSON, 2024). In the study of hydrothermal systems,
itis necessary to determine the origin of the fluid and the area
of recharge, the heat transfer mechanism, the direction of fluid
flow and the depth to which it descends, the geometry of the
aquifer and its hydrogeological and thermal properties, and the
conditions favouring the outflow of the thermal water.
Research of hydrothermal systems usually includes the
application of an integrated multidisciplinary approach. The
geological framework and tectonic evolution of the area influ-
enced by the circulation of thermal fluids are typically recon-

S
the f&(ma i8n of the natural thermal springs.

structed by combining regional and local field investigations
and geophysical data (e.g., MUFFLER & CATALDI, 1978;
FLOVENZ et al., 2012; KOSOVIC et al., 2023, 2024). They
provide insights into the surface geometry of geological for-
mations and fracture networks and the kinematics of fault sys-
tems that are consequently used for subsurface geological re-
constructions, supported by 2D or 3D geological modelling.
Hydrogeochemical research is the requisite for understanding
and managing geothermal aquifers. It involves continuous
monitoring of the thermal water to evaluate baseline levels,
track their changes, and assess the impact of water abstraction,
which is crucial for resource protection and legislative compli-
ance (HOUNSLOW, 1995; MARINI, 2000; MAZOR, 2004;
HEASLER, 2009). Analysis of groundwater chemistry and
isotopic content aids in characterising hydrothermal systems,
identifying water sources, estimating reservoir temperatures,
and assessing potential mixing. Hydrogeological research
helps in understanding the overall groundwater regime and
distribution by providing data (i.e., hydraulic parameters of the
aquifer and surrounding rocks, water flow velocities) on sub-
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surface conditions influencing the water circulation (FETTER
2001; GOLDSCHEIDER et al.2010; SZANYI & KOVACS,
2010; LEI & ZHU, 2013; RMAN, 2014; FABBRI et al., 2017).
Quantifying and monitoring the hydrogeological parameters
of the thermal aquifer and water is necessary for predicting
the exploitable water volumes with an acceptable drawdown
and identifying detrimental effects on the system. Addition-
ally, thermal parametrisation of the geological units involved
in the thermal fluid flow helps define the changes in the tem-
perature field and fluid distribution across the system (FUCHS
& BALLING, 2016; XIONG et al., 2020).

The investigations mentioned above aid in the construc-
tion of a conceptual model of the studied hydrothermal system.
Developing the conceptual model of a hydrothermal system
consolidates the existing understanding by integrating multi-
disciplinary and multiscale datasets. Conceptual models de-
scribe the main processes governing both fluid flow and heat
transport, which influence the volume of the hydrothermal re-
source and its geochemical and thermal characteristics. The
aforementioned geological reconstructions serve as the foun-
dation for a hydrogeological conceptual model of the hydro-
thermal system, elucidating the mechanisms governing hydro-
thermal resource formation (MOECK etal., 2014; CALCAGNO
et al,, 2014, MROCZEK et al., 2016). The physical reliability
of the conceptual model can be constrained by developing
variable-density fluid flow and heat transport numerical simu-
lations of the system. Numerical models can be used for test-
ing and quantifying the importance of different processes in
the development of the geothermal resource and its physico-

chemical characteristics (e.g., MADL-SZONYI & TOTH, ’

2015; HAVRIL et al., 2016; MONTANARI et al., 2017 BQRO¥
VIC etal., 2019; POLA etal., 2020; TORRESAN et a¥g 2099).
Furthermore, they can be used to reconstruct the histegicaland
current state of the system and to forecast future 1mpact§ (AN-
DERSON et al., 2015).

Thermal springs in Croatia are generallyspart of interme-
diate-scale hydrothermal systems, includihg necharge areas in
the nearby mountainous hinterlands and geothermal aquifers
mainly hosted in Mesozoic carbonate rocks (GOLDSCHEI-
DER et al., 2010; BOROVIC et al., 2016). Their occurrence is
favoured by the regional thermal characteristics in central and
northern Croatia that are part of the Pannonian Basin System
(PBS). The tectonic setting of the PBS 1s characterised by the
thinned lithosphere, which enables an above-average heat flow
from the asthenosphere (HORVATH et al., 2015). In the PBS,
three levels of the regional flow of thermal water have been
identified: 1) gravity flows in the Neogene-Quaternary clastic
rocks and sediments of the basin fill (the shallowest), ii) grav-
ity flows in pre-Neogene confined carbonate aquifers below
them, and ii1) flow caused by overpressure in the deepest Mes-
ozoic aquifers (HORVATH et al., 2015; VASS et al., 2018). The
Mesozoic carbonate rocks, representing the deepest geother-
mal aquifers, usually crop out either as inselbergs or along the
margins of the basin. This could imply the occurrence of
greater recharge in the marginal parts of the PBS, where the
aquifer is shallower and covered by thinner Neogene deposits,
favouring the development of local to intermediate scale hy-
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drothermal systems (STEVANOVIC, 2015; HAVRIL et al.,
2016).

The artesian thermal springs of Topusko have been re-
nowned since Roman times, ranking as the second warmest
in Croatia (BOROVIC et al., 2016; SIMUNIC, 2008). Thermal
water with temperatures of up to 65°C has been used since the
1980s for health and recreational purposes and district heat-
ing. Despite this fact, the geological features driving the de-
velopment of the Topusko hydrothermal system (THS) and
regulating the regional groundwater flow direction remained
uncertain. In the initial stages of THS research, the potential
recharge area was determined by defining outcrops of perme-
able rocks in topographically prominent areas. The lack of
previous systematic and detailed structural-geological and hy-
drogeological investigations hindered the reconstruction of the
regional geological evolution and understanding of how the
THS functions. Though available publications and unpub-
lished reports suggest contradictory hypotheses, the most
commonly used conceptual model is from the early 2000s
(SIMUNIC, 2008). In this study, we propose a novel concep-
tual model of the THS, detailing the recharge area and main
circulationgaths using a collection of structural, geochemical,
and hydpegeological field data. The second objective of this
research¥fivolves conducting 2D numerical modelling to ana-
lyse ﬂulglrﬂow and heat transport within the THS. Here, the
210 nitfaerical modelling served as a physical validation for the
proposed conceptual model, supporting it with the quantifica-

“iOn of the main processes governing the development of the

Topusko geothermal resource.

2. MATERIALS AND METHODS

2.1. Tectonic setting

The THS formed in the pre-Neogene basement units of the
Internal Dinarides (Fig. 1). The Internal Dinarides, as an
integral part of the Adria Microplate, convey Adria’s eastern
passive margin that was involved in a complex tectonic
collision between the Adria Microplate and European foreland
during the Cretaceous-Paleogene period (SCHMID et al., 2020
with references).

This tectonic contraction (the recent convergence rate
between the Adria indenter and Europe is < 4.17 mm/yr
according to D’AGOSTINO et al. 2008) resulted in the
formation of a Dinaridic orogen system, tectonic suture zone
(i.e., Sava Suture Zone), and 400 km eastward extrusion of the
ALCAPA block (i.e., Eastern Alps, West Carpathians and
Transdanubian ranges; TARI et al., 1999; CSONTOS &
VOROS, 2004). Besides the formation of an orogen-parallel
thrust fault system, tectonic contraction accommodated the
formation of regional dextral/sinistral faults (e.g., the Split-
Karlovac fault, Periadriatic fault that extends into the Mid-
Hungarian fault zone further to the E; Fig. 1), which enabled
CCW/CW rotation and partial tectonic exhumation of the
nearby tectonic blocks of the Adria Microplate and the Tisza-
Dacia Mega-Unit (e.g. TOMLJENOVIC, 2002; TOMLJENO-
VIC et al., 2008; USTASZEWSKI et al., 2010; SCHMID et
al., 2020).

At the same time, as the study area is positioned in the
immediate vicinity of the transient zone between the Adria
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Figure 1. Regional tectonostratigraphic units that surround the study area of the THS (red dashed polygon corresponds to the extent of Fig. 3). Map
shows the main regional fault systems that accommodated the tectonic collision of the Adria Microplate and European Foreland during Cretaceous-
Paleogene time. The study area is located at the eastern margin of the Adria Microplate, within the Internal Dinarides, close to the Sava Suture Zone

(modified after SCHMID et al., 2008; 2020).

Microplate (W) and the Tisza Mega-Unit (E), the inherited
fault system is characterised by polyphase tectonic evolution
and persistent structural reactivation of the faults (Fig. 2;
SCHMID et al., 2008). As a result, the THS bedrock units (Fig.
3) resemble a complex lithostratigraphic mosaic of Palaeozoic-
Triassic clastic and carbonate units, that are often seen in
tectonic contact with younger Jurassic-Cretaceous ophiolitic
melange units (SCHMID et al., 2008), and its Paleogene-
Neogene cover.

The Neogene-Quaternary tectonic evolution of the study
area, on the other hand, was further affected by back-arc type
formation of the PBS (ROYDEN & HORVATH, 1988;
HORVATH et al., 2006; CLOETINGH at al., 2006). Formation
of the PBS was characterised by repeated Early-Middle

Miocene E-W oriented lithospheric extension (c. 26-11.5 Ma),
along the NNW-striking normal listric faults (i.e., the Sava
fault; Fig. 2), which was followed by its Late Miocene-
-Pliocene-Quaternary tectonic inversion due to N — S com-
pression (e.g., PRELOGOVIC et al., 1998: TARI et al., 1999;
TOMLJENOVIC & CSONTOS, 2001; CLOETINGH et al.
2006; SCHMID et al., 2008; BRUCKL et al., 2010).

In the Croatian part of the PBS, a Neogene-Quaternary
sediment succession (Fig. 3) is associated with the dominant
NNW-striking Sava, Karlovac and Glina basins and subbasins,
which were tectonically inverted and highly deformed during
the Late Miocene-Pliocene-Quaternary periods (PAVELIC,
2001; PAVELIC et al., 2003; TOMLJENOVIC & CSONTOS,
2001). Tectonic deformation of the Neogene-Quaternary
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Figure 2. The structural map shows a simplified tectoni ?Wwork of the fault systems at the SW margin of the PBS. Fault abbreviations: SF - Sava
fault; PF- Pokupsko fault; GF - Glina fault. Fault systems‘ake compiled after KOROLIJA et al. (1980), VELIC & SOKAC (1982), BUKOVAC et al. (1984), PIKIJA

(1987), SIKIC (1990), PRELOGOVIC et al. (1998), TOML

succession in the study area is especial@nounced along
the contact with the Palacozoic-Triassic anticlinal core of the
Petrova gora Mt. (HORVATH & TARI 1999; TOMLJENOVIC
& CSONTOS, 2001).

Though tectonic uplift of the Petrova gora Mt. had
probably already started during the Cretaceous-Paleogene
contraction (similar to the other PBS pre-Neogene basement
highs e.g., Trgovska gora, Slavonian Mts.), the final uplift
commenced during the Late Miocene-Pliocene-Quaternary
compression/transpression phase that resulted in tectonic
exhumation, tectonic overprint of its Palacozoic-Mesozoic
structures, and formation of kilometre-scale folds along the
reactivated and newly formed faults in the area (Fig. 2;
PRELOGOVIC et al., 1998; TOMLJENOVIC & CSONTOS,
2001). Ongoing, local NNE-SSW regional compression in the
study area is driven by residual Adria indentation shortening
locally at the scale of 1-2 mm/yr and is accommodated along
the inherited faults with slip rates below 0.1 mm/yr
(GRENERCZY et al., 2005; KASTELIC & CARAFA, 2012;
USTASZEWSKI et al., 2014).

& CSONTOS (2001), BENCEK et al. (2014), and HERAK & HERAK (2023).

2.2. Geological setting

A composite geological map covering the study area (Fig. 3)
was constructed using basic geological maps of the former
Yugoslavia at a scale of 1:100.000, sheets Karlovac (BENCEK
et al., 2014), Sisak (PIKIJA, 1987), Slunj (KOROLIJA et al.,
1980), and Bosanski Novi (SIKIC, 1990), as well as the
1:500.000 scale geological map (FEDERAL GEOLOGICAL
SURVEY, 1970). A description of the subsurface geological
composition was compiled, including a composite geological
column that outlines the lithostratigraphic and chronostrati-
graphic sequence of deposits in the area. The synthesis of
existing data was undertaken using GIS and graphical editing
tools.

The geological setting of the study area predominantly
comprises Late Palaeozoic, Triassic, and Plio-Quaternary to
Quaternary deposits, which cover older Variscan bedrock and
structures. In the SE part, Carboniferous deposits (C) are the
oldest exposed rocks (Fig. 3). They are predominantly com-
posed of clastic and subordinately carbonate deposits, includ-
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Figure 3. Geological map of the study area of the THS accerding to the basic geological maps of the SFRY at a scale of 1:100.000, sheets Karlovac (BENCEK
etal, 2014), Sisak (PIKIJA, 1987), Slunj (KOROLIJA et al., 1980), nski Novi (SIKIC, 1988) and geological maps of SFR Yugoslavia, scale 1:500.000 (FEDERAL
GEOLOGICAL SURVEY, 1970). Acronyms of the lithostrati ic units: Q - Quaternary; P, P,Q - Pliocene, Plio - Quaternary; M - Miocene; Pc,E-Ol - Paleo-
cene and Eocene-Oligocene; K, Pc - Cretaceous-Paleodgeie K - Cretaceous; J - Jurassic; T - Triassic; P.T - Permian - Triassic; P — Permian; C - Carboniferous;

D - Devonian. Thermal springs’ locations in Boserzegovina after HRVATOVIC (2005). The extent of the study area is shown in Figure 1.

ing shales, siltites, sandstones (greywacke, quartz-greywacke),
and dolomitised and ankeritised limestones. Together with the
Devonian deposits (D), characterised by thick lenses of clay,
limonitised and schisty limestones within interbeds of shales,
siltstone and sandstones form the pre-Permian low-grade
metamorphic basement (SIKIC, 1990).

Continuation of the post-Carboniferous deposition se-
quence is characterised by a clastic sequence of younger Pala-
eozoic age and is found on the southern slopes of Petrova gora
Mt. (Fig. 3). Permian deposits (P) are represented by schists,
quartz-greywacke sandstones, shales, and fine-grained con-
glomerates (KOROLIJA et al., 1980). This turbidite-like com-
plex was developed under conditions of rapid and constant in-
filling within the existing basement basinal structures,
reaching thicknesses of 500 m. At the same time, Permo-Tri-
assic deposits (P, T) are consistent and composed of fine-
grained brick-red sandstones and sandy-clay shales (KO-
ROLIJA etal., 1981). The quartz-rich greywackes of the Upper
Permian, observed along the southern slopes of the Petrova

gora Mt., are a marker that represents transitional strata from
the Upper Permian to the Lower Triassic (Fig. 3), which were
deposited in shallower marine environments due to orogenic
uplift.

Lower Triassic (T;) deposition of mica sandstones, siltites,
and shales with a gradual transition to carbonate marls and
eventually limestones and dolomites continuously followed
the Upper Palaeozoic normal superposition (KOROLIJA,
1981). These deposits can be observed on the eastern slopes of
Petrova gora Mt., concordantly overlapping older Permian de-
posits (Fig. 3). During the Middle Triassic (T,), evidence of
consistent limestone and dolomite deposition can be observed.
At the local scale, within the carbonate facies, tuffs, fine-
grained sandstones, and interlayers of sheet limestone with
chert alongside the shales were observed. The diminishing
presence of clastic and pyroclastic components within the up-
permost Middle Triassic succession suggests a reduction in
tectonic activity and volcanism. During the Late Triassic pe-
riod (T3), stable marine conditions enabled further massive

£31)80.1)) BIS0[095)



carbonate deposition in the area. The Upper Triassic dolomites
(W of Hrvatsko Zariste, Fig. 3) are usually in tectonic contact
with the Lower — Upper Cretaceous limestones.

According to SCHMID et al. (2008), Late Jurassic re-
gional movements prompted the intraoceanic subduction of
the Neotethys oceanic realm, which coexisted with the frag-
mentation of the Adria Microplate. This led to the Adria Mi-
croplate terrain differentiation, which resulted in variable sed-
imentation patterns and continuous Jurassic-Cretaceous
carbonate sedimentation in the area of the Adriatic Carbonate
Platform (VLAHOVIC et al., 2005), while clastic-carbonate-
volcanic sedimentation prevailed along its passive margins.
The Jurassic rock complex in the study area (J»,3), part of this
passive margin, primarily comprises a magmatic-sedimentary
ophiolitic complex within the Central Dinaridic Ophiolitic
Zone (SCHMID et al., 2008). This approximately 800 m thick
complex consists of low-metamorphosed sedimentary rocks,
(i.e., sandstones, shales, cherts, and some siltites, marly shales,
and fine-grained limestones) and various magmatic rocks (i.e.,
basalts, gabbros, diabases; KOROLIJA et al., 1981, SIKIC,
1990).

The Cretaceous-Paleogene transgressive sequence (Fig.
3) indicates passive margin sedimentation (KOROLIJA et al.,
1981). Cretaceous deposits (K;) include limestones, greenish-
gray marls, silicified sandstones, and carbonate breccias, fol-
lowed by a flysch-turbidite like succession (K ,) (VLAHOVIC
et al., 2005). Paleogene deposits are mainly flysch-like, with
carbonate marls, marly limestones, and thin layers of shales,
marls, and fine-grained sandstones (K, Pc). Palacocene and
Eocene-Oligocene flysch-like deposits (Pc, E-Ol) crop opt to

a small extent in the eastern part of the study area. The Neg-/

gene-Quaternary sediment succession, linked to the tectonic
evolution of the Croatian part of the PBS, was daposited in
half-graben structures formed during the Early-MiddYe Mio-
cene (PRELOGOVIC etal., 1998; TOMLJENQVIE &CSON-
TOS, 2001; SAFTIC et al., 2003). Extensional tegfonics led to
basins filled with marine, lacustrine, and freshwater sediments
(PAVELIC et al., 2003). This successior about 1.1 km thick,
includes conglomerates, sandstones, gravelsstlays, marls, and
limestones (M; P1, Q; Fig. 3) (SIKIC, 1990). The youngest Pli-
ocene and Quaternary deposits (PL; Q), approximately 200 m
thick, consist of conglomerates, sandstones, siltstones, sands,
gravels, clays, and occasional interlayers of clay and coal,
forming a final terrigenous/alluvial cover.

2.3. Hydrogeological setting

In the Topusko area, there are three natural artesian thermal
springs with a total capacity of approx. 25 I/s (BAC & HERAK,
1962; BAHUN & RALJEVIC, 1969) and temperatures
ranging from 46 °C to 53 °C. Three exploitation wells were
drilled to depths of up to 250 m in the immediate vicinity of
the natural springs during the 1980s. They are currently used
for heating, recreational, and medicinal purposes, with a total
yield of 200 1/s and pressure of around 1.4 bar (PAVIC et al.,
2023). A decrease in pressure from 2.18 bar (1978) to 1.52 bar
(1982) was observed and attributed to overexploitation
(SEGOTIC & SMIT, 2007). The Topusko thermal water shows
a slightly acidic character, with an average pH of 6.5 —6.8. The
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electrical conductivity ranges from 582 uS/cm to 680 pS/cm,
and the total dissolved solids are approx. 500 mg/I indicating
a medium to low mineralised fresh water. Hydrochemical
analyses show a Ca-HCOj; hydrochemical facies (PAVIC et al.,
2023, 2024) indicating water flow in carbonate rocks. Stable
water isotopes 6°H and 8'30 suggest a meteoric origin for
thermal water and recharge during colder climatic conditions
The uniform §'%0 values indicate deep circulation and a large,
thick aquifer, which homogenises seasonal precipitation
variations over longer residence times. The estimated mean
residence time of approximately 8.5 — 9.5 kyr is based on C
content in DIC (PAVIC et al., 2024). Tritium activity in the
thermal water is generally below the detection limit, but trace
levels were detected after extensive abstraction for district
heating during winter months, suggesting the potential
infiltration of modern precipitation through the semi-
permeable Neogene cover sequence of the aquifer. The most
plausible equilibrium aquifer temperature was estimated at 90
°C using quartz geothermometers (PAVIC et al., 2023, 2024).
Hydrodynamic measurements in the Topusko discharge area
estimated an aquifer transmissivity of approx. 2 x 102 m?/s
(PAVIC et a8, 2023). According to SIMUNIC (2008), a set of
faults foming 4 block in the shape of a three-sided prism
enabled W€ uplifting of the aquifer. The result of an electrical
resisifVity survey identified the damaged zones of these faults
in the€pring area (PAVIC et al., 2023).

®iom a hydrogeological point of view, fractured and

"karstificd, highly permeable, Middle and Upper Triassic

carbonates are the main geothermal aquifer of the THS. Lower
Triassic and Permian-Triassic carbonate and clastic rocks

, represent the semi-confining units at the base of the reservoir,

while the Palaeozoic complex is the impervious basement at
the bottom of the stratigraphic sequence due to its low-grade
metamorphism. Furthermore, low permeability Jurassic
ophiolitic complex and Neogene-Quaternary deposits cover
the geothermal aquifer. However, a limited number of deep
boreholes hinders a more comprehensive understanding of
local and regional scale hydrogeological conditions.

Different conceptual models of the THS have been previously
proposed:

1) In the early 20™ century, it was considered that the thermal
water at the Topusko springs was heated by a magmatic body
based on the existence of basalt outcrops in the vicinity (e.g.,
Lasinja GORJANOVIC-KRAMBERGER, 1905, 1917). To
support the volcanic origin of the thermal water in Topusko,
GORJANOVIC-KRAMBERGER (1917) postulated that
mountains S of Topusko could not produce such hydrostatic
pressure that would raise water from a depth of approx. 1.5
km, according to the thermal water temperature at the surface.
However, these basalts are of Mesozoic age (MAJER, 1978;
1993) and Quaternary magmatic bodies behaving as a recent
heat source for hydrothermal systems are absent within the
PBS. Therefore, this conceptual model was abandoned.

2) BAC & HERAK (1962) interpreted the Palaeozoic
rocks as behaving as an impermeable rock complex that
regulates regional water circulation and defines the watershed
of the THS together with Lower Triassic and Neogene
formations. According to the same authors, permeable Middle
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and Upper Triassic carbonate deposits facilitate deep
groundwater circulation, especially in tectonically active
areas. The thermal aquifer receives recharge in the Glina river
headwaters, where Triassic carbonates crop out. The proposed
primary regional flow direction is from the S to N, from the
Glina area towards the Topusko depression.

3) SIMUNIC (2008) proposed that the THS recharge area
is located W of the Petrova gora Mt., where Triassic carbonates
crop out. According to the proposed model, the water circulates
from W to E below the Petrova gora nappe, heats up by the
geothermal gradient, and discharges in Topusko due to the
highly permeable fault damaged zones.

2.4. Structural-geological research

Structural-geological fieldwork was conducted through field
campaigns in 2021 and 2022. Field investigations involved
structural and lithological data acquisition at 162 locations
covering an area of approx. 2,000 km? (Figs. 2 and 3). During
the fieldwork, observation points were archived and processed
in the Avenza PDF Maps application (URL 1) and MS Excel
field database, while database creation and geospatial
positioning of the collected geological data were performed
using the software ArcMap 10.1 (URL 2).

The structural investigations detailed the stratigraphic
relationships among the main lithological units and the analysis
of the tectonic and structural settings in the study area. They
encompassed geometric and structural measurements of strata
bedding, fractures/joint systems, and fault/shear planes. In
particular, measurements of fault/shear planes included the

identification of fault kinematic indicators and determinaon

of the tectonic relationships between the observed strugtu

Collected structural data were used in the constructionof thice

NE-SW striking regional structural-geological profilgs (i
to THS-3; Figs. 2-4). These profiles represent surfa®e/sub-
surface 2D models of the distribution of geologlcal uAits and
structures in the area of Petrova gora M. (SWland the Glina
depression (NE) and they were used here for réegnstruction of
the geological and structural settings of the THS

2.5. Conceptual and numerical modellmg

In this study, we initially tested and compared the validity of
the conceptual model proposed by SIMUNIC (2008) with the
results of structural investigations and the constructed
geological profiles. Furthermore, these data combined with the
results of previous investigations in the Topusko area were
used to update the conceptual model of the THS, which served
as a base for a 2D numerical model of heat flow and fluid
transport. The conceptual model was developed including:
lithological field data, geological maps, hydrodynamic and
electrical resistivity survey data acquired in the discharge area
of Topusko, chemical and isotopic compositions of both the
thermal water and the precipitation in the assumed recharge
area.

The proposed conceptual model was tested by performing
numerical simulations of fluid flow and heat transport
accounting for the variation of the thermal water density due
to the temperature distribution in the subsurface
(BUNDSCHUH & CESAR SUAREZ, 2010; DIERSCH, 2014).

The numerical model solves the governing equations of fluid
flow and heat transport, obtaining the distribution of the
primary variables (i.e., hydraulic head and temperature) within
the modelling domain and over time. In this research, we used
the FEFLOW 7.4 software (DIERSCH, 2014), a Finite Element-
based simulator specifically designed to address fluid flow and
transport phenomena within porous and fractured media. The
fundamental equations governing fluid flow and heat transport
in these media are formulated based on conservation principles
for fluid mass, momentum, and thermal energy (DIERSCH,
2014). The equations are coupled by setting a functional form
behaviour for fluid density and viscosity depending on the
respective primary variable of the problem. For the specific
problem at hand, fluid viscosity was kept constant. In contrast,
the density of the fluid varies linearly with temperature,
following p=py (1 — aAT) with & being the volumetric thermal
expansion coefficient of the fluid (POLA et al., 2020).

3. RESULTS

3.1. Structural-geological profiles

Structural A4 geologlcal profiles THS-1 to THS-3 (Fig. 4)
represent_ ‘an’ “terpretation of the surface/subsurface
relatlom,lupmn the study area down to an investigation depth
of appigx. 6 #m. Constructed geological profiles include three
struéiurat™domains that convey a system of thrust faults

separx ihg the External Dinaridic lithological units in the SW

ts Of the profiles from the Internal Dinaridic lithological

‘Uhigs. The Internal Dinaridic units can be further subdivided

into two subdomains. The SE and central part of the profiles
included the Petrova gora area, while the Glina depression
characterises the NE profile domains (Fig. 4).

The profiles (Figs. 2 and 4) pinpoint complex faulted and
folded structures that are predominantly affected by low angle
thrust faults (dip angle <30°; faults R1, R2, and R3 in Fig. 4)
and reverse faults in their immediate hanging wall (faults RS
and R2 in Fig. 4). Besides these faults, higher angle normal
and tectonically inverted normal faults are observed (dip angle
>45°; faults R4 and R6 in Fig. 4). Constructed profiles show
that the THS subsurface is composed of folded structures, with
the largest Topusko anticline formed in the hanging wall of the
R3 thrust fault and RS blind fault (profile THS-3 in Fig. 4).
The Petrova gora structure also resembles a larger-scale
anticlinal structure that is tectonically uplifted in the hanging
walls of the R1 and R2 thrust faults (profile THS-1 in Fig. 4).

The Petrova gora structure, composed of a Palaeozoic
clastic sequence, is tectonically uplifted by approx. 3.5 km in
relation to its R1 footwall units, which resemble an undeformed,
6 km thick, Palaeozoic-Mesozoic succession. Towards the NE,
the Petrova gora structure is additionally vertically displaced
by tectonically inverted normal faults (faults R3 and R4;
profile THS-1 in Fig. 4). Here, vertical displacement along the
R3 and R4 normal faults accommodates NE-SW oriented
extension, with approx. 1.5 — 2 km vertical subsidence.

Further to the NE, the R4 fault delineates a folded system
that incorporates the area of the Topusko anticline. With an
approx. 4 km thick Palaeozoic-Mesozoic succession, this
folded system (profile THS-3 in Fig. 4) is mainly composed of
the Carboniferous-Permian clastic succession that is covered
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by Triassic clastic-carbonate rocks. The Topusko anticline
hinge zone is partly covered by the Jurassic ophiolitic complex
and its transgressive Cretaceous clastic-carbonate succession

(see Figs. 3 and 4, profile THS-3). In the area of the Topusko
anticline, both the Cretaceous and Jurassic units are
significantly reduced due to extensive uplift along the RS blind
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Limstone with dolomite
intercalations

Late Jurassic

Dolomites, dolomitized
limestone

Late-Middle Jurassic
Ophiolitic melange unit:
basalt, gabbro, shale,
radiolarite, lil

Early Jurassic
Laminated dolomite with
lenses of limestone

A

Early Triassic
Limestone, dolomite, Reverse fault

sandstone, marls, shale
Permian-Triassic

v

Middle Triassic
Dolomite, limstone, shale, Thrust sheet
cherts, tuffs and sandstone

PT Quartz-rich sandstone, Normal fault
siltite, conglomerate, shale
Permian Normal fault -
Shists, sandstone and \ tectonically inverted
conglomerate reverse fault

Carboniferous
Sandstone, shale, conglomerate,
dolomite and fossiliferous limestone

Inffered fault

Figure 4. Structural-geological profiles in the THS area. The NE-SW striking profiles are perpendicular to the geological structures in the research area.
The profiles show the Topusko anticline formed in the hanging wall of the thrust fault R3 that behaves as a low-angle detachment surface. The anticline
is composed of a thick Palaeozoic-Mesozoic sequence, which is partly eroded in the immediate area of Topusko town. Towards the NE, it is covered by
the thick Paleogene-Neogene sedimentary succession of the Glina depression. Horizontal and vertical scale ratio is 1:1.
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fault, which resulted in hanging wall tectonic erosion. The
final NE domains of the THS geological profiles incorporate
the gently dipping NE limb of the Topusko anticline that is
faulted by the NE dipping R6 normal fault. The R6 normal
fault (vertical displacement here is approx. 500 m; profile
THS-3 in Fig. 4) is part of the extensional structure of the
Glina depression, which is one of the extensional basins
formed during the Neogene extension of the Croatian part of
the PBS. As a result, the NE segments of the THS profiles are
covered by an additional approx. 2 km thick clastic-carbonate
succession deposited during the Paleogene and Neogene
within the Glina depression.

Reconstructed THS subsurface relationships along the
profiles indicate that the observed faults and cogenetic folded
structures have a history of polyphase deformation. The same
asymmetric anticlinal structures (e.g., Petrova gora) in the
hanging wall of the low angle detachment faults (e.g., R3 and

R4 faults, Fig. 4) show indications of tectonic transport towards
the SW, localised uplift and erosion (e.g., Topusko anticline),
as well as NE — SW oriented extension. This implies that the
interpreted faults accommodated both initial Cretaceous-
Paleogene NE — SW compression and the following Neogene
NE — SW extension.

3.2. Conceptual and numerical modelling of
groundwater flow and heat transport in the THS

3.2.1. Novel conceptual model of the THS

The new conceptual model of the THS is established based on
constructed geological profiles (Fig. 4) and previous
hydrogeological and geophysical research (PAVIC et al., 2023,
2024). These data lead to development of an interpolated
schematic geological profile, which refines the understanding
of the THS (Figs. 5 & 6). Analysis of the geological profiles
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Figure. 5 Trace of the interpolated schematic geological profile of the THS (black line). Sinkholes (white circles) in the SW part of the profile indicate
higher karstification of the carbonate formations, representing the potential recharge area of the THS.
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Figure 6. Interpolated geological profile of the THS. The profile is perpendicular ‘opusko anticline formed in the hanging wall of the thrust fault

R3 that behaves as a low angle detachment surface. The same fault, combin

in the immediate area of Topusko town. Horizontal and vertical scale is 1:1.

here, challenges the previously proposed hypothesi%
el

SIMUNIC (2008) about the recharge area of the TH
W of the Petrova gora nappe. The Triassic carbonates
out W of the Petrova gora Mt. are hydrogeologicalty isdlate
from the discharge area in Topusko by the impernieable
Petrova gora structure, which is composed of a Balacozoic
clastic sequence with low-grade metamorpl%herefore, a
regional groundwater flow from W tod&betomes highly
unlikely. Instead, in our conceptual mod @- tion 1s directed
towards a new hypothesis: the recharge occuis S from Topusko,
where Triassic carbonates are partly exposed at the surface.
The surface manifestation of thermal water in the Topusko
spring area can be understood through the concept of gravity-
driven groundwater flow, determined by: i) Middle-Upper
Triassic carbonate complex rocks, which are the main thermal
aquifer of the THS, ii) Palacozoic-Lower Triassic and the
Jurassic-Neogene formations representing the semi-confining
layers at the bottom and top of the reservoir, respectively, iii)
a large area characterised by intense karstification occuring
approx. 13 km S of Topusko within the Triassic carbonates
(Fig. 5), facilitating the infiltration and deep circulation of the
meteoric water with a long residence time, and iv) the fault-
thrusted regional tectonic setting and the existence of
substantial hydraulic boundaries (e.g., the R3 and R4 thrust
faults and near-surface fault zones), which influence the
direction of the groundwater flow. The Topusko anticline
within the hanging wall of the R3 thrust fault facilitates the
uplift of the aquifer, bringing it closer to the surface in the
thermal springs area. Cogenetic faults and fracture networks

. 0Q

h
ith the R4 and R5 reverse faults, lifts the reservoir up to shallow depths

in the hinge zone of the Topusko anticline, probably affected
by an extensional regime, increase the fracturing of the
bedrock and the permeability field in the aquifer enabling the
thermal water outflow. The occurrence of fault damage zones
in the Topusko subsurface was determined by the electrical
resistivity surveys (PAVIC et al., 2023). Hydrogeochemical
research corroborates the meteoric origin of the Topusko
thermal water and the interaction with the carbonate aquifer.
A residence time of approx. 9 kyr is evidenced by the “C
analysis of the thermal water (PAVIC et al., 2024). Additionally,
the consistent major ion composition of the thermal water over
a two-year period suggests a large and stable system. Based
on all findings, it is suggested that the novel THS conceptual
model favours a regional groundwater flow direction from S
to N.

3.2.2. Setup of the numerical model

The physical validity of the proposed conceptual model of the
THS was tested by conducting 2D numerical modelling of
both the regional fluid flow and heat transport. To simulate
gravity-driven groundwater flow in the THS, we adopted a
shortened version of the schematic geological profile (Fig. 6),
excluding the SW portion of the R3 fault. The recharge area
of the THS is located NE of R3, where numerous sinkholes
occur (Fig. 5). Therefore, the SW portion of the section is not
strictly connected to the hydrothermal system, and was not
reproduced in the numerical model to diminish the computa-
tional effort for solving the numerical simulations. The profile
was digitised in GIS software and used to generate a su-
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permesh in the FEFLOW software outlining the geometry of
the geological units within the modelling domain. The domain
was discretised through a triangular mesh employing the Tri-
angle triangulation code (DIERSCH, 2014), which permits
honouring the complex geometrical relationships of the units.
The mesh was refined in the hinge zone of the Topusko anti-
cline, in the aquifer unit, and along the main faults. Such re-
finement allows a better discretisation in the parts of the model
where numerical instability is expected. The obtained mesh
(Fig. 7) comprised 19,241 triangular elements and 9,831 nodes.

Geological units with similar hydrogeological and thermal
properties were grouped, obtaining seven hydrostratigraphic
units: i) Palaecozoic low-metamorphic sedimentary complex
(B), ii) Permian and Permian-Triassic clastic units (P), iii)
Early Triassic sedimentary rocks (T}), iv) Middle and Late Tri-
assic carbonates (T53), v) Jurassic magmatic — sedimentary
ophiolitic complex and Jurassic and Cretaceous carbonates (J),
vi) Neogene siliciclastic units (N), and vii) Quaternary alluvial
cover (Q). In particular, the T, 3 hydrostratigraphic unit repre-
sents the main thermal aquifer of the THS. The equivalent po-
rous medium approach was employed for the hydrogeological
and thermal parametrisations of the hydrostratigraphic units
(DIERSCH, 2014; ANDERSON et al., 2015). This approach
considers the unit as a porous medium with homogeneous and
isotropic properties being suitable for the numerical modelling
of regional groundwater flow systems in heavily fractured and
karstified carbonate rocks (TEUTSCH & SAUTER, 1991;
SCANLON et al., 2003; GHASEMIZADEH et al., 2012;
MADL-SZONYI & TOTH, 2015). In a regional numerical
model, the scale of these discontinuities is smaller than the
representative elementary volume (i.e., the mesh size), re§ul
ing in a constant and homogeneous value of the considpfcd
parameter. For assigning the hydraulic and thermal praperties
(Table 1), we considered the main lithology of the hifdgostrati-
graphic units and relied on data from the literaturg (CERMAK
& RYBACH, 1982; DOMENICO & SCHWA RIZ;“1~997; FET-
TER, 2001; STYLIANOU et al., 2016; BOR@¥4€%t al., 2018;
STOBER & BUCHER, 2021; LALOUI &ROFTA LORIA,
2020), parametrisation of similar units i@ hydrothermal sys-
tems within the PBS (RMAN & TOTH, 2011; MADL-
SZONYI & TOTH, 2015; HAVRIL et al., 2016), and datasets
obtained from field investigations in Topusko (PAVIC et al.,
2023). The hydraulic conductivity (K) and the porosity ()
were assigned accounting for the role of the units in the THS.
Excluding the loose sediments of the Quaternary cover (Q
unit; Fig. 3), the highest K and ¢ values were assigned to the
T, 3 hydrostratigraphic unit representing the thermal aquifer.
Conversely, the impervious basement B was reproduced using
the lowest K and ¢ values. In the hinge zone of the Topusko
anticline, K and ¢ were increased simulating the impact of the
local scale fracturing that favours the upwelling of the thermal
water. Open fractures can increase the permeability and po-
rosity fields enhancing the fluid flow in the aquifer (i.e.,
FAULKNER et al., 2010; WORTHINGTON et al., 2019;
POURASKARPARAST et al., 2024). The regional values of
K and ¢ were increased by: 1) two orders of magnitude and
10%, respectively, for the T 3, Ty, and P units, and ii) one or-
der of magnitude and 5%, respectively, for the B unit consid-
ering the decrease of fracture apertures with depth. In particu-

lar, the K value of the T, 3 unit in the hinge zone of the Topusko
anticline was calculated from a collection of transmissivity
values obtained from well tests conducted in Topusko (PAVIC
etal., 2023). Furthermore, the thermal conductivities (1) of the
N and T, ; units were derived from RMAN & TOTH (2011),
MADL-SZONYI & TOTH (2015), and HAVRIL et al. (2016),
who investigated regional groundwater flow and heat transport
patterns in the PBS.

Boundary conditions (BCs) for fluid flow and heat trans-
port were applied at the border of the modelling domain fol-
lowing the conceptual model of the THS. The fluid flow BCs
(Fig. 7A) included: i) a 2" kind (Neumann) BC at the SW part
of the top domain, and ii) a 3" kind (Cauchy) BC at the top of
the domain in the Topusko area. The Neumann BC produces
an inflow in the modelling domain and was employed to sim-
ulate the recharge of the THS. The condition spanned for a
length of 2 km, which corresponds to the extension of the area
with a higher density of sinkholes along the modelling domain.
An inflow of 90 mm/yr was imposed considering an effective
infiltration of 10 % (as being used for the simulation of similar
hydrothermal systems in a carbonate reservoir in Croatia;
BOROVIC£tal., 2019) and an average annual precipitation of
900 mmeDHM?Z, 2021; MARTINSEN et al., 2022). The
Cauchy B€ symulates a fluid flux through the model boundary
depeAding on: 1) the difference between the hydraulic head
imp\b‘segl at the boundary and the value calculated within the
dom®ip, and ii) a transfer-rate coefficient (DIERSCH, 2014).

“Sifice it is generally used to simulate the variable outflow in

springs (ANDERSON et al., 2015), it was employed in the
THS numerical model to reproduce the occurrence of thermal
springs in the Topusko area. The imposed hydraulic head was
set as the average ground elevation (122 masl), while the trans-
fer rate was calculated as the K of the Q unit (Table 1) divided
by the thickness of the alluvial cover in Topusko obtained from
the stratigraphic well logs. The heat transport BCs (Fig. 7B)
included: i) a 15 kind (Dirichlet) BC at the SW and NE verti-
cal boundaries of the modelling domain and at the top except
for the Topusko area, ii) a 2 kind (Neumann) BC at the bot-
tom, and iii) a 3" kind (Cauchy) BC at the top of the domain
in the Topusko area. The Dirichlet BC imposes a constant
value of the primary variable. In the THS model, it was used
to reproduce both the ground temperature at the surface and
the increasing temperature with depth due to the regional ge-
othermal gradient at the vertical boundaries. The temperature
imposed at the top was set to 10 °C, which corresponds to the
mean average annual air temperature, while the values at the
lateral boundary were obtained from the initial distribution of
temperature. The Neumann BC was used to simulate the re-
gional inflow of heat from the deeper parts of the crust. A
value of 100 mW/m? was imposed being consistent with the
average heat flow in the Croatian part of the PBS (LENKEY
etal., 2002; HORVATH et al., 2015). Similarly to the fluid flow,
the Cauchy BC reproduces a heat flux through the boundary
depending on: 1) the difference between the reference and the
calculated temperature values, and ii) a transfer-rate coefficient
(DIERSCH, 2014). The reference temperature was set to 10 °C
following the value imposed for the Dirichlet BC, while the
transfer rate was calculated as the A of the Q unit (Table 1) di-
vided by its thickness.
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Figure 7. Fluid flow (A) and heat transport (B) boundary conditions (BCs) i

The THS numerical modelling was conducted perforui
transient state numerical simulations that account for t
iations of the hydraulic head and temperature dist%ns
over time. Therefore, it is important to set appropriate Mitial
conditions for these variables achieving a bette cc?n%gence
of the numerical solution at the initial stages o Nlaﬁon.
The initial value of the hydraulic head was 22 m, cor-
responding to the hydraulic head imposed at*the fluid flow
Cauchy BC. The initial distribution of l@ perature was
obtained through a steady-state simulatiofiusing: 1) the de-
scribed set of hydrogeological and thermal parameters for the
hydrostratigraphic units (Table 1), ii) a [*' kind (Dirichlet) BC
with a constant temperature value of 10 °C at the top of the
domain, and iii) a 2" kind (Neumann) BC at the bottom with

HS numerical model. Blue circles - 15t kind (Dirichlet) BC; Red crosses
- 2" kind (Neumann) BC; Green circles with crosses — 3 kind (Cauchy) BC. Ho

ntal and vertical scale ratio is 1:1.

imposed inflow of 100 mW/m?2. The resulting temperature dis-
tribution reproduces a regional geothermal gradient of 35.8
°C/km, being consistent with available regional values in the
study area (30 — 40 °C/km; MACENIC et al., 2020).

3.2.3. Simulation results

The best simulation of the THS was conducted employing the
described set of hydrogeological and thermal parameters for
the hydrostratigraphic units (Table 1) and the imposed
boundary and initial conditions (Fig. 7). The transient
simulation was run for 100 kyr obtaining a quasi-stationary
distribution of the primary variables. This condition reproduces
the long-term natural state of the hydrothermal system (i.e.,
GARG et al., 2007; KAISER et al., 2013; HAVRIL et al., 2016;

Table 1. Hydrogeological and thermal parameters assigned to the hydrostratigraphic units in the THS numerical model.

Unit  Age Lithology Thick K Ss ¢ A pc
[m] [ms] [m] %] WmTK'l  [MIm3K']
Q Quaternary Gravel, sand, silt 90 1¥104 1¥104 20 16 13
N Neogene Sand, clay, silt, marls < 2,000 2¥107 1¥104 5 1.8 16
J Jurassic Magmatic-sedimentary ophiolitic complex  750-1,600  2*107° 3.3*107 5 2 2.2
Tas Middle-Upper Triassic ~ Limestone, dolostone 400-1,200  2*10°° 3.3*¥107 10 2.5 2.52
T Lower Triassic Sandstone, marl, limestone, dolomite 600 2*10°° 3.3¥107 5 2 1.6
P Permian-Triassic Siliciclastic rocks 650 2%10M 3.3%107 5 3 2.1
B Palacozoic Schists shales, sandstones, conglomerates 2000-3,000 2*10°2 3.3%107 ) 35 21

with limestone and dolomite lenses

Note: K: Hydraulic conductivity (DOMENICO & SCHWARTZ, 1997; FETTER, 2001; PAVIC et al., 2023); o Porosity (DOMENICO & SCHWARTZ, 1997); \: Thermal conductivity
(CERMAK & RYBACH, 1982, RMAN & TOTH (2011), MADL-SZONYI & TOTH (2015), STYLIANOU et al., 2016, BOROVIC et al., 2018; STOBER & BUCHER, 2021); Ss: specific
storativity (DOMENICO & SCHWARTZ, 1997); pc: volumetric heat capacity (LALOUI & ROTTA LORIA, 2020)
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Figure 8. Modelled temperature variations over time (A) and final temperature distribution (B) in the Topusko area.

BOROVIC etal., 2019; POLA et al., 2020; TORRESAN et al.,
2022), which is the goal of the THS numerical modelling.

The temperature variations over time at different depths
in the subsurface of Topusko are represented in Fig. 8A. The
simulated temperature gradually increases from the initial
distribution reaching maximum values between 18 and 30 kyr
depending on the considered depth. The temperature at the
surface peaks to 42.6 °C at 18 kyr (initial value of 10 °C; depth
=0 km in Figs. 8A and 8B), while it reaches the maximum
value of 77.4 °C at the same simulation time at base of the
aquifer (initial value of 55.8 °C; depth = 1 km in Figs. 8A and
8B). The temperature differential progressively decreases with
depth, being up to 2 °C in the deeper part of the modc‘l‘ﬁng‘
domain (depth = 3.5 km). After this increasing phgsé;{he
simulated temperatures progressively decrease. «[héNinal
modelled temperatures at the surface and base of the Bquifer
are 31.3 °C and 59.5 °C (Figs. 8A and 8B), respectively!depict-
ing a drop of 11.3 °C and 17.9 °C, respectively.lle, drop from
the peak value decreases with the depth agayelMand is 3 °C in
the deeper part of the modelling domairi: Despite these
variations, a practically constant temperatufe distribution is
observed between 80 and 100 kyr with a maximum variation
of 1.4 °C at the aquifer base. This result suggests that a quasi-
stationary state of the solution was achieved.

The regional and local scale spatial distributions of
temperature at the end of the simulation period (Figs. 9A and
9B, respectively) were further detailed. The temperature
distribution within the aquifer at both regional and local scales
exhibits significant spatial variability. In particular, a decrease
from the initial values up to 14 °C is observed in the recharge
area of the system where the infiltration of cold waters (10 °C
as imposed by the Dirichlet BC for heat transport) occurs.
Similar behaviour is observed in the recharge area of regional,
topographically-driven groundwater systems (i.e.,
DOMENICO & PALCIAUSKAS, 1973; ANDERSON, 2005;
AN et al., 2015). However, the temperature within the aquifer
(pink polygon in Fig. 9) is up to 25 °C (depth of 0.7 km) as
expected in shallow carbonate aquifers. The temperature in
the aquifer progressively decreases eastward as depicted by
the 20 °C isotherm located at a depth of approx. 1.6 km in the

central part of the modelling domain. This decrease is
connected to the deep circulation of the infiltrated waters in
the aquifer dfiven by both the topographic gradient and the
deepening of the strata to the SW of Topusko (Fig. 6). The
temperafusesincreases in the hinge zone of the Topusko
anticliag whete the upwelling of the thermal water favours the
rise 6f thefsotherms toward the surface (Fig. 9B). In particular,
th&igotherm of 35 °C is located approx. at the top of aquifer

\(deptﬁ‘of 0.1 km), while the isotherm 50 °C approaching to the

water temperature of the Topusko thermal springs is located
at a depth of 0.4 km. The modelled temperature is: i) up to 44
°C in the central part of the thermal anomaly at the depth
investigated by the thermal wells in Topusko (0.2 km), ii)
between 56 and 74 °C at the base of the aquifer, and iii)
between 80 and 100 °C at the base of the T hydrostratigraphic
unit, which represents the semi-confining unit at the bottom
of the aquifer (depth of approx. 1.8 km; Fig. 9).

The circulation of the fluid is generally directed from the
recharge area of the model to the outflow area in Topusko. The
flow mostly occurs in the T 3 hydrostratigraphic unit where
an average Darcy velocity of 0.18 m/yr (5.02x10* m/d) is
modelled. It drops to 0.01 m/yr (2.9x10° m/d) in the T; and P
hydrostratigraphic units at the bottom of the aquifer, and to
3.91x107 m/yr (1.07x10 m/d) in the impervious basement (B
hydrostratigraphic unit). The direction and velocity of the flow
in the aquifer show different distributions from the recharge
to the outflow area depending on the K value of the
hydrostratigraphic unit and the thickness of the aquifer. In the
recharge area, the flow is almost horizontal with an average
Darcy velocity of 0.27 m/yr (7.3x10"* m/d). The velocity in the
recharge area shows a high variability spanning over almost
three orders of magnitude (minimum and maximum of
7.06x10"* m/yr to 1.77 m/yr, respectively). In particular, the
highest values are observed NE of the R3 fault (Fig. 6), where
the thickness of the aquifer decreases (Fig. 9A) due to the
anticline between the R3 and R4 faults. In the flow-through
part of the system, the flow (average velocity of 0.17 m/yr
corresponding to 4.54x10"* m/d) is generally downward
following the deepening of the aquifer to the SW of Topusko
and resulting in the local drop of the isotherms (as depicted by
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Figure 9. Regional temperature distribution in the modeWain (A) and in the hinge zone of the Topusko anticline (B). A local temperature anomaly

in the Topusko subsurface occurs reaching values of ug to
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the 20 °C isotherm; Fig. 9A). The flow ially upward in
the southern limb of the Topusko anticlin€ but with similar
magnitudes of the horizontal and vertical components of the
Darcy velocity (average value of 0.15 m/yr corresponding to
4.16x10"* m/d). In the Topusko area, the flow is upward and
with a prevalent vertical component of the Darcy velocity. The
average velocity value is of 0.13 m/yr (3.5%10"* m/d), being
slightly lower than the values observed in other parts of the
aquifer, but the velocity field is more evenly distributed with
minimum and maximum values of 1.21x103 and 0.28 m/yr,
respectively. The Darcy velocity increases up to 0.28 m/yr in
the upper part of the aquifer (i.e., the depth investigated by the
thermal wells in Topusko) pointing to the quick rise of the
thermal waters in the final part of the circulation path. The
outflow modelled by the 3/ kind (Cauchy) BC is 0.18 m?/yr.

4. DISCUSSION

The Topusko hydrothermal system area is located at the tec-
tonic boundary between the External and Internal Dinarides
in the vicinity of the Sava suture zone (SCHMID et al., 2020).
The Palaeozoic-Mesozoic terrains in the study area experi-

at the base of the THS carbonate aquifer (pink polygon). The horizontal and vertical

enced a complex polyphase tectonic evolution through the Cre-
taceous-Paleogene and the Neogene-Quaternary, which re-
sulted in tectonic overprints of both regional shortening and
extension. Observable regional shortening is associated with
several NW-striking low-angle thrust faults and reverse faults
(Fig. 4) that were probably formed due to the Cretaceous-Pale-
ogene Adria Microplate and European Foreland collision
(SCHMID etal., 2020). This regional NE — SW oriented short-
ening (TOMLJENOVIC & CSONTOS, 2001; SCHMID et al.,
2008; USTASZEWSKI et al., 2008) resulted in the tectonic
uplift of the Petrova gora Mt. and the formation of a folded
system that also incorporates the Topusko anticline (Fig. 6).
The polyphase tectonic history is further evidenced by struc-
tural reactivations of these faults and their tectonic inversions,
which is observable in the tectonically inverted normal faults
R3 and R4 (Fig. 4) indicating a NE — SW extension in the THS
area. According to TOMLJENOVIC & CSONTOS (2001), NE
— SW stretching of the inherited structures within the Croatian
part of the PBS occurred during the Early-Middle Miocene
due to back-arc type extension. Tectonic rejuvenation of the
THS area through N — S regional contraction is observable at
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the outcrop scale, with evidence of re-folding processes and
mapped reverse faults within the Pliocene-Quaternary clastic
sequence (e.g., USTASZEWSKI et al., 2008; HERAK et al.,
2009; HERAK & HERAK, 2023).

The interpretation of the geological profiles constructed
in this study suggests that the most used THS conceptual
model (SIMUNIC, 2008) was based on an out-dated geologi-
cal reconstruction. Furthermore, Simuni¢’s model was not
constructed using a series of stuctural-geoloical profiles and a
detailed reconstruction of subsurface relationships, but only
spatial distribution of the lithological units. These shortcom-
ings hindered the detailed understanding of complex subsur-
face relationships in the Topusko area. The new structural-
geological interpretation was combined with geochemical and
hydrogeological data (PAVIC et al., 2023, 2024) to propose a
novel conceptual model of the THS. This model suggests that
the THS is an intermediate-scale, gravity-driven, tectonically
— controlled, hydrothermal system hosted in a Middle-Upper
Triassic carbonate rock complex. The thermal water is of me-
teoric origin infiltrating approx. 13 km to the S of Topusko,
where an area with intense karstification depicted by a high
density of sinkholes occurs (Fig. 5). These sinkholes play a
significant role in facilitating the diffuse recharge of the THS
aquifer. Our interpretation in general coincides with BAC &
HERAK's (1962) hypothesis, which identifies Middle and Up-
per Triassic carbonate deposits as the aquifer units facilitating
deep groundwater circulation. They proposed that the thermal
aquifer receives recharge from the Glina river headwaters,
where Triassic carbonates are exposed, with a primary re-
gional flow direction from S to N, aligning with our findifgs
regarding the recharge area S of Topusko. Regional fold€d
structures favour both the deep circulation of the inﬁjft&ted
water, warming due to increased heat flow of (hePBS
(HORVATH etal., 2015), and the upwelling of the therfal wa-
ter in the Topusko area. Fault and fracture systemswa thic hinge
zone of the Topusko anticline promote the ‘ﬁf‘a:(;:tur‘ihg of the
bedrock, the increase of the permeability ﬁél‘dxifr\fthe aquifer,
and the quick rise of the thermal water from‘the deeper part
of the reservoir. The extensional regime ihé anticline hinge
zone, combined with cogenetic fault and fracture systems and
their permeable damage zones (PAVIC et al., 2023), creates a
synergistic effect. This synergy enhances the overall perme-
ability field in the discharge area, leading to the formation of
abundant natural thermal springs.

The physical validity of the THS model was constrained
conducting variable-density numerical simulations of fluid flow
and heat transport. The numerical model was populated using
a set of hydrogeological and thermal parameters from both the
literature and field datasets. Boundary conditions were im-
posed at the borders of the modelling domain following the
conceptual model of the THS. The best simulation was run for
100 kyr developing a local increase of the temperature distri-
bution in the subsurface of Topusko (Fig. 9). In particular, the
modelled temperatures were 31.3 and 44 °C at the surface and
at the depth investigated by wells in Topusko, respectively. De-
spite these values are approx. 20 °C lower than the observed
temperatures at the same depths, they can be considered as ac-
ceptable due to the simplifications imposed during the con-

struction of the numerical model. The thermal aquifer was re-
produced using an equivalent porous medium approach, which
assigns homogeneous values of the hydrogeological properties,
while localised highly permeable damage zones channelling
the outflow of the thermal water were not considered. The im-
plementation of such structures in the numerical model would
increase the fluid flow promoting the local increase of the tem-
perature. In addition, a temperature between 80 and 100 °C was
modelled in the semi-confining unit at the bottom of the aqui-
fer being comparable with the reservoir temperature of 90 °C
calculated with geothermometers. As discussed for the surficial
temperature, the effect of localised highly permeable fault
zones was not included in the conducted numerical model.
These areas could favour the raising of the isotherms in the
deeper part of the reservoir resulting in the higher temperature
values calculated with geothermometers.

The simulated temperature distribution at the local scale
reproduced the field values and was almost constant during
the final 20 kyr of the simulation time (Fig. 8A). This result
suggested that a quasi-stationary condition reproducing the
natural statgfof the THS was achieved for a time span that is
almost tvgice th®mean residence time of the Topusko thermal
water. ThesSimulation results indicate a predominant ground-
watepflow pattern towards the Topusko discharge area. They
also highlight the significant influence of the hydraulic con-
duct1v1ty field on groundwater flow patterns within the system.

“lhe modelled Darcy velocities ranged from 0.13 m/yr (To-

pusko) to 0.27 m/yr (recharge area) in the aquifer and de-
creased within the hydrostratigraphic units below it, directly
reflecting the contrasting hydraulic conductivity values of dif-
ferent hydrostratigraphic units. This emphasises the impor-
tance of incorporating accurate K data into groundwater flow
models for reliable predictions. An outflow of 0.18 m*/yr was
modelled in the Topusko area, reproducing the thermal springs.
Historical data on the flow rate of the springs before the drill-
ing of the wells are not available and a more detailed numeri-
cal model would be needed to reproduce the effect of exploita-
tion of the thermal water. The localised thermal anomaly in
the anticline hinge zone corroborates the structural-causative
processes enhancing fluid flow and heat transfer in the To-
pusko subsurface. Therefore, the results of the numerical mod-
elling corroborate the validity of the conceptual model of the
THS. In order to constrain the processes favouring the devel-
opment of the modelled temperature distribution, the Rayleigh
number (Ra) was calculated following the procedure described
in TURCOTTE & SCHUBERT (1982). Ra is a dimensionless
parameter indicating the threshold for the onset of free con-
vection occurring when it exceeds the critical value of approx-
imately 40 (TURCOTTE & SCHUBERT, 1982; NIELD &
BEJAN, 1999; PESTOV, 2000; MADL-SZONYI & TOTH,
2015). Considering the thickness of the reservoir (approx. 1
km) and its hydrogeological and thermal parametrisations, the
conditions for the development of convection cells in the THS
predominantly exist in the more permeable hinge zones of the
Topusko anticline (Ra = 5,500 — 8,600 at temperature range
simulated in the aquifer). Conduction is the predominant heat
transfer mechanism in the rest of the THS aquifer (Ra < 60).



The used modelling approach proved to be a valuable
initial step for understanding regional hydrogeological systems
despite its simplifications. The lack of extensive boreholes or
geophysical data limits the understanding of the regional
geological and hydrogeological settings. Complex modelling
with such limited data can lead to numerous assumptions,
increasing the uncertainty of the simulations. Therefore, a
simple numerical approach with a detailed hydrogeological
and thermal parameterisation or robust geological
reconstruction is initially preferable to reduce uncertainty. In
the absence of a local dataset of hydrogeological and thermal
properties, the parameterisation of hydrostratigraphic units in
THS was conducted considering relevant regional studies and
literature collections. Incorporating well-documented
information from the literature enhanced the credibility and
robustness of the model, facilitating a more comprehensive
understanding of the hydrothermal system's dynamics. As
fluid flow and heat transport are three-dimensional processes,
the use of a 2D profile in the conducted THS representation is
likely the most important simplification. This approach does
not account for the proper local and regional characterisation
of faults and related subsidiary structures, which are critical
for fluid flow in fractured rocks. In the wider area of the THS,
a dome-like anticline structure affects the geological and
structural architecture in the subsurface, as illustrated in the
presented profiles (Fig. 4, profiles THS-1-3). Describing this
complex geological setting with the 2D model is inherently
problematic, as it fails to capture the total spatial variability
and structural-geological intricacies. This limitation adds to

temperatures and fluid flows, emphasising the need for
sophisticated modelling approaches capable of account; §

the discrepancies observed between modelled and a%

the geological complexity of the THS. The constru a
3D model, supported by a more extensive
hydrogeological, structural-geological, and thermal
parameters, could improve the understandin a%&4hermal
system dynamics. Considering the 3D geolo%rchitecture
will significantly enhance the accuracy andsigliability of future
numerical simulations. Future investige s will focus on
conducting a comprehensive 3D geologicalreconstruction of
the subsurface based on detailed structural-geological and
geophysical investigations that are necessary to characterise
and justify the proposed local and regional structural-
geological setting of the THS. This consequently includes the
reconstruction of regional and local fault meshes for a more
sophisticated numerical model.

5. CONCLUSION

The presented study utilised structural-geological field
investigations and numerical modelling to develop a novel
conceptual model of the THS. By constructing new geological
profiles and integrating them with hydrogeological and
geochemical data, we were able to provide new insights into
the THS dynamics proposing a novel conceptual model. The
recharge area of THS lies S of Topusko, where Triassic
carbonates crop out. Regional and local scale fold and fault
systems favour the deep circulation of the thermal water and
the upwelling in Topusko forming a valuable geothermal
resource.
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Numerical modelling corroborates the proposed concep-
tual model of the THS. A local temperature anomaly was
simulated in the Topusko subsurface reproducing the
temperature field observations. The occurrence of such a
localised thermal anomaly in the hinge zone of the Topusko
anticline suggests an enhanced fluid flow and heat transport
pointing to the impact of terrestrial heat flow and local
geological structures on the system. In particular, the
synergetic effect of the anticline hinge, which was determined
by structural investigations, and cogenetic fault/fracture
systems, which were identified by surface geophysical
research, results in an enhanced permeability field in the
discharge area, thereby enabling the formation of abundant
natural thermal springs.

This study both advances the understanding of the THS
and highlights the importance of integrating field observations
with numerical modelling to physically validate and refine
conceptual models. This integrated approach permits a more
detailed reconstruction of the hydrogeological and thermal
processes driving the development of geothermal resources.
These aspeéts are crucial for developing site-specific
exploitatid s of the resource, favouring its long-term

utilisati%
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3. DISCUSSION

The main goal of this research was to establish a reliable conceptual model of the
Topusko hydrothermal system (THS). To achieve this, six objectives were established: (1) to
establish a complete geochemical characterisation of the thermal water and determine the
geothermal reservoir equilibrium temperature; (2) to reconstruct the structural setting of the
discharge area using electrical resistivity tomography (ERT) to identify fault structures in the
subsurface; (3) to determine the hydrogeological parameters of the geothermal aquifer in the
discharge area from new hydrodynamic measurements; (4) to reconstruct the structural setting
of the proposed recharge area and geothermal aquifer based on collected structural-geological
data; (5) to perform geological modelling of THS based on newly acquired data; and (6) to
perform numerical modelling of fluid flow and heat transport in THS based on the new data.

To address these objectives, four hypotheses were tested using a multidisciplinary
approach involving hydrogeochemical, hydrogeological, structural-geological and geophysical
methods. The synthesis of the results is presented and discussed below, along with the new

findings observed during this research and perspectives for future research.
Hypothesis #1: Topusko geothermal aquifer is of hydrothermal origin.

The research by Pavi¢ et al. (2024a,b) confirmed that the Topusko geothermal aquifer
is of hydrothermal origin. Comprehensive geochemical characterisation of the thermal waters
revealed Ca-HCOs hydrochemical facies, together with the stable isotope data from both
precipitation and thermal water, indicating a system dominantly recharged by precipitation,
with water interaction occurring primarily within a geothermal aquifer hosted in Mesozoic
carbonates. Major ions analysis from three sampling locations in Topusko showed that the
thermal water samples originate from the same aquifer, with carbonate dissolution being the
primary process driving the solute content. Additionally, the data shows no significant changes
over the two-year period, indicating a large and stable system (Pavi¢ et al., 2024a). 1*C dating
of DIC in thermal water suggested a mean residence time of around 9,500 years, indicating
recharge during colder climatic conditions, a conclusion supported by stable water isotope
analyses. All findings listed above support the hypothesis that the Topusko geothermal aquifer
is of hydrothermal origin, further corroborated by structural-geological investigations and

numerical modelling of groundwater flow and heat transport (Pavi¢ et al., 2024b). The unique
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combination of a thinned lithosphere, higher than average terrestrial heat flow, and the presence
of regional faults and structures, such as the Topusko anticline, enable the gravity-driven

groundwater flow and the formation of the hydrothermal system in the Topusko area.

Hypothesis #2: Recharge area of the Topusko geothermal aquifer is west of the Petrova gora
nappe.

The structural setting reconstruction of the proposed recharge area involved extensive
structural-geological field investigations (Pavi¢ et al., 2024b). The newly collected structural
and geological data, combined with the existing data, indicate that the recharge area of the THS
lies south of the Topusko area, where Triassic carbonates extensively crop out as a part of the
hangingwall cover within the Petrova gora nappe system. Regional fault systems and cogenetic
folds favour the deep circulation of thermal water, facilitating its upwelling in the Topusko area
in the highly fractured and permeable hinge zone of the Topusko anticline. This contradicts the
hypothesis proposed by Simunié (2008) that the recharge area lies west of the Petrova gora Mt.
Extensive field investigations and constructed geological profiles of approximately 6 km
investigation depth enabled detailed cross-validation of the proposed recharge area, which was
further used for viable numerical simulation and modelling of groundwater flow and heat

transport.

Hypothesis #3: Natural thermal springs in Topusko occur in a fault damage zone with high
permeability.

Constructed regional geological profiles, reaching approximately 6 km in depth, along
with the novel conceptual model of the THS proposed by Pavié¢ et al. (2024b), suggest the
presence of the Topusko anticline below the Topusko area, which facilitated the uplift of the
aquifer closer to the surface. The tensile fractures occurring as a result of folding due to tectonic
movement are denser and more developed near fold hinges than in the fold limbs (Li et al.,
2018), which likely correspond to higher permeability zones in hydrogeological terms.

Furthermore, ERT geophysical surveys identified fault damage zones in the hinge zone
of the Topusko anticline, i.e., the Topusko spring area, providing preferential pathways for
groundwater upwelling to the surface from the confined geothermal aquifer (Pavi¢ et al., 2023).
These fault zones, characterised by high permeability, align with the geographical location of
the thermal springs, suggesting the presence of fault and fracture patterns below the surface.

The transmissivity values derived from step-drawdown tests, approximately 2 x 102 m?/s, and
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the hydraulic conductivity of about 2 x 10* m/s further confirm the high permeability, which
Is characteristic of carbonate rocks in fault damage zones. This supports the hypothesis that the
natural thermal springs in Topusko occur in a fault damage zone with sufficient permeability

for thermal water upwelling.

Hypothesis #4: Temperatures in the geothermal aquifer are higher than at the natural springs.

Hydrochemical data and chemical geothermometers were used to estimate the
equilibrium temperature of the geothermal aquifer. The SiO.-quartz geothermometer using
historical data (Pavi¢ et al., 2023) indicated an equilibrium temperature of approximately 78
°C, suggesting a circulation depth of about 2 km, considering the average geothermal gradient
of 35 — 40 °C/km (Maceni¢, 2020). This is significantly higher than the measured discharge
temperatures of an average of 53 °C at the Livadski izvor thermal spring and 65 °C at the nearby
production well TEB-4. The SiO. concentrations measured during 2021 — 2023 suggest the
equilibrium temperature of the geothermal aquifer of 90 °C (Pavi¢ et al., 2024a). Numerical
modelling of fluid flow and heat transport in THS corroborated these findings, simulating a
local temperature anomaly in the Topusko subsurface and approaching the field observations
(Pavi¢ et al., 2024b). This modelling demonstrated the synergetic effect of regional geological
structures on fluid flow and heat transport, affirming that temperatures in the geothermal aquifer

are higher than at the natural springs.

Perspectives and Future Research

Throughout the work presented in this doctoral dissertation, new challenges and
questions have emerged that suggest the need for further investigation. Here are several
recommendations for future detailed hydrogeological research on the THS that would be
beneficial to pursue.

To study and monitor geothermal resources used for district heating, health care, and
tourism, it is necessary to continuously monitor in situ, hydrochemical, and isotope parameters
such as groundwater levels (pressure), pH, temperature, EC, major anions and cations, 5'#0 and
82H in water, and §*'S and 80 in sulphate at a minimum quarterly resolution. The newly
installed system for monitoring abstraction rates, pressure, and temperature at the Topusko
central heating station will provide valuable data. This data can be further correlated with
recommended monitoring practices to gain insights into the system's dynamics and its

interaction with human intervention. It is advised that tritium levels in the TEB-4 well in
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Topusko are monitored twice a year, particularly before and after the heating season, since
study results show that thermal water mixes with water from shallower aquifers. Following that,
cold springs in the surrounding area of Topusko should be sampled to address knowledge gaps
in hydrogeological interactions from regional to local scale. These investigations will allow us
to compare the composition of thermal water to that of cold springs.

The proposed novel conceptual model of the THS assumes a recharge area located south
of Topusko, where Triassic carbonates crop out at the surface, in neighbouring Bosnia and
Herzegovina (BiH). Future precipitation sampling should focus on this area, necessitating
transboundary investigations with BiH. Additionally, the existence of thermal springs south of
Topusko in BiH provides a basis for transboundary collaboration to compare existing systems.
The simplest initial step would be to combine the results of hydrochemical analyses of thermal
water samples. The proposed transboundary study area presents significant potential for future
geological research, especially regarding confirmation of the evaporite presence or outcropping
at the surface. This presence is indicated in Topusko thermal water samples through stable
isotopes 84S and 5'®0 of the sulphate anion (SO4%"). The results suggest evaporites are the
primary source of sulphate anion, despite their limited surface occurrence in significant
quantities. Korolija et al. (1980) mention the existence of Permian evaporites southwest of
Topusko (Cetingrad town area), which warrants further detailed investigation and verification.

Future geophysical surveys should prioritise investigating fault damage zones in the
Topusko spring area. These surveys should aim to cover a larger area and greater depths to
gather more comprehensive data for improved interpretation of subsurface relationships.

Integrating collected structural data on strata orientation, fault, and fracture systems with
both existing and newly acquired geological data is crucial for constructing composite
geological profiles and further developing of a comprehensive 3D model of the THS. More
detailed regional and local-scale geological reconstructions at the 3D level will significantly
enhance the proposed conceptual model of THS, laying the groundwork for structural model
improvements, and open detailed questions on numerical modeling of fluid flow and heat
transport at the regional and local scale. Such a model will provide a robust foundation for

sustainable management of this geothermal resource.
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4. CONCLUSION

In the town of Topusko, thermal waters with temperatures of up to 65 °C have been
utilised for district heating, medicinal, and recreational purposes since the 1980s. However,
detailed research into the processes driving this hydrothermal system has never been conducted.
In the study of hydrothermal systems, it is necessary to determine the origin of the fluid and the
area of recharge, the aquifer spatial distribution, the direction of the fluid flow and the depth to
which it descends, as well as the causes and the means of heating and upwelling to the surface.

The multidisciplinary research done as a part of this doctoral dissertation provided a
comprehensive understanding of the Topusko hydrothermal system (THS) by integrating new
hydrogeochemical, hydrogeological, geophysical, geothermal, and structural-geological data.
Such a multidisciplinary approach is preferred because it helps eliminate ambiguities by cross-
verifying findings from various applied methods. Each method complements the others, by
filling in the gaps and providing a more accurate model of the system. Such investigations are
an essential part of the initial exploration phase during the development of a geothermal project
or in assessing the potential for future geothermal energy utilisation at a specific location.

All set research objectives were achieved and published in three original scientific
papers that are part of this doctoral dissertation, including: (i) the complete geochemical
characterisation of the thermal water and determination of the geothermal reservoir's
equilibrium temperature, (ii) reconstruction of the structural settings of the discharge area using
electrical resistivity tomography to identify the supposed fault structures in the subsurface, (iii)
reconstruction of the structural setting of the proposed recharge area and geothermal aquifer
based on new structural-geological data, and (iv) determination of hydrogeological parameters
of the geothermal aquifer from new hydrodynamic measurements. Finally, based on the newly
acquired data, (v) geological and (vi) numerical modelling of the THS fluid flow and heat
transport were successfully conducted. The achieved research objectives helped refine the
conceptual model of the THS by proposing a new one, offering more profound insights into its
dynamics, clarifying key mechanisms, and supporting more sustainable geothermal resource
utilisation and future research.

The research hypotheses, formulated following the purpose of the research and its
objectives, were systematically evaluated and validated through the studies conducted within
this doctoral dissertation. Hypothesis 1, which proposed that the Topusko geothermal aquifer

is of hydrothermal origin, was confirmed in research papers two and three (Pavic¢ et al., 2024a,
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2024b). Hypothesis 3, suggesting that natural thermal springs in Topusko occur in a fault
damage zone with high permeability that enabled the upwelling of thermal water, and
Hypothesis 4, stating that temperatures in the geothermal aquifer are higher than at the natural
springs, were both validated through findings presented in all three research papers (Pavi¢ et
al., 2023, 2024ab). However, Hypothesis 2, which posited that the recharge area of the Topusko
geothermal aquifer is west of the Petrova gora nappe, was disapproved in the third research
paper (Pavi¢ et al., 2024b).

Here follow the key findings and conclusions from the three original scientific papers
presented in this doctoral dissertation, along with the scientific contributions of this work and
proposals for future research based on the new scientific questions that arose during the course
of this research.

The ERT survey revealed fault damage zones in the Topusko spring area, which serve
as preferential pathways for groundwater upwelling from the confined geothermal aquifer. The
geographical location of the springs themselves further indicates the presence of underlying
faults. The correlation between observed resistivity and lithology, alongside stratigraphic well
logs, has enhanced our geological understanding and confirmed the presence of a fault system
below the surface.

Step-drawdown tests on production wells TEB-1 and TEB-3 provided crucial
hydrogeological parameters, estimating a transmissivity of approximately 2 x 1072 m?/s and a
hydraulic conductivity of around 2 x 10~* m/s, given the 106 m thickness of the carbonate
aquifer in TEB-1. These values are consistent with the hydraulic parameters reported for
fractured carbonates in the literature, validating our findings.

The systematic monitoring of the thermal waters revealed important hydrochemical
characteristics, indicating that the Topusko thermal waters exhibit Ca-HCO3 hydrochemical
facies, which confirms the influence of geological formations dominated by carbonate rocks.
The major ions data suggest that approximately 75 % of the weathering is due to carbonates
and 25-30 % to silicates. High Ca?*, Na*, and Mg?* concentrations can be attributed to mineral
dissolution and cation exchange. lon exchange and silicate weathering processes contribute to
the increase of Na* from the recharge to the discharge zone. Historical data comparison
indicates that the thermal water composition is stable, with observed differences in silica
content likely due to varying measurement methodologies.

Stable water isotope data (§°H and §'80) suggest that the recharge of thermal water is
of meteoric origin, meaning it is sourced from precipitation. The lower mean values of stable

isotopes (-1.51 %o in 820) compared to weighted mean precipitation values suggest that
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recharge occurred under colder climatic conditions than present. The uniform 80 values,
ranging from —11.3 %o to —10.73 %o, imply deep circulation and extensive areal coverage and
thickness of the aquifer, with longer residence times that homogenise seasonal precipitation
variations.

Radiocarbon (}4C) dating of dissolved inorganic carbon (DIC) indicates that the thermal
water has residence times ranging from 6,668 years BP to 10,687 years BP. Traditional models
provide an average residence time of 8,473 years BP, and qualitative estimation using the Han-
Plummer plot suggests 9,536 years BP. These ages align with the notion that the thermal water
represents recharge from a colder climate period in the late Pleistocene or early Holocene.

Tritium activity in thermal water is generally below detection limits, except during
periods of extensive abstraction for district heating when some tritium activity is detected. This
suggests infiltration of modern precipitation from overlying younger layers, indicating that the
hanging wall is not entirely impermeable. Regular and precise tritium activity measurement is
recommended to assess the sustainability of abstraction rates.

Chemical geothermometers were employed to estimate the maximum equilibrium
temperature reached by the thermal waters in the aquifer, with the quartz geothermometer
indicating the most plausible equilibrium aquifer temperature of 90 °C. Data on stable sulphate
anion isotopes (5**S and §'80) suggest gypsum and/or anhydrite dissolution at depth, based on
hydrochemical data only, due to the absence of deep boreholes or seismic reflection profiles.

Integrating structural-geological field investigations and numerical modelling has led to
the development of a novel conceptual model of the THS. New insights into the THS dynamics
have been provided by constructing new geological profiles and integrating them with
hydrogeological and geochemical data. The recharge area of THS is located south of Topusko,
where Triassic carbonates crop out. Regional and local scale fold and fault systems facilitate
the deep circulation of thermal water and its upwelling in Topusko, forming a valuable
geothermal resource. Numerical modelling corroborates the proposed conceptual model,
simulating a local temperature anomaly in the Topusko subsurface that aligns with field
observations. The occurrence of such localised thermal anomalies in the hinge zone of the
Topusko anticline suggests enhanced fluid flow and heat transport, pointing to the impact of
terrestrial heat flow and local geological structures on the system. The synergistic effect of the
anticline hinge, identified through structural investigations, and the cogenetic fault/fracture
systems, determined by surface geophysical research, results in an enhanced permeability field
in the discharge area. This allows for the formation of abundant natural thermal springs.
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This research makes significant scientific contributions by advancing the understanding
of the THS and emphasising the importance of integrating field observations with numerical
modelling to physically validate and refine conceptual models. An integrated multidisciplinary
approach, which included the determination of hydrogeological, hydrogeochemical, and
geothermal characteristics, enabled a more detailed reconstruction of the hydrogeological and
thermal processes driving the development of geothermal resources. These findings are crucial
for developing site-specific exploitation plans to ensure the long-term sustainable utilisation of
the THS, highlighting the importance of continuous monitoring and management of this
geothermal resource. By identifying the recharge area of the THS, this research will contribute
to the future protection of the geothermal aquifer from adverse impacts, ensuring the
preservation of its good quantitative and chemical status. Moreover, the multidisciplinary
approach used in this study lays the groundwork for developing a methodology to study
carbonate geothermal aquifers of hydrothermal origin, which supply water to the largest number
of natural thermal springs in Croatia.

Future research should focus on detailed regional studies and continuous monitoring to
ensure the long-term viability of the geothermal resources in Topusko. This includes ongoing
in situ monitoring of physico-chemical, hydrochemical and isotopic parameters of thermal
water samples and precipitation in the proposed recharge area. The newly implemented
monitoring system at the Topusko central heating station will provide essential data on
abstraction rates, pressure, and temperature dynamics, complementing recommended practices
for understanding system dynamics and human interactions. Additionally, periodic tritium
monitoring in the TEB-4 is needed to assess seasonal variations and potential interactions with
other aquifers. Collaboration with researchers from neighbouring Bosnia and Herzegovina is
crucial for investigating the cross-border recharge area and thermal springs, aiming to compare
hydrochemical data and explore potential evaporite presence. Future geological research should
prioritise verifying the existence of Permian evaporites southwest of Topusko and expanding
electrical resistivity tomography (ERT) surveys to investigate fault damage zones
comprehensively. Integrating structural and geological data into a comprehensive 3D model
will enhance the conceptual understanding and management of the THS and hydrothermal
systems in the Bosnia and Herzegovina border area. This integrated approach will support
sustainable resource utilisation by facilitating forecasts based on a future numerical

groundwater flow and heat transport model.
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