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Abstract

Public water supply is a complex system whose main goal is to supply consumers with water
that is safe for human consumption. Management of this system is mainly carried out by remote
monitoring and control by regulating mechanical and hydraulic parameters. Most public
suppliers monitor water quality using their own laboratory. In this work, the collected results
of routine water analyses were used to improve water supply management. In addition,
hydrochemical and isotopic measurements within the system and various geochemical
modeling were carried out in order to determine the flow directions, the proportion of water
from different sources and the retention time of water in the network. Likewise, on the example
of the smallest spring, measurements of noble gases and isotopes *H, §'°C and ?*’Rn were
carried out in order to define the recharge of the spring, the risk of pollution, and relate it to the
reaction time in the water supply. The main goal of the work is to show how routine chemical
analyses and geochemical modeling can help in the management of the water supply system
(WSS).

This study focuses on the WSS of the Varazdin County, Croatia, a complex network sourcing
water from two alluvial aquifer wellfields (Bartolovec and Vinokovs¢ak) and one karstic spring
(Belski Dol).

A one-year sampling campaign was conducted to assess key chemical parameters, including
major cations and anions, as well as stable water isotopes (6°H and $'*0). Supplementary
measurements of noble gases, *H, §'*C, and **?Rn at the Belski Dol spring provided insights into
spring recharge dynamics, pollution risk, and response times within the WSS. Results from
geochemical and isotopic analyses revealed minor compositional changes throughout the WSS,
all within the prescribed Maximum Contaminant Levels (MCL) for drinking water. However,
factors such as water retention time, calcium carbonate precipitation, pH variability, and
microbial activity were identified as potential factors influencing water quality.

Statistical analysis confirmed significant spatial variation in water quality parameters, reflecting
the influence of mixing patterns among different sources. The Piper diagram and geochemical
modeling approaches, particularly inverse modeling, proved effective in distinguishing source
contributions and identifying regional mixing behaviors. It was observed that the western,
southwestern, and northern zones receive water from all three sources, whereas the eastern and
southeastern sectors depend more heavily on the Bartolovec aquifer, indicating zones of
increased vulnerability.

This study underscores the value of integrating routine monitoring with advanced geochemical
tools to improve the understanding and management of WSSs. The findings highlight the
importance of proactive risk assessment and modeling for safeguarding water quality and
ensuring system resilience.

Keywords: water supply system, geochemical modeling, water retention time, isotopes,
chemical composition, vulnerability of groundwater and water supply system, TIN approach,
Varazdin County
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Extended abstract

Water intended for public supply enters the water supply system (WSS) in accordance with the
prescribed standards for water intended for human consumption (Directive (EU) 2020/2184,
2020). Prior to this, it undergoes varying degrees of treatment, depending on the quality of the
source water, to meet these standards, and is disinfected before entering the WSS. Nevertheless,
once within the distribution network, the water remains subject to various physical, chemical,
and biological processes that can degrade its quality and affect its organoleptic properties
perceived by consumers. Public utilities continuously monitor water quality within the system
through internal or accredited external laboratories, collecting data that provide insight into
compliance with regulatory requirements.

In this study, routine monitoring results were complemented by experimental data obtained
during a one-year sampling campaign aimed at assessing major cations, anions, and stable
isotopes of water. The study area comprised the public water supply system managed by
Varkom d.o.o. in Varazdin County, northwestern Croatia. Using these datasets, the statistical
significance of variations in fundamental water quality parameters among different WSS
locations was evaluated, along with the estimation of water residence time within the system.
The results revealed only minor variations in water chemistry throughout the WSS, remaining
below the Maximum Contaminant Level (MCL) for human consumption. However, factors
such as water retention time, calcium carbonate scaling, pH variability, and microbial growth
may influence overall water suitability, highlighting the need for further research into potential
risks affecting water quality.

Effective management of WSS is essential to ensure the provision of safe drinking water. To
achieve a comprehensive characterization of the system, the collected data were integrated with
geochemical modeling. The water mixing processes within the WSS were evaluated using three
complementary approaches:

1) mass balance (MB); ii) inverse geochemical modeling using PHREEQC software (IM); and
iii) forward geochemical modeling via NETPATH software, based on end-member mixing
(FM).

Inverse modeling proved to be more reliable than both forward and mass balance approaches.
The results indicated that the western, southwestern, and northern sectors of the WSS receive
water from all three sources, while the eastern and southeastern sections primarily relie on the
deeper Bartolovec wellfield aquifer, indicating potential vulnerability. Rigorous validation
criteria ensured the robustness of the findings, demonstrating the efficiency and applicability of
geochemical modeling for water security and management planning.

Groundwater and distribution systems are increasingly susceptible to contamination, yet most
assessments address either hydrogeological or infrastructural risks. This study introduces the
Total Integrated Network (TIN) approach, a comprehensive framework designed to evaluate
vulnerability from source to tap. Field investigations were conducted in Varazdin County,
Croatia, focusing on the Belski Dol spring, Briska reservoir, and pumping station (PS) Filipi¢i.
Hydrochemical analyses, stable isotopes of water (320, §*°H), tritium, noble gases, and radon
concentrations were monitored and combined with system-level evaluations.

The results indicate that the Belski Dol spring exhibits high stability and low vulnerability, with
a TIN index of approximately 25%, supported by long groundwater residence times and stable
water quality. PS Filipié¢i shows moderate vulnerability (35%), whereas the Briska reservoir
records the highest index (53%), linked to elevated radon and nitrate concentrations and
infrastructure-related risks. These findings suggest that natural hydrogeological protection
alone cannot guarantee safe drinking water. The TIN framework emphasizes the necessity of
integrating aquifer characteristics with distribution system performance to identify critical
control points and prioritize mitigation measures.
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In summary, the results demonstrate effective and improved management of the water supply
system using routine daily water analyses, supplemented by isotopic analyses through
geochemical modeling and system vulnerability assessment using the TIN methodology. This
approach provides a more realistic basis for water supply security management, supporting
proactive measures to improve system resilience and protect public health.

Keywords: water supply system, geochemical modeling, water retention time, isotopes,
chemical composition, vulnerability of groundwater and water supply system, TIN approach,
Varazdin County
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ProSireni sazetak

Voda namijenjena javnoj vodoopskrbi ulazi u javni vodoopskrbni sustav (VS) u skladu s
propisanim standardima za vodu namijenjenu ljudskoj potrosnji (Diretiva (EU) 2020/2184,
2020). Prije toga prolazi kroz razlicite stupnjeve obrade, ovisno o kvaliteti izvori$ne vode, kako
bi zadovoljila te standarde te se dezinficira prije ulaska u sustav. Ipak, i unutar samog
distributivnog sustava voda je podlozna razli¢itim fizikalnim, kemijskim i bioloskim procesima
koji mogu utjecati na njezinu kvalitetu i organolepti¢ka svojstva koja primjecuju potrosaci.
Javni isporucitelji kontinuirano prate kvalitetu vode u sustavu putem vlastitih ili akreditiranih
vanjskih laboratorija, prikupljajuéi podatke koji omogucuju uvid u uskladenost vode s
propisanim zahtjevima.

U ovom istrazivanju rutinski rezultati pra¢enja nadopunjeni su eksperimentalnim podacima
prikupljenima tijekom jednogodis$nje kampanje uzorkovanja, s ciljem procjene glavnih kationa,
aniona i stabilnih izotopa vode. Istrazivano podrucje obuhvaéa javni vodoopskrbni sustav kojim
upravlja Varkom d.o.o. u Varazdinskoj Zupaniji, sjeverozapadna Hrvatska. Na temelju ovih
podataka procijenjena je statisticka znacajnost razlika u osnovnim parametrima kvalitete vode
izmedu razlicitih lokacija u sustavu, kao i vrijeme zadrzavanja vode u mrezi. Rezultati su
pokazali tek manje promjene u kemijskom sastavu vode unutar sustava, koje su ostale ispod
maksimalno dopustenih koncentracija (MDK) za ljudsku potro$nju. Ipak, ¢imbenici poput
vremena zadrzavanja vode, stvaranja naslaga kalcijeva karbonata, promjena pH vrijednosti 1
mikrobioloskog rasta mogu utjecati na prikladnost vode, $to ukazuje na potrebu za daljnjim
istrazivanjima moguc¢ih rizika koji utjeu na njezinu kvalitetu.

Ucinkovito upravljanje sustavom javne vodoopskrbe klju¢no je za osiguranje sigurne vode za
pice. Kako bi se postigla cjelovita karakterizacija sustava, prikupljeni podaci integrirani su s
geokemijskim modeliranjem. Proces mijesanja vode u sustavu procijenjen je pomocu triju
pristupa:

1) modelom masene ravnoteze (MB); ii) inverznim geokemijskim modeliranjem pomocu
softvera PHREEQC (IM); te iii) direktnim (forward) geokemijskim modeliranjem pomocu
softvera NETPATH, koji se temelji na pristupu modeliranja krajnjih ¢lanova (FM).

Inverzno modeliranje pokazalo se pouzdanijim u odnosu na izravno modeliranje i model
masene ravnoteze. Rezultati su pokazali da zapadni, jugozapadni i sjeverni dijelovi sustava
primaju vodu iz sva tri izvora, dok se isto¢ni, jugoistoéni i sjeverni dijelovi uglavnom oslanjaju
na dublji vodonosnik crpilista Bartolovec, $to ukazuje na potencijalnu ranjivost. Strogi kriteriji
validacije osigurali su pouzdanost rezultata, potvrdujuéi ucinkovitost i primjenjivost
geokemijskog modeliranja u planiranju sigurnosti i upravljanja opskrbom vodom.

Podzemne vode i vodoopskrbni sustavi sve su osjetljiviji na one¢is¢enje, no vecina procjena
razmatra hidrogeoloske ili infrastrukturne rizike zasebno. Ovo istrazivanje uvodi Total
Integrated Network (TIN) pristup, sveobuhvatan okvir osmisljen za procjenu ranjivosti od
izvora do slavine. Terenska istrazivanja provedena su u Varazdinskoj Zupaniji, s fokusom na
izvor Belski Dol, vodospremu Briska i precrpnu stanicu Filipi¢i. Provedene su hidrokemijske
analize, odredivanje stabilnih izotopa vode (6'*0O, &°H), tricija, plemenitih plinova i
koncentracija radona, u kombinaciji s procjenama na razini sustava.

Rezultati su pokazali da izvor Belski Dol karakterizira visoka stabilnost i niska ranjivost, s TIN
indeksom od priblizno 25 %, §to je povezano s dugim vremenom zadrzavanja podzemne vode
1 stabilnom kvalitetom. Precrpna stanica Filipi¢i pokazala je umjerenu ranjivost (35 %), dok je
vodosprema Briska imala najvisi indeks (53 %), $to se povezuje s poviSenim koncentracijama
radona i nitrata te infrastrukturnim rizicima. Ovi rezultati ukazuju da prirodna hidrogeoloska
zastita sama po sebi ne moze osigurati sigurnu vodu za piée. TIN pristup naglaSava vaznost
integracije uvjeta u vodonosniku s u€inkom distribucijskog sustava kako bi se identificirale
kljuéne kontrolne toc¢ke i odredili prioriteti za intervencije.



Ukratko, rezultati prikazuju ucinkovito i pobolj$ano upravljanje vodoopskrbnim sustavom
korisStenjem svakodnevnih rutinskih analiza vode, dopunjenih izotopnim analizama kroz
geokemijsko modeliranje i procjenu ranjivosti sustava TIN metodologijom. Na taj nacin je
dobivena realnija osnova za upravljanje sigurnos¢u vodoopskrbe, podupiruci proaktivne mjere
za poboljSanje otpornosti sustava i zastitu javnog zdravlja.

Kljucne rije¢i: vodoopskrbni sustav, geokemijsko modeliranje, vrijeme zadrzavanja vode,
izotopi, kemijski sastav, ranjivost, TIN pristup, Varazdinska Zupanija
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Introduction

Importance of drinking water supply system

One of the fundamental human rights is the right to water, which was established by the United
Nations Resolution (UNGA, 2010; UN 2015), and it arose from the historic UN Conference in
Dublin, which established four basic principles on water (UN, 1992):

e Water has economic and social values

e Water management must be participatory

e Women have a key role in water management.

e Water is a limited and vulnerable resource.
The key principles common to legislation in the world came from several basic principles that
are repeated in international documents, conventions and guidelines: the UN human rights
framework (UNGA, 2010), the Sustainable Development Goals (UN, 2015), the UNECE Water
Convention (1992), the EU Water Framework Directive (2000/60/EC), and supporting
guidance from WHO (2023a), OECD (2021), GWP (2020), and the Dublin Statement on Water
and Sustainable Development (1992).
Key Principles Common to Water Legislation Worldwide:
1. Human Right to Water — Access to safe and affordable drinking water is recognized as a
fundamental human right (UNGA, 2010; UN, 2015). States are responsible for ensuring
universal and equitable access without discrimination.
2. Sustainable and Integrated Water Management — Modern legislation adopts an Integrated
Water Resources Management (IWRM) approach, emphasizing ecological balance, basin-level
planning, and intersectoral coordination (GWP, 2020; UNECE, 1992; EU, 2000).
3. Source-to-Tap Risk Management — Protection of water resources “from catchment to
consumer” is a key regulatory requirement ensuring both preventive and corrective actions
(WHO, 2023a; EU, 2000).
4. Transparency and Public Participation — Access to water-related information and public
involvement in decision-making are essential components of accountable governance (OECD,
2021; UNECE 1992; EU, 2000).
5. Economic and Social Sustainability — Legislative frameworks promote cost recovery and
efficiency while maintaining affordability and equity, especially for vulnerable groups (UN,

2015; OECD, 2021; GWP, 2020).



6. Water as a Public Good and Essential Service — Water supply is defined as a public service
of general interest that must be provided under state oversight to guarantee public health and
social stability (UN, 1992; UNGA, 2010; WHO, 2023).

Back in 2015, the UN adopted the Sustainable Development Goals (SDGs) to be achieved by
2030 of which SDG 6 is clean water and sanitation for all (UN, 2015). According to the 2021
update, 26% (2 billion) of the world's population still lacks a safe drinking water supply, and as
many as 46% lack safe sanitation (UN-Water, 2021). In light of all of the above, water and
public water supply are more important than ever before.

In Croatia, water management and supply of water intended for human consumption is
regulated through national regulations (OG, 2019; OG, 2023) that were adopted by the
implementation of European Union directives (EU Directive, 2000; EU, 2020; Council of EC,
1991a; Council of EC, 1991b; EU Parliament and Council of EU, 2006). According to the State
Audit Office of the Republic of Croatia (2024), approximately 93.4% of the population has
access to public water supply networks, while 86.9% are actually connected. (State Audit Office
of the Republic of Croatia, 2024). Although data for Croatia show that the vast majority of the
population has safe access to drinking water, there is still room for improvement. In addition,
high standards have been set for public suppliers, mandating that they provide water that is safe,
hygienic and always available in adequate quantities.

Ensuring continuous and equitable access to potable water has become increasingly complex
and costly as a result of population growth, the expanding distance between available water
sources and urban centers, heightened contamination risks, and the effects of climate change
(Gleick, 2003). Addressing these challenges requires a combination of technological
innovation, systematic management, and adherence to regulatory frameworks.

Public water suppliers employ various technological and operational strategies to ensure that
the water supplied to consumers meets both quality and quantity requirements (Tipple et al.,
2017a). Due to the increasing impact of climate change on the environment, emissions that
disrupt the natural balance, increasing costs and the requirements to achieve sustainable
development goals, water supply management strategies are becoming increasingly important
(Mian et al., 2023). The World Health Organization advocates an approach to water supply
management through Water Safety Plans, which are now recognized as best practices for
ensuring safe water supply - from source to consumer (WHO, 2023b). They are based on the
principle of risk identification, prevention and multiple barriers of protection that help prevent
the occurrence of water-borne epidemics and increase the reliability of water supply. Therefore,

the effective protection and management of both water resources and distribution infrastructure



are of paramount importance. Sound management practices not only minimize water losses,
thus ensuring adequate supply, but also prevent contamination within the network. These
practices form the foundation of sustainable water supply management and contribute directly
to the reliability and safety of the delivered water.

Water distribution systems represent complex and extensive networks composed of pipelines,
valves, and reservoirs through which water is transported to end-users. Throughout this process,
a range of physical, chemical, and biological factors can influence water quality and
consequently affect consumer satisfaction and public health.

A comprehensive understanding of system operation is essential for water utilities to effectively
respond to incidents such as pipeline ruptures, contamination events, or consumer complaints.
Such understanding facilitates the identification of root causes and the implementation of
corrective and preventive measures to mitigate risks and restore system functionality.
Continuous monitoring of drinking water quality is essential to verify compliance with the
standards established by WHO through guidelines which are incorporated in national and
regional regulatory frameworks such as Directive on the quality of water intended for human
consumption (Directive (EU) 2020/2184, 2020). Accordingly, water utilities, using their own
laboratories and through authorized laboratories, continuously monitor the quality of water in
the inflow area, water resources and in the WSS.

This study investigated the possibility of using these data not only for the assessment of water
conformity, but also for improving the management of WSS, which would enhance response in
accident situations. This was particularly useful in WSS where several sources were used for
supply, so the delivered water was usually a mixture of pumped water. Isotopes 8'*0, 6°H, *H,
noble gases, and **?Rn have proven to be useful natural tracers for defining the recharge area
and water temperature at the time of aquifer recharge, as well as for determining groundwater
residence time and interactions between water and the aquifer matrix. Here, their application
within the WSS itself was investigated through the introduction of the novel Total Integrated

Network (TIN) approach, a framework designed to evaluate vulnerability from source to tap.

Previous research on water supply system management

Before entering the water supply system (WSS), raw water typically undergoes a series of
conditioning and disinfection processes, depending on the quality of the source. However, once

water enters th



e distribution network, it is subjected to various physical, chemical, and biological processes
that can affect both regulatory compliance and organoleptic properties (Liu, G.et al., 2015).
The most common causes of water quality deterioration within WSSs include pipeline failures,
sudden or intermittent changes in flow conditions (Weston, 2021), water stagnation (Fuertes-
Miguel, 2022; Nisar et al., 2020), and prolonged water retention resulting from reduced
consumption or long distances between the source and end users (Wang et al., 2025). According
to the US EPA (2002), water retention time, commonly referred to as water age, is the primary
factor influencing water quality degradation in distribution systems. Reduced consumption or
over-dimensioning the system to meet fire flow requirements often leads to extended residence
times in pipes and reservoirs. As a result, disinfectant concentrations decline, promoting
microbial regrowth, pH fluctuations, increases in water temperature particularly during warmer
periods, and a range of physicochemical reactions involving pipe materials and accumulated
sediments.

Additional processes contributing to water quality degradation include corrosion of metallic
surfaces, accumulation and subsequent release of deposits from pipe walls, and the formation
of disinfection by-products (DBPs). DBPs arise from reactions between disinfectants and
natural organic matter (Prest et al., 2016a; Fish et al., 2017; Ainsworth, 2004; Liu J. et al., 2015;
Boulay etal., 2001; Gonzales et al., 2013), as a product of decomposition of disinfectant (Drljo,
2015), as well as from reactions between bromide and oxidizing agents, leading to bromate
formation (Garcia-Villanova et al., 2010; Wang et al., 2022).

Biofilms are ubiquitous in water distribution pipelines (Douterelo et al., 2016; Fish et al., 2017),
and sediments are present in all systems, even those with highly effective treatment processes
(Vreeburg & Boxall, 2007; Husband & Boxall, 2011). Sudden hydraulic disturbances can
mobilize these deposits, resulting in water quality deterioration. Such events may cause
increased turbidity and microbiological contamination, as well as the release of metals, elevated
concentrations of nitrogen, phosphorus, and organic matter, and changes in colour, taste, and
odour (Vreeburg, 2010; Wang et al., 2025).

These considerations clearly demonstrate that water quality monitoring exclusively at the entry
point of the WSS cannot guarantee equivalent quality at the consumer’s tap. Consequently,
continuous monitoring at multiple points within the distribution network is essential.

In addition to water quality, ensuring adequate water quantity and pressure throughout the WSS
is of critical importance. Water quantity assessments commonly rely on deterministic or
probabilistic hydraulic analyses to evaluate flow rates, pressures, and other network parameters

(Puust et al., 2010; Mutikanga et al., 2013; Tipple et al., 2017a). Although these methods are



well established, they are computationally intensive and often constrained by insufficient field
data, which complicates model calibration and validation (Waldrip et al., 2016).

To ensure the continuous delivery of safe drinking water, water utilities implement systematic
monitoring programs that include routine chemical and microbiological analyses. The
frequency and scope of these analyses depend on the size of the population served or the volume
of distributed water and are defined within water safety and sampling plans (WHO, 2023a; OG
88/2023). Operational monitoring typically includes daily measurements of temperature,
turbidity, disinfectant concentration (ClO2, Cl2), electrical conductivity (EC), pH, major anions
and cations, and microbiological indicators such as coliform bacteria, enterococci, Escherichia
coli, and total bacterial counts. While the primary purpose of these measurements is to assess
current water quality at sampling locations, long-term datasets also provide substantial added
value when analysed using appropriate statistical and modeling approaches.

Continuous data collection and evaluation enable water suppliers to identify spatial and
temporal variations in water quality, support informed operational decision-making, improve
system efficiency, and ensure compliance with national and European regulations (Directive
(EU) 2020/2184; OG, 2023a; OG, 2023b). Furthermore, accumulated datasets form the basis
for statistical and predictive analyses aimed at detecting trends and forecasting potential short-
and long-term water quality deterioration (Nemci¢-Jurec et al., 2022a; Ruk et al., 2022;
Mohammed et al., 2022a; Maiolo, S. et al., 2021). Such predictive capabilities are essential for
proactive system management and long-term sustainability.

When non-compliance is identified within a section of the WSS, determining the origin of the
supplied water is crucial. In systems supplied by multiple sources, identifying water origin
based solely on hydraulic indicators is often challenging. In this context, hydrochemical
analyses, combined with historical data and water mixing models, represent a valuable tool for
identifying the causes of non-compliance. Geochemical modeling has been widely applied to
identify hydrogeochemical processes and to evaluate mixing relationships among different
water types (Karlovi¢ et al., 2022b; Ezzeldin & Bahr, 2023; Arya et al., 2021; Markovi¢ et al.,
2013), particularly within recharge areas. The application of mixing models directly within
WSSs, using alternative modeling tools, has also been explored in several studies (Jameel et
al., 2016; Nagode et al., 2021). Stable isotopes of water, specifically 8'*0 and &*H, have proven
to be reliable tracers for identifying water flow patterns within distribution networks and for
linking distributed water to its sources (Nagode et al., 2021; Jameel et al., 2016; Grimmeisen et
al., 2017). The use of stable isotopes and geochemical parameters as natural tracers is well

established in hydrological and hydrogeological studies (Froelich et al., 2002; Dotiska et al.,



2010; Gross et al., 2019; Vreca & Kern, 2020). In several studies, isotopic and geochemical
approaches have demonstrated greater reliability than simplified deterministic or probabilistic
network analyses (Tipple et al., 2017b; Mutikanga et al., 2013).

In this study, three complementary approaches were applied to quantify water mixing ratios.
The first approach is based on mass balance (MB) calculations, a widely used method
(Vazquez-Suiié et al., 2010; Eberts et al., 2013; Hepburn et al., 2020), in which the proportions
of two end-members in a mixed sample are estimated using conservative tracers, namely CI-
and 6'®0. The remaining two approaches employ geochemical modeling software to infer the
physical and chemical processes controlling water chemistry along flow paths, specifically
within the water supply network (pipelines and reservoirs), and to quantify reactions occurring
within this system. Inverse geochemical modeling (IM) was conducted using the PHREEQC
software (Parkhurst & Appelo, 2013). The software applies a mole-balance approach to
calculate phase transfers (i.e., the amounts of minerals and gases entering or leaving solution)
to explain the observed compositional differences between initial and final water along a
defined flow path, in this case within the WSS. The third approach involved forward
geochemical modeling (FM) using NETPATH-WIN software (Plummer et al., 1994; El-Kadi
etal., 2010).

Water residence time within WSSs can be estimated using chemical tracers, mathematical
models, or integrated approaches, each with specific advantages and limitations (US EPA,
2002; Smith et al., 2001; Monteiro et al., 2021; Gross et al., 2019; Burkhart & Janke, 2023;
Zhou et al., 2021). In recent years, naturally occurring radioactive and stable isotopes have
increasingly been applied for this purpose (Waples et al., 2015). Stable isotopes of water (6°H
and 8'*0) provide additional insight into water residence time and related chemical processes
(Kralik, 2015; de Wet et al., 2020; Leslie et al., 2014; Nagode et al., 2022; Sanchez-Murillo et
al., 2020; Markovi¢ et al., 2020).

Protecting the environment and maintaining the quality of groundwater used for human
consumption require a thorough assessment of groundwater vulnerability. However, as
evidenced by the discussion above, vulnerability assessment is needed not only at the catchment
scale but also within the WSS itself. Numerous methods have been developed to evaluate
groundwater vulnerability in support of aquifer protection (Aller et al., 1987; Foster, 1987;
Civita & De Maio, 2004; Ribeiro, 2000). Among the most commonly applied index-based
approaches are DRASTIC, GOD, SI, and SINTACS, which differ in methodological
complexity, applicability, and data requirements (Aller et al., 1987; Foster, 1987; Civita & De
Maio, 2004; Ribeiro, 2000). Integrating or comparing multiple vulnerability indices has been



widely recommended to improve the robustness and reliability of groundwater vulnerability
assessments and to better inform policy and management decisions related to aquifer protection
(Civita & De Maio, 2004; Kazakis et al., 2011; Anane et al., 2013; Ghouili et al., 2021).
Water supply system vulnerability refers to the susceptibility of water infrastructure and its
operation to hazards that may compromise water quality or the continuity of supply (EPA, 2002;
Murray et al., 2010). Such hazards include physical infrastructure failures, contamination
incidents, cyber-attacks, natural disasters, and operational deficiencies (Lence et al., 2001).
Assessing WSS vulnerability involves identifying weaknesses in infrastructure, operational
procedures, or management practices that could lead to water quality degradation, service
interruption, or system failure (ASCE, 2010). Several assessment frameworks have been
developed for this purpose, depending on system characteristics and data availability, including
the All-Hazards Approach (USACHPPM, 2005), Risk-Based Asset Assessment (ASCE, 2010),
Water Safety Plans (WSP) (WHO, 2023b), and Climate Change Vulnerability Assessment
(USEPA, 2014).

Despite substantial advances in both groundwater and WSS vulnerability assessments to date,
no widely accepted or operational framework exist that comprehensively evaluate the
sensitivity of both the aquifer system and the water supply infrastructure using a unified set of
parameters. Traditionally, vulnerability analyses have been conducted independently, focusing
either on the intrinsic susceptibility of aquifers to surface-derived contamination (Aller et al.,
1987; Foster, 1987) or on the vulnerability of water supply infrastructure, such as abstraction
works, pipelines, reservoirs, and treatment facilities, using risk- or failure-based assessment
frameworks (ASCE, 2010). Groundwater vulnerability methods such as DRASTIC, GOD, and
SI generally emphasize aquifer-scale conditions and evaluate sensitivity at the catchment or
source protection area level, rather than at the scale of individual abstraction points (Aller et
al., 1987; Ribeiro, 2000). This represents a critical limitation, as these approaches implicitly
assume homogeneous vulnerability within a given aquifer and therefore overlook local-scale
heterogeneity that can strongly influence the actual vulnerability of a specific spring or well
(Hamza et al., 2010; Ghazavi & Ebrahimi, 2015).

In reality, hydrogeological heterogeneity, including spatial variations in permeability, porosity,
structural features, and unsaturated zone thickness, means that wells located within the same
aquifer can exhibit markedly different vulnerability levels. For example, one abstraction point
may be effectively protected by a thick, low-permeability overburden, while a nearby well may
be highly exposed due to thin or fractured protective layers (Civita & De Maio, 2004; Gogu &
Dassargues, 2000).



Furthermore, WSS vulnerability assessments often begin downstream of the abstraction point,
implicitly assuming that the water source is either adequately protected or uniformly vulnerable.
This neglects source-specific risks that may critically affect overall system resilience.
Consequently, there is a clear need for integrated methodologies that jointly evaluate the
vulnerability of the source aquifer unit and the abstraction infrastructure using harmonized
parameters, such as recharge conditions, land use, geological media, well construction
characteristics, and system redundancy (Anane et al., 2013).

An integrated assessment framework would bridge hydrogeological and WSS vulnerability
analyses and support more accurate risk-based zoning, resource allocation, and emergency
planning, particularly in complex or fractured aquifer systems where assumptions of uniform
vulnerability are misleading. Although the literature increasingly highlights the need for such
integration, a comprehensive and operational framework has yet to be established (Goyal et al.,
2021; Yazdani & Jeffrey, 2011).

In this study, we propose the Total Integrated Network (TIN) vulnerability approach as a
comprehensive methodology for assessing water quality risks from the groundwater source,
through the entire water supply system, to the point of use. The TIN approach addresses both
natural and anthropogenic factors influencing water vulnerability along the source-to-tap
pathway. By integrating aquifer sensitivity with infrastructure and operational vulnerabilities,
TIN provides a more realistic and location-specific characterization of risk. This, in turn,
enables water utilities and decision-makers to prioritize interventions, optimize resource
allocation, and implement targeted protection and monitoring measures. Ultimately, the TIN
approach supports proactive and adaptive water supply management, enhances system

resilience, and contributes to the protection of public health.

Previous Research on Water Supply System Management in
Croatia

Research on WSS management in Croatia has primarily focused on water losses and the
reduction of non-revenue water, issues that have been addressed by the national water sector
reform (World Bank, 2023). Considering that nearly half of abstracted water is lost before
reaching consumers, minimizing leaks in WSS is of critical importance for economic efficiency,
public health, environmental protection, and climate resilience.

Studies on water quality in Croatian WSSs indicate that the country generally possesses high-

quality water sources and sufficient water availability. Challenges in water supply are mostly



associated with turbidity, occasional microbiological contamination, and, more recently, the
presence of pesticides in catchment areas (Croatian Institute of Public Health [CIPH], 2025).
The CIPH has also conducted studies on WSS processes, providing recommendations and
guidance for improved system management (CIPH, 2022).

Recent research demonstrates a growing scientific interest in monitoring and managing changes
within WSS, particularly regarding disinfection by-products (Kurajica et al., 2020; Gregov et
al., 2022), the development of bacterial communities, and their dependence on disinfection type
(Stigli¢ et al., 2023). Earlier studies focused on changes in catchment areas and their impacts
on water quality at the source (Nemcié-Jurec et al., 2022b; Ruk et al., 2022). To date, the
approach of determining water transport and mixing within distribution networks has not been
widely applied in Croatia. Only recently have studies begun to explore the effects of changing
water sources on the quality of drinking water in WSS (Kurajica et al., 2021, 2022).
Furthermore, stable isotopes have been extensively applied to determine groundwater age,
identify contamination sources, and analyse surface—groundwater interactions (Horvatin¢i¢ et
al., 2007; Buskuli¢ et al., 2023; Cukrov et al., 2012; Mance et al., 2022).

The public water supply of Varazdin County is almost entirely based on groundwater
abstraction from the Drava River alluvial aquifer, a critical strategic resource for northwestern
Croatia. Hydrogeological studies describe the aquifer as highly permeable, composed mainly
of gravel and sand, with significant hydraulic connectivity to surface waters, particularly the
Drava River and its tributaries (Karlovi¢ et al., 2021a, 2021b). This connectivity allows
relatively rapid aquifer recharge, but simultaneously increases its vulnerability to surface water
changes and anthropogenic impacts.

Recharge studies confirm that aquifer replenishment occurs through rainfall infiltration and
inflow from surface water bodies, with spatially and temporally variable hydraulic conditions
(Karlovi¢ et al., 2022a). Due to the shallow groundwater table and limited natural protective
layers, the Varazdin aquifer is classified as highly vulnerable to contamination, particularly in
areas of intensive agricultural activity (Larva et al., 2023).

Numerical modeling of groundwater flow and nitrate transport further confirms that agricultural
sources are the primary contributors to elevated nitrate concentrations in certain parts of the
aquifer, representing a long-term challenge for maintaining safe drinking water quality
(Karlovi¢ et al., 2022b). These findings underscore the importance of integrated water resources
management, stricter protection of water sources, and continuous monitoring to ensure a

sustainable and safe water supply for Varazdin County.



Study area

Thise study focused on the Varazdin area in NW Croatia, where potable water is distributed by
the public water supplier Varkom d.o.o. ( Paper 2, Figure 1). The main source of potable water
is groundwater extracted from the Varazdin aquifer at two wellfield sites, Bartolovec and
Vinokovscak, as well as a spring in Belski Dol. Water from these three sources is, after
disinfection with chlorine, transported to consumers via a 1670 km long distribution network.

The Bartolovec wellfield site, situated approximately 7 km east of Varazdin town in the village
of Bartolovec, serves as the primary water source for the majority of consumers in the Varazdin
County, meeting around 70% of the water needs for human consumption in the regional WSS.
The annual average rate of pumped water was 264 L/s (data for 2022) from 9 wells (B1-B9), of
which 5 capture water from the upper aquifer (depth up to 45 m), and 4 from the lower aquifer
(depth up to 120 m). The alluvial aquifer in this area is divided by a 5 m thick silty-clay aquitard
between the shallow aquifer (SA) and the deeper aquifer (DA) (Urumovi¢ et al., 1990). This
aquitard protects the DA from pollution from the surface, due to its poor permeability. Pumped
groundwater from wells is disinfected and mixed in a ring-shaped pipeline system with five
exits designated for distribution: Varazdin, Ludbreg, Novakovec, Doljan, and Tonimir (Paper
2, Figure 2). Because water mixes in a ring-shaped pipeline, it is hard to know the specific
source and quantity of water distributed in each direction. This information is especially
important in case of incidents, when potential deterioration of water quality in the water supply

network could occur.
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Figure 1. Schematic map of sampled points. See Table 1 for description (Paper 2).

The Vinokovséak wellfield site is located approximately 3 km NW of Varazdin, where
groundwater is pumped from 4 wells (ZV1-ZV4), with an average annual rate of 82 L/s (data
for 2022, Paper 2, Figure 1). Due to the thinner alluvial aquifer in this area, the wells draw water
from a maximum depth of 45 m. Screens in wells are installed along the depth of wells,
facilitating the mixing of water from SA and DA during pumping. After disinfection, the
pumped groundwater from wells is distributed to one pipeline towards the north part of the
Varazdin town and the NW part of the Varazdin County.

Spring water from Belski Dol is captured at an average rate of 30 L/s (Paper 2, Figure 1). It is
located in the village of Bela at the foot of the Ivans¢ica Mountain, 20 km SW from the town
of Varazdin. This water source gravitationally flows through the pipeline to the pumping station
Filipi¢i, where it is disinfected and distributed into the water supply network. The Belski Dol
spring represents the smallest groundwater source within the WSS, covering 8% of the region’s
water needs. Unlike the previously described groundwater sources, the catchment area of the
spring Belski Dol consists of carbonate-fissured rocks, mainly dolomite of the Triassic age

(Crnogaj et al., 1997).
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Hypothesis, Research Objectives, and Expected

Scientific Contribution

Effective and economically efficient management of a WSS is based on an integrated approach
that combines technical tools, high-quality and reliable data, risk management, financial
sustainability, and institutional capacity. Such an approach enables the reduction of water
losses, preservation of drinking water quality, and long-term security of water supply. A
fundamental prerequisite for effective management is the accurate and continuous availability
of data on abstracted water volumes, pressures and flows within the distribution network, water
losses, as well as water quality throughout the system.
This study investigated additional opportunities for improving WSS management through the
application of hydrochemical and physical water quality parameters that were continuously
monitored as part of routine operational monitoring. These data were further complemented by
an interdisciplinary methodological approach. The methodology included hydrochemical and
isotopic analyses of water, statistical data processing, geochemical modeling, calculation of
vulnerability indices, and estimation of water retention times within the system.
The main objective of this study was to demonstrate how routine chemical analyses, combined
with geochemical modeling, could support informed decision-making and enhance the
management of WSS. The research was conducted on the public water supply system of
Varazdin County, which is operated by the public water utility Varkom d.o.o.
The selection of research objectives was carefully defined and was based on three research
hypotheses, which constituted the conceptual framework of this study. These research
hypotheses were as follows:
1. Routine measurements of chemical indicators and monitoring of isotopic indicators in
WSS can help in its management.
2. Using 80, it was possible to determine the retention time of water in WSS and,
together with statistical analyses, to observe changes in water quality.
3. Geochemical modeling was a useful tool for determining the proportion of water from
individual sources in mixed WSS.
To confirm or reject the established hypotheses, the following objectives were defined:
1. To determine the applicability of routine measurements of water quality and isotopic

parameters to WSS management.
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To apply geochemical modeling to determine the proportion of water from individual
sources in mixed WSS.

To determine the applicability of §'*0O content for calculating water retention time in the
system.

To define the conditions under which statistical processing of chemical indicators is

applicable and whether it can indicate changes in water quality.

The expected scientific contributions of the proposed research were:

1.

The development of a methodology to improve WSS management, especially in
incident situations, using routine water analyses.

The determination of water retention time in WSS using 8'*0 isotopic measurements.
The development and validation of a methodology for determining the proportion of
water from individual sources in WSS.

The definition of the origin and age of water in the Belski Dol spring, as well as the

assessment of contamination risk for this source and the part of the WSS it supplies.

The research addressing the above-stated objectives has been published in three scientific

papers (Paper 1, Paper 2, Paper 3). The results, presented below, are discussed in the context of

testing the proposed hypotheses.
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Discussion

Hypothesis #1: Routine measurements of chemical indicators and
monitoring of isotopic indicators in WSS can help in its
management

The study area used for testing this hypothesis encompassed the entire WSS managed by
Varkom d.o.o. in Varazdin County. The system is of a mixed type and relies on three water
abstraction sites: Bartolovec, comprising nine wells; Vinokovs¢ak, comprising four wells; and
the Belski Dol spring, with two catchments (Paper 2). The water is of groundwater origin, and
no water treatment was applied, except for activated carbon filtration at one well. Prior to
distribution, the water was disinfected with chlorine. The supplier’s internal laboratory
routinely performed water quality monitoring in the catchment inflow area, in raw water
samples from wells and the spring source, and across the distribution network (reservoirs,
hydrants, and public taps), in accordance with a weekly sampling program (Paper 1, Paper 3).
Annually, approximately 2,100 samples were analysed, providing a robust dataset of chemical
and microbiological parameters relevant to drinking water quality assessment and regulatory
compliance. In order to test the hypothesis and the given objective (1), the research included
additional indicators: major cations and anions, stable water isotopes 6°H and 60, and, in
Paper 3, also tritium, radon, and noble gases.

The results of water analyses showed that water quality differences were already present at the
very beginning of the WSS, even among individual wells within the same wellfield, as indicated
by the Piper diagram (Paper 2, Figure 3). These findings were consistent with operational
monitoring data from Varkom d.o.o. The Bartolovec wellfield exploits two aquifers, SA and
DA, separated by a clay—silt layer that strongly controls groundwater residence time and limits
the downward migration of contaminants (Kovac et al., 2017; Karlovi¢ et al., 2022).
Significantly higher concentrations and stronger seasonal variability of nitrate, chloride, and
EC in SA compared to DA confirmed the greater vulnerability of the shallow aquifer (Paper 1,
Table 1; Paper 2, Figure 2). Vertical hydrochemical heterogeneity was further evidenced by
differences between wells B1 and Zp-7, which capture the same aquifer at different depths.
Elevated nitrate concentrations in SA were attributed to intensive agricultural activity and a thin
surface layer, whereas consistently low nitrate levels in well Zd-4 indicated longer groundwater

transit times and effective protection of the deep aquifer.
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Additional geochemical contrasts between SA and DA were reflected in higher concentrations
of major ions in SA. Nevertheless, groundwater from both aquifers belongs to the CaMg—HCOs
hydrochemical type, indicating that carbonate and silicate mineral dissolution is the dominant
geochemical process in the aquifer system.

However, even in the Piper diagram (Paper 2, Figure 3), differences between waters were
visible. In addition to the aforementioned parameters, monthly measurements of stable oxygen
and hydrogen isotopes in water also revealed differences between SA and DA, especially in the
warmer part of the year (Paper 2, Figure 4). In SA, 880 values ranged from -10.69 to -9.55 %o
and 0%H from -74.5 to -67.8 %o, while in DA, 8'®0 ranged from -10.69 to -10.1 %o and 6°H from
-73.6 to -70.6 %o (Paper 2, Figure 4, Table S1). Variations between wells B-1 and Zp-7,
although they captured the same aquifer, mirrored the patterns observed in temperature,
chloride, and nitrate concentrations. This phenomenon underscored the heterogeneous nature
of SA. All these differences provided valuable insights for developing mixing models.

At the Vinokovscak wellfield, one of the four existing wells was selected for sampling in the
context of this study, as historical data from the Varkom internal laboratory indicated the
absence of significant differences in water quality among the wells. This similarity in
groundwater quality can be attributed to the fact that the wells abstract water from both aquifer
layers, while the intervening low-permeability clay layer separating them is relatively thin.
The measured groundwater values at the Vinokovscak wellfield indicated generally stable
hydrochemical conditions throughout the monitoring period. While chloride (7.6-10.9 mg/L)
and nitrate (16.1-25.5 mg/L) concentrations did not exhibit pronounced temporal oscillations,
a slight decreasing trend was observed. This trend was attributed to the exceptionally dry
hydrological year and the strong hydraulic connection between the aquifer and the Drava River
during periods of low groundwater levels. Given the relatively low chloride and nitrate
concentrations in the Drava River, an increased river contribution likely resulted in dilution of
these constituents in groundwater toward the hydrological minimum.

Hydrochemical classification based on the Piper diagram indicated a CaMg—HCOs water type,
reflecting dominant water—rock interaction processes, primarily the dissolution of carbonate
and silicate minerals forming the aquifer (Paper 2, Figure 3). Although the Ca?"/Mg?* ratio was
comparable to that observed in groundwater from the deep well Zd-4 at the Bartolovec
wellfield, higher chloride and sulfate concentrations at Vinokovsc¢ak suggested different
geochemical conditions within the aquifer system.

Stable isotope compositions (6'*0 and &*H) closely resembled those reported for the Bartolovec

wellfield (Paper 2, Figure 4), with observed variations largely within analytical uncertainty
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(0.2 %o for 6'*0 and +1 %o for 6*H). This limited variability indicated that 6’0 was not a
suitable tracer for mixing modeling in this setting. Furthermore, several samples, particularly
from wells DA and ZV-4, plotted above the local meteoric water line, pointing to specific
hydrological processes that have been discussed in detail in previous studies (Markovi¢ et al.,
2020).

All measured hydrochemical parameters at the Belski Dol groundwater source were a
consequence of the long residence time of groundwater (Markovi¢ & Larva, 2013). Higher
oscillations were observed in chloride, nitrate, and sulphate concentrations (Paper 2, Figure 7,
Table S1), which were attributed to the influence of surface water. The spring is situated along
the Varazdin—Podrute road and is separated from it by a stream. During high-water periods,
surface runoff into the spring occurred. Compared to the other two groundwater sources, the
spring water contained higher concentrations of Mg?" (22.9-26.5 mg/L) due to dolomite
dissolution in the catchment area. According to the Piper diagram, the spring water belongs to
the CaMg—HCOs hydrochemical type, noticeably different from the other two sources (Paper
2, Figure 3).

The measured 6'%0 values ranged from -10.67 to -10.29 %o, and 6*H ranged from -72.20 to -
70.80 %o (Paper 2, Table S1). These values were the most negative among all investigated
groundwater sources and were shifted relative to the LMWL for Varazdin (Paper 2, Figure 6).
This discrepancy was attributed to several factors. Firstly, the catchment area of the spring is
situated at a higher elevation (averaging about 700 m a.s.l.), with the highest peak exceeding
1000 m a.s.l., resulting in more negative 8'*0 values in spring water. Secondly, the transit time
in such aquifer types is long, exceeding 50 years (Markovi¢ & Larva, 2013). During this period,
winters were colder, with high amounts of snow (Zaninovi¢ et al., 2008) serving as the major
source of recharge.

Geochemical and isotopic characteristics of water from water supply network showed wide
range of measured values. In reservoir water, high oscillation of basic cations and anions was
observed due to the mixing of different groundwater sources. An important finding was that
none of the measured concentrations exceeded those measured in the groundwater source,
indicating no significant impact (contamination) within the network. Similar to the reservoirs,
the geochemical parameters of sampled waters from public taps and hydrants showed
variability, but concentrations did not exceed the maximum values of groundwater sources.
Preliminary stable isotope results for reservoirs, public taps, and hydrants were plotted against
LMWL (according to Markovi¢ et al., 2020) (Paper 2, Figure 8). It was observed that the

summer sampling campaign for reservoirs and public taps differs from the winter sampling
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(reservoirs and hydrants). This discrepancy can be attributed to different factors such as water
temperature variations, fractionations within pipes, different pumping regimes, etc. Regardless
of all these influences, it was observed that values are distributed within the elliptical shapes,
which represent their origin. Moreover, one reservoir in both sampling campaigns showed
the same origin (reservoir R1-Briska and the Belski Dol source). Consistent with the
geochemical parameters, there were no outliers observed, confirming no contamination within
the water supply network.

Based on the presented data, it is evident that the observed WSS is a mixed system that delivers
potable water composed of a mixture of waters from different source areas. Knowledge of water
provenance in each part of the WSS enables more efficient system management, particularly in
incident situations such as water contamination, pipeline failures, or consumer complaints.

In this study (Paper 2), a geochemical modeling approach was applied to determine water
origin, as will be explained in detail in Hypothesis #3. A simple Piper diagram showed at a
glance that only one reservoir (R1 - Briska) during both sampling campaigns was filled from
only one groundwater source, Belski Dol. However, all other network sampling points
demonstrated a mixing of different sources (Paper 2, Figure 9).

It is important to emphasize that previously described analytical results were used as input data
for the mixing model calculations, with water samples from the wellfields serving as end-
member (source) waters, and samples from the water supply network (hydrants, reservoirs, and
public fountains) representing the mixed waters.

Furthermore, routine water quality monitoring data within the WSS were applied in an approach
for assessing system vulnerability that accounts for the condition of both the aquifer and the
distribution network (Paper 3). This research was conducted on a smaller segment of the WSS,
encompassing the Belski Dol spring and the portion of the water supply network it supplies,
including the Filipi¢i pumping station and the Briska reservoir.

A novel methodology, termed the Total Integrated Network Vulnerability Approach (TIN), was
proposed. By tracing water and its quality changes from recharge zones, through abstraction
and conveyance, storage, and distribution, the TIN approach identifies and quantifies
cumulative and segment specific risks. This holistic methodology enables: spatial mapping of
vulnerability hot spots across both the aquifer and WSS infrastructure; temporal assessment of
changes in vulnerability due to natural processes (e.g., recharge variability) and operational
factors (e.g., system maintenance, leakage); identification of critical control points (CCPs)

where interventions can most effectively reduce overall risk.
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The proposed approach utilizes 10 parameters, half of which are routinely monitored by all
water supply companies in accordance with the obligations of the Drinking Water Directive
(EU) 2020/2184 (Directive (EU) 2020/2184, 2020). These parameters include EC, T, pH, NOs~,
CI-, the stable isotopes §'®0 and §°H, and *?’Rn. For the source spring Belski Dol, the same
eight parameters were considered, but the analysis was extended to include tritium and noble
gases, as these provide additional information on groundwater residence time and recharge
conditions. Table 1 and 2 (Paper 3) provide an overview of the relevance of each parameter and
what changes in their values can indicate for both the groundwater system and the WSS.

The methodology followed the approach described in the TIN framework, in which each
parameter is assigned a vulnerability score ranging from 1 (low) to 5 (high) presented in Table
3 (Paper 3). The scoring was based on the degree of deviation from reference conditions. For
the WSS locations, the reference baseline was the values measured at Belski Dol spring on the
same sampling date, thus representing the natural source water quality. In contrast, for Belski
Dol itself, the reference was defined as the mean of its own values over the monitoring period,
so that the index reflects temporal variability of the spring rather than spatial differences. For
most parameters, the score was assigned according to the percentage deviation from the
baseline: values within +£10% correspond to a score of 1, deviations of 10-20% to a score of 2,
20-30% to 3, 30-50% to 4, and >50% to 5. In addition, regulatory thresholds were applied as
overriding conditions: nitrate concentrations above 50 mg NO37/L, pH values below 6.5 or
above 9.5, and temperatures exceeding 25 °C automatically receive the highest score of 5. For
stable isotopes, absolute differences relative to the baseline were used instead of percentages,
with threshold bands defined in per mil (%o0). The 80 values received scores of 1 for
differences <0.10%o0, 2 for 0.10-0.20%0, 3 for 0.20-0.30%0, 4 for 0.30—0.50%0, and 5 for
>0.50%o. For 62H, the thresholds were set at 1, 2, 3, and 5%o for scores 1 to 4, with values above
5%o receiving a score of 5.

Once all parameters had been scored, the TIN vulnerability index for each site and date was
calculated as the arithmetic mean of the scores, normalized to a percentage of the maximum
possible value. For Belski Dol, an additional adjustment was applied to account for the evidence
of long groundwater residence time provided by tritium and noble gas measurements, which
indicate a mean residence time of about 25 years and recharge under cold climatic conditions.
This information implies a higher degree of natural protection of the source.

The results show that Belski Dol spring consistently exhibits the lowest TIN vulnerability, with
an overall index of 25.5%, placing it in the category of low vulnerability. PS Filipiéi has a

somewhat higher index of 35%, reflecting moderate deviations from the source conditions. The
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Briska reservoir displays the highest-values, with an average index of 52.5%, corresponding to
moderate vulnerability (Figure 6). This higher vulnerability is primarily associated with greater
deviations in radon, nitrate, and conductivity compared to the Belski Dol baseline. The
unusually high ?*’Rn concentration observed in the Briska reservoir compared to the source
Belski Dol can be explained by the cumulative effects of soil-rock radon emanation coupled
with aged distribution infrastructure. Belski Dol, being close to the source, exhibits relatively
modest radon levels (12.6-13.3 Bq/L) and is less exposed to external contamination. However,
at Briska reservoir, water travels through older pipelines and possibly through soils or fractured
bedrock that allow radon to diffuse or emanate into the water column, which together with
microleaks and pipe joint degradation may boost radon levels. Such phenomena were observed
by Ozden et al. (2022), demonstrating how soil properties such as porosity, moisture, and
radium content strongly influence radon release from the ground. In addition, Sukanya & Sabu
(2023) outline how aquifer-rock contact and aged pathways (via fractures or disturbed soil)
enhance radon concentration in downstream water. Taken together, these findings provide a
coherent explanation for the higher 22?Rn levels observed in the Briska reservoir relative to the
Belski Dol spring.

Overall, the analysis demonstrates that the natural spring Belski Dol is well protected and
chemically stable, while the WSS sites show increased vulnerability, with Briska reservoir
being the most affected (Paper 3, Figure 6).

The integrated evaluation confirmed that hydrogeological protection alone is not sufficient to
ensure water safety. Instead, continuous monitoring across both natural and engineered
components is essential. By incorporating hydrochemical, isotopic, and radiological
parameters, the TIN method allowed identification of critical control points where interventions
would be most effective, such as targeted monitoring at the Briska reservoir and maintenance
of distribution infrastructure.

The proposed TIN approach allows application specifically for each observed area, with
threshold values to be determined according to available data. Each parameter is assigned a
weighting factor reflecting its relative importance or diagnostic value in assessing system
vulnerability. These weights can be uniform or adapted based on expert judgment, sensitivity
analysis, or system-specific relevance. In this paper, a general scoring framework is proposed.
The interpretation of our results reflects the scope of the available data set, and the limited

sampling frequency for certain parameters is a factor in the baseline uncertainty.
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Hypothesis #2: With the help of 56'%0, it is possible to determine the
retention time of water in WSS and, together with statistical
analyses, observe changes in water quality.

In order to test and verify this hypothesis, the study was published in Paper 1. For this study a
small segment of WSS was selected due to its well-defined traceability, allowing tracking the
water flow from pumped well through pipelines to the reservoir, without mixing water from
other wells. This approach enabled monitoring of changes in chemical parameters throughout
the distribution. Specifically, the study centered around well B1 at the Bartolovec wellfield,
from which water is drawn and sent through pipelines to the Tonimir (T) and Golo Brdo (GB)
water reservoirs. The water from the Tonimir reservoir was directed for consumption, while a
flow rate of 4.2 L/s filled the Rukljevina (R) water reservoir (Paper 1, Figure 2).

Water samples were taken from well B1 and reservoirs T, GB and R by two different
campaigns, employing different sampling frequencies.

The first data set is a part of water sampling campaigns from well B1 and reservoirs T, GB and
R as part of operational monitoring of Varkom d.o.o., the public supplier. The dynamics of
sampling was once per week during 2021 and 2022. The monitored water quality parameters
included pH, EC, CI and NOs3". These parameters were chosen because they are part of regular
analysis and show certain spatial and temporal fluctuations. During this monitoring, additional
parameters such as NO>, NH4', temperature, turbidity, free residual chlorine and
microbiological indicators were also measured. However, they are not included in this study
due to specific reasons: NO>™ and NH4" are consistently below detection limits, while the
remaining parameters depend on external influences.

The second data set was obtained from three sampling campaigns in July and November 2022
(well B1 and reservoir T) and February 2023 (well B1 and reservoirs T, R and GB) performed
by Croatian Geological Survey within the scopes of TRANITAL and WATSON projects. Prior
to sampling, pH, EC, T, dissolved oxygen (DO) and redox potential (ORP) were measured
using a WTW multi meter. Concentrations of basic anions and cations were analyzed by ion
chromatography, while alkalinity was determined by titration. Stable isotopes §'*0 and §°H
were determined by using Picarro L2130i instrumnet (Santa Clara, USA) using CRDS (Cavity
Ring-Down Spectroscopy) technology, and the results were expressed according to the

international standard.
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According to major ion composition, both reservoirs’ waters and well B1 waters had the same
hydrochemical type, characterized as CaMg-HCOs, without pronounced differences on the
Piper diagram (Paper 1, Figure 3). However, observing the relationship between pH, logpCO>
pressure, and calcium saturation index (Slecaicite), differences were noticed (Paper 1, Figure 4a,
b). The well water exhibited lower pH value and Slcaicite, but higher logpCO>. On the other hand,
reservoir waters displayed higher pH value and Slcaicite, but lower logpCO> (Paper 1, Figure 8a,
b). In addition, it was observed that in the reservoir farthest from the well, where water retention
time was the longest, the pH tended to be higher (Paper 1, Figure 4a).
In a geochemical context, reservoirs represent open systems where gas exchange between air
and water occurs (as there is space above the water filled with air), and groundwater from well
B1 is oversaturated with CO». These changes are a consequence of CO; degassing from water
and shifting carbonate mass balance towards the left side of the well-known equation:

COx(g) + H20 + CaCOs3 <> Ca*" + 2HCO5 (1)
With calcium saturation index above 0, precipitation of calcium in the water is induced, leading
to formation of calcium crust on the water surface in reservoirs. This reaction results in a
decrease in alkalinity, as well as an increase in pH due to precipitation of calcium carbonate,
which further contributes to the decrease in EC.
All measured values for §°H and §'®0 in reservoirs and well indicated that the water had a
meteoric origin (Paper 1, Figure 5), as they were scattered around the local meteoric water line
(LMWL) for the study area (Markovié et al., 2020). Isotope values ranged from -9.98 (well B1)
to -9.72%o (reservoirs T and R) for §'0 and from -69.3 (reservoir T) to -68.6%o (well B1) for
8’H. Based on the measured 8*H and §'0 values in waters from reservoirs, there was no
evaporation effect during the sampling campaigns, indicating a short retention time of water.
Consequently, the retention time was not long enough for seasonal temperature changes, that

could potentially affect water temperature in reservoirs and thus isotope fractionation.

Water retention time in the Tonimir reservoir

The water retention time of water in the Tonimir reservoir was calculated using oxygen-18
measurements in well and reservoirs. The calculation utilized a simplified model (Kralik, 2015)

which is applied to estimate the residence time of water in the ground:

t =(1/2m) xV1/(b/a)? —1[yrs] ?2)
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where ¢ is the estimated residence time, b is the maximal amplitude of the groundwater isotopic
data, and a is the maximal amplitude of the precipitation isotopic data over several years. This
formula was adapted for our specific context, where 7 represents the estimated retention time of
water in the system, b is the maximal amplitude of the water in reservoir, and « is the maximal
amplitude of the water isotopic data from well B-1 over two-year monthly measurements. Water
retention time in two other reservoirs was not calculated due to stable isotopes being measured
only once. To verify the calculated result, water retention time was estimated using an algorithm
that considers input parameters such as diameters and length of pipes, reservoir dimensions,
and water flux within the pipes.

According to the Eq. 2, water retention time in the Tonimir reservoir was estimated to be
approximately 17 hours using stable isotopes 6'30. A similar estimate of around 16.2 hours was
obtained when applying the methodology that accounts for the technical characteristics of the
WSS. The consistency between the results from both methods indicates that oxygen-18 can be
useful and reliable tool to gather information about the system, especially when WSS managers

encounter situations where their understanding of the system’s operation is limited.

Findings of statistical data processing

For each parameter at every location, the number of data (n), average concentration(x),
corresponding variance (¢2) and its estimate (s?) were determined:

2
l

=—Lof (3)

S
n;i—1 t

In order to determine the statistical significance of the difference between the concentrations at
the locations L; and L;, it was necessary to apply the t-test:

t=—- (4)
whereby:

(ni—1)s7+(nj-1)s; _nitn;

sg = )

nj+n;-2 npn;
The obtained r-value was compared with the critical value (t,),which was determined for a
significance level of 5% and based on the number of degrees of freedom:

k=n+n;—2 (6)
Statistical data processing was conducted using the MS Excel tool.
It is clear from expression (2) that the z-value is proportional to the difference between the

average concentrations at locations L; and L;. If the #-value is less than the critical one, the null
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hypothesis (Ho) is accepted, indicating that the observed difference is not statistically
significant. Otherwise, the alternative hypothesis (H1) is accepted:
t<ty, - Hy X =% (7)
t>t, — Hi: X #X (8)
If the #-value is greater than the critical one, the difference between the average concentrations
is considered statistically significant, which indicates an endogenous process in the water
between locations L and L; within the water supply system.
Using the data from Table 1 (Paper 1), the statistical significance of the differences in
concentrations of the measured indicators was determined by comparing the locations on the
network (reservoirs T, GB and R) with the data at the starting sampling point - well B1 at the
wellfield. The calculated f-values were then compared with t,, which, for the given number of
data points, is 1.984. The results of these comparisons are summarized in Tables 3a and 3b
(Paper 1). Consistent with hypotheses (7) and (8), the obtained results show that in 2021,
negative f-values increased with the distance from well B1 for pH and NOs", with significant
difference observed for NOs™ in water reservoirs GB and R (Paper 1, Table 3a). For EC, positive
t-values increased with distance from well B1, but did not demonstrate significant difference as
for chloride concentration.
In 2022, the analysis revealed an increase in negative #-values with distance for pH and NOs",
whereas for EC, it decreased in the more distant water reservoirs GB and R (Paper 1, Table 3b).
Conversely, the f-value for Cl" was positive and it was increasing. For the parameter pH, CI°
and NOs", a significant difference was observed between the water samples from Bl and
reservoirs GB and R, as all -values were greater than the critical t.
In both monitored years, differences were noted in the t-values for pH, but more significant for
2022, as a result of CO> degassing from water, as explained earlier. However, since reservoir
systems are very dynamic (as they are filled with fresh water and undergo aeration during
regular maintenance), pH of water within reservoirs would not reach the critical value for
human consumption of 9.5. Hypothetically, considering reservoir T as an example: if the
reservoir were sealed, without inflow or outflow occurring, the pH would gradually increase
until reaching equilibrium between CO» in water and air.
The significant decrease of chloride could be attributed to chlorine degassing. Even ORP
decreases and in WSS, ORP and chlorine concentrations are very well connected (James et al.,
2004). However, looking at the mean, minimum and maximum measured values and

considering the measuring error of +10%, it is evident that all of them fall within a similar
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range. The same issue appears when analyzing nitrate concentrations. While bacteria from
biofilm in pipes could potentially reduce nitrate into nitrite or ammonium, all measured values
for these two parameters are consistently below detection limit which is <0.01 mg/L. In these
two cases, statistical data processing led to unreliable conclusions.

Despite the occurrence of precipitation of calcium carbonate and degassing of chlorine, their
impact on reservoir waters is not significant.

The study elaborated the advantages and disadvantages of employing oxygen-18 isotopes,
geochemical modeling, and statistical data processing to determine water retention time in
WSSs, how retention time influence water quality within the system and significance of
processes that are occurring.

Statistical data processing indicated the significance of certain changes within the WSS, though
careful interpretation is required to prevent misleading conclusions. Electrical conductivity
declines with increasing distance from the well due to calcium carbonate precipitation. At the
Tonimir reservoir, the short water retention time prevents water quality deterioration within the
system. While pH changes are occurring, the WSS’s dynamic status characterized by a short
water retention time, prevents it from reaching the MCL of pH 9.5. Overall, stable isotope
analysis has proven useful for calculating water retention time in the system and can serve as a

complementary tool for WSS management.

Hypothesis #3: Geochemical modeling is a wuseful tool for

determining the proportion of water from individual sources in

mixed WSS

The discussion under Hypothesis #1 demonstrated how water quality data collected through
routine monitoring, supplemented by isotopic measurements, can contribute to improved
management of WSS. One of the specific objectives was to determine the origin of water within
a mixed system, such as the investigated public WSS in northwestern Croatia operated by
Varkom d.o.o. Input data were collected during a one-year monitoring campaign at the locations
described in Table 1 (Paper 2). The measured parameters included physicochemical indicators,
major anions and cations, and stable isotopes of water (Paper 2, Table S1). This study employed
three approaches, i.e., mixing models, to calculate the water mixing ratios. The first approach
involved the application of mass balance calculations (MB), a commonly used method

(Vazquez-Sune et al., 2010; Eberts et al., 2013; Hepburn et al., 2020) in which proportions of
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two-end members in the observed sample were calculated using simple formulas based on
conservative tracers CI~ and §'%0.

Specifically, the calculations were performed using the following two equations:
f _ Cl_sample_(:l_sz
Tl —Cly,
fo = Slsosample_ﬁlgosz
S1 81804, —8180,

where fs; represents the fraction (between 0 and 1) of source water 1 estimated in a sample of

©)

(10)

mixed origin. The Cl sample and 8'8Osample represent concentrations in waters from reservoirs,
public taps, exits, and hydrants; Cls1, 8'%0s1, Cl w2, and §'%0s, represent concentrations in
different groundwater sources.

The other two models were implemented using geochemical modeling software, which uses
geochemical parameters to infer the physical and chemical processes that control water
chemistry along flow paths, specifically within the water supply network (pipeline, reservoirs),
and to quantify reactions occurring within this network. The inverse geochemical modeling
(IM) was performed using the PHREEQC software, version 3-A (Parkhurst & Appelo, 2013).
It is based on a geochemical mole-balance program that calculates the phase mole transfers (the
moles of minerals and gases that enter or leave a solution) to account for the differences
observed between initial and final water composition along the flow path, in our case, within
the network. The third approach involved using the NETPATH-WIN software for forward
geochemical modeling (FM) (Plummer et al., 1994; El-Kadi et al., 2010). In all three models,
EC, CI", NOs ™ and 6'80 were used as constraints. The accuracy of the results was controlled
according to the saturation index data for calcite and dolomite, which were compared with the
actual values.

At the Bartolovec source, mixing models were performed in two steps because the mixing of
SA and DA occurs at the source prior to water reaching the water supply network. The first step
was to calculate the mixing proportions of groundwater from SA (represented by B-1 and Zp-
7) and DA (represented by Zd-4) in the final waters of the wellfield, which are the exits (E1-
ES). For the groundwater sources Vinokovséak and Belski Dol, this step was unnecessary due
to the presence of only one exit into the network. In the second step, mixing within the network
(reservoirs, hydrants, and public taps) was calculated, where exits from all water sources (E1—
ES, ZV-4, and Belski Dol) represented initial waters, and samples from the network (H1-H7,
PT1-PT7, and R1-R13) represented final waters. The modeling results are presented as

percentage ratios of the initial waters in the final ones (ranging from 0 to 100%).
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The validation of all three mixing models was performed by calculating sulfate concentrations
in end-members and comparing them with measured values. Sulfate concentration was selected
due to its conservative nature, its inability to precipitate or be added during disinfection, and its
was not used as a tracer in the calculations. Considering a 5% measurement error for IC, all
values below 0.5 mg/L. were considered reliable, while values exceeding this threshold were

classified as poor results

Origin of Water at Exits at the Bartolovec Wellfield

In the Bartolovec wellfield, mixing modeling was conducted on four of the five exits, as exit
Tonimir exclusively receives water from well B-1 (SA). Also, it was observed that modeling
with 8'30 as constraints did not show satisfactory matches in most calculations, so these results
were not considered. Chloride emerged as the most effective constraint in the majority of MB
model calculations, with a generally better fit observed in the IM and FM models compared to
MB models (Paper 2, Table 2).

Nevertheless, all three models showed that at exit Doljan, depending on the pumping regime,
more than 50% and up to 77% of water is pumped from the DA and distributed towards the
southern part of the network. On the other hand, exit Ludbreg primarily supplies the eastern
part of the network with DA water, ranging from 92 to 100% (Paper 2, Table 2). At the exit
Varazdin, up until April 2022, water was mainly pumped from the DA, between 93 to 99% of
the supply. After that, the regime of pumping changed, favoring SA water from 62 to 72%,
before reverting back to dominantly DA water (Paper 2, Table 2). At the exit, Novakovec
primarily supplies the eastern part of the network with the SA water, ranging from 92 to 100%
(Paper 2, Table 2).

Reservoirs, Public Taps and Hydrants

Similar to the exits, the best fit obtained by MB models was achieved using chloride as a
constraint, while IM and FM models generally showed a better fit than MB. After validation,
IM models yielded the most reliable results and are therefore discussed further. Despite some
increased complexity at this level, most results showed a good agreement, indicating that this
modeling approach is robust but requires further refinement. Differences arise due to the
variable chemical and isotopic composition of multiple wells, which are alternately integrated
into the water supply system. More accurate results would likely be obtained by sampling all
wells at pumping stations rather than only representative ones. Additionally, the chemical

composition of water changes during storage in reservoirs. During warmer months, evaporation
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affects 6'*0O composition, while stagnant conditions promote carbonate precipitation, affecting
EC. Furthermore, free chlorine concentrations decrease, while bacterial activity that can
influence nitrification increases. Chlorination may also slightly affect chloride concentrations,
potentially influencing model results. Each of these processes may affect modeling outcomes.
Incorporating additional water quality indicators (anions and cations), as well as expanding
sampling locations, would likely improve model accuracy. In the western part of the network,
reservoirs predominantly contain a mixture of waters from Bartolovec (exits E1 and E4) and
Belski Dol sources (Paper 2, Figure 10c). Sampling was not conducted in this area due to the
absence of public taps. In the northern part of the network, mixing between Vinokovs¢ak and
Bartolovec sources was observed (Paper 2, Figure 10c). Hydrants and taps closer to the
Vinokovscak source showed higher proportions, although some values were unexpected.
Seasonal differences between summer and winter periods were also evident. The southern and
eastern parts of the network are predominantly supplied with water from Bartolovec (exits E2
and E3) and B-1 (Paper 2, Figure 10a—c). Mixing ratios indicate that Bartolovec is the dominant
groundwater source, with a significant contribution from DA. Analysis of pumping volumes

during sampling dates confirmed the modeled results.
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Conclusion

Water supply systems are “living” and dynamic systems that represent a major achievement of
civilization and play a crucial role in the life of both the community and the individuals. In
contemporary society, social and economic development is inconceivable without meeting
fundamental human needs such as the right to safe drinking water and sanitation. The
management of WSSs is a complex and demanding task, as it involves numerous interconnected
hydraulic and hydrotechnical structures that must function as an integrated whole. In addition
to delivering water to every consumer, the supplied water must comply with strict public health
standards.

For these reasons, the presented dissertation represents a significant advancement in the field
of WSS management by demonstrating the potential application of hydrochemical and isotopic
parameters. Such an approach has not previously been applied in Croatia, nor has it been widely
implemented worldwide. The conducted research resulted in numerous insights, which are
presented through three published scientific papers. The most important findings and
conclusions are summarized below:

e The quality of water in the investigated WSS operated by Varkom d.o.o. is fully
compliant with public health regulations, despite certain variations identified through
statistical data analysis. By calculating 7~values and comparing selected indicators of
raw (inlet) water and distributed network water, statistically significant differences were
identified for pH, EC, nitrate, and chloride concentrations. The pH value increases with
distance from the source, while EC decreases, which can be attributed to CO: degassing
and CaCO:s precipitation. However, these differences are minor, and the system exhibits
constant hydraulic dynamics with continuous inflow of fresh water; therefore, it is not
expected that pH values will reach the critical threshold of 9.5.

e The relationship between pH, logarithmic partial pressure of CO: (log pCO:), and the
calcium carbonate saturation index (Slcacie) shows clear differences between water
types. Well water is characterized by lower pH values and Slcacite, but higher log pCOs.
In contrast, reservoir waters exhibit higher pH values and Slcaicite, accompanied by lower
log pCO-. Furthermore, in the reservoir located farthest from the well, where water
retention time is longest, a tendency toward higher pH values was observed.

e The statistically significant decrease in chloride concentration may be attributed to
chlorine degassing. A simultaneous decrease in ORP was also observed; in water supply

systems, ORP and chlorine concentrations are known to be closely related. However,
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when mean, minimum, and maximum measured values are considered together with the
measurement uncertainty of £10%, all values fall within a comparable range. A similar
issue arises in the analysis of nitrate concentrations. Although biofilm-associated
bacteria within pipes could theoretically reduce nitrate to nitrite or ammonium, all
measured values of these parameters were consistently below the detection limit (<0.01
mg/L). In both cases, statistical data processing led to conclusions that must be regarded
as unreliable.

Despite the occurrence of calcium carbonate precipitation and chlorine degassing, their
overall impact on reservoir water quality is negligible.

Water retention time in the Tonimir reservoir was estimated to be approximately 17
hours using stable isotope 6'%0 analysis, which is consistent with the value obtained
using conventional methods based on the technical characteristics of the WSS (16.2
hours).

Stable isotopes have proven to be a valuable tool for estimating water retention time in
WSSs and represent a useful complement to conventional management approaches.
Based on the major ion composition and the Piper diagram, water from all sources
(Bartolovec, Vinokovscak, and Belski Dol) is of the Ca—Mg—HCOs type. The Belski
Dol source contains higher magnesium concentrations due to dolomite dissolution.
The isotopic composition of water from the Bartolovec and Vinokovscak sources is very
similar, with differences within the range of analytical uncertainty; therefore, 6'*0O was
not suitable for mixing-model calculations.

The Belski Dol source exhibits a distinct isotopic composition. The measured values are
the most negative among all analyzed samples and are shifted relative to the LMWL for
Varazdin. This is most likely due to recharge at higher elevations and longer residence
times in the aquifer, corresponding to periods with colder winters and higher snowfall.
The results of hydrochemical and isotopic indicators measured within the WSS show a
range that reflects the input waters from the sources. Measured concentrations did not
exceed those observed in the groundwater sources, confirming that no significant
changes or secondary contamination occur within the WSS.

A seasonal variation in the isotopic composition of water within the WSS was observed.
This discrepancy can be attributed to factors such as water temperature variations,
fractionation processes within pipelines, and different pumping regimes. Despite these
influences, the values are distributed within fields that represent their source waters.

Moreover, one reservoir showed the same origin during both sampling campaigns
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(reservoir R1 and the Belski Dol source). In agreement with the geochemical
parameters, no outliers were detected, confirming the absence of contamination within
the water supply network.

The origin of water within the WSS was determined using three mixing-modeling
approaches: the mass balance model (MB), forward modeling (FM) using the
NETPATH-WIN geochemical modeling software, and inverse modeling (IM) using
PHREEQC version 3-A. At the Bartolovec wellfield, mixing of water from individual
wells occurs prior to distribution into the network; therefore, mixing was calculated as
an initial step at this site. At the other two wellfields, no mixing occurs, and this step
was omitted.

Validation of all three mixing models was performed by calculating sulfate
concentrations in the end members and comparing them with measured values. Sulfate
was selected due to its conservative behavior, lack of precipitation, absence of addition
during disinfection, and it was not used as a tracer. Considering a 5% measurement error
for ion chromatography (IC), values below 0.5 mg/LL were considered reliable, whereas
values exceeding this threshold were regarded as poor results.

Although all three modeling approaches yielded satisfactory results, inverse modeling
(IM) proved to be more reliable than forward modeling (FM) and mass balance
modeling (MB). Mixing models indicated contributions from all three sources in the
western, southwestern, and northern parts of the water supply network. In contrast, the
eastern and southeastern parts of the network rely predominantly on DA water from the
Bartolovec groundwater source, indicating high vulnerability of these areas in the event
of an emergency at that source. This should be taken into account during water supply
risk assessment and when defining control measures to enhance system resilience. Such
measures include enabling supply from alternative sources, increasing water storage
capacity in vulnerable areas, and, as a short-term measure, supplying water via mobile
water tanks.

Although 6'%0 did not provide reliable mixing results due to fractionation processes
within pipelines, it indicated that water in the reservoirs is in isotopic equilibrium with
air, with no evidence of evaporation. This confirms that the reservoirs are well sealed
and impermeable.

The results demonstrate that geochemical modeling can be effectively applied in water

security management plans. The proposed methodology is globally applicable to a wide
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range of WSS configurations, particularly in systems with significant water losses, for
example due to leaking pipelines.

Validation of mixing models using selected chemical parameters measured in initial and
end-member waters enables estimation of the reliability of mixing-model results and
provides a practical tool for managing complex water distribution networks.

A new Total Integrated Network (TIN) approach is presented. By tracing water and
quality changes from recharge zones through abstraction, storage, and distribution, it
identifies cumulative and segment-specific risks. The approach enables spatial
identification of vulnerability hotspots, temporal assessment of natural and operational
influences, and identification of critical control points (CCPs). It is based on ten
parameters: five routinely monitored under the EU Drinking Water Directive
(2020/2184) and five additional tracers, including stable water isotopes, tritium, radon,
and noble gases at the sources.

Recharge temperature was derived from noble gas concentrations, which provide an
independent proxy for past recharge conditions in the Belski Dol catchment area. The
calculated recharge temperature of ~8 °C indicates recharge at higher elevations
compared to lowland mean temperatures (10.5 °C). The mean residence time derived
from the *H/*He method is approximately 25 years.

Elevated #**Rn concentrations in the BriSka reservoir, relative to the Belski Dol spring,
are attributed to radon emanation from soils and rocks combined with aged distribution
infrastructure. While radon levels at Belski Dol remain low (12.6-13.3 Bqg/L), water
transport through older pipelines and fractured media toward the Briska reservoir likely
enhances radon input, consistent with findings reported in previous studies.

The TIN concept extends conventional groundwater vulnerability assessments by
explicitly integrating the entire water supply network, thereby supporting more effective
risk management. Results indicate that the Belski Dol spring exhibits high
hydrochemical stability, long residence times, low vulnerability, and minimal diffuse
nitrate risk, confirming its reliability as a naturally protected drinking water source. In
contrast, system components (Briska reservoir and PS Filipi¢i) show increased
vulnerability due to elevated radon, nitrate concentrations, and electrical conductivity.
The Briska reservoir exhibits the highest vulnerability index, indicating issues related
to aged pipelines, potential radon pathways, and increased susceptibility to future

contamination.
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e The integrated evaluation confirmed that hydrogeological protection alone is not
sufficient to ensure water safety. Instead, continuous monitoring across both natural and
engineered components is essential. By incorporating hydrochemical, isotopic, and
radiological parameters, the TIN approach enables identification of critical control
points where interventions would be most effective, such as targeted monitoring at the

Briska reservoir and maintenance of distribution infrastructure.

This dissertation has resulted in several scientific contributions: the development of a
methodology that improves WSS management, particularly in incident situations, using routine
water quality analyses; estimation of water residence time within the system using 6'*O isotopic
measurements; development of a methodology for quantifying the contribution of individual
sources to the WSS, including the introduction of a new validation approach; determination of
the origin and age of water at the Belski Dol spring; and presentation of a novel Total Integrated

Network (TIN) approach for risk assessment from source to tap.

32



References

Abedzadeh, S., Roozbahani, A., & Heidari, A. (2020). Risk assessment of water resources
development plans using fuzzy fault tree analysis. Water Resources Management, 34,
2549-2569.

Aeschbach-Hertig, W., Peeters, F., Beyerle, U., & Kipfer, R. (1999). Interpretation of dissolved
atmospheric noble gases in natural waters. Water Resources Research, 35,2779-2792.

Aeschbach-Hertig, W., Peeters, F., Beyerle, U., & Kipfer, R. (2000). Palaeotemperature
reconstruction from noble gases in groundwater taking into account equilibration with
entrapped air. Nature, 405, 1040-1044.

Ainsworth, R. (2004). Safe piped water: Managing microbial water quality in piped distribution
systems. World Health Organization; IWA Publishing.

Aller, L., Bennett, T., Lehr, J. H., Petty, R. J., & Hackett, G. (1987). DRASTIC: A standardized
system for evaluating groundwater pollution potential using hydrogeologic settings
(EPA/600/2-87/035). U.S. Environmental Protection Agency.

American Society of Civil Engineers. (2010). Guidelines for physical security of water utilities.
ASCE.

Anane, M., Abidi, B., Lachaal, F., Limam, A., & Jellali, S. (2013). GIS-based DRASTIC,
Pesticide DRASTIC and the Susceptibility Index (SI): Comparative study for
evaluation of pollution potential in the Nabeul-Hammamet shallow aquifer, Tunisia.
Hydrogeology Journal, 21, 715-731.

Arya, S., Subramani, T., Vennila, G., Karunanidhi, D. (2021). Health risks associated with
fluoride intake from rural drinking water supply and inverse mass balance modeling
to decipher hydrogeochemical processes in Vattamalaikarai River basin, South India.
Environmental Geochemistry and Health, 43, 705-716.

Babi¢, Z., Cakarun, 1., Soka¢, A., & Mraz, V. (1978). On geological features of Quaternary
sediments of the Drava basin on Croatian territory. Geoloski vjesnik, 30, 43—61.

Boulay, N., & Edwards, M. (2001). Role of temperature, chlorine, and organic matter in copper
corrosion by-product release in soft water. Water Research, 35, 683—690.

Burkhart, B., & Janke, R. (2023). Understanding water age in distribution systems with
EPANET. Journal — American Water Works Association, 115(2), 24-34.

Buskuli¢, P., Parlov, J., Kova¢, Z., Brenko, T., & Peji¢, M. (2023). Determination of nitrate
migration and distribution through Eutric Cambisols in an area without anthropogenic

sources of nitrate (Velika Gorica well field, Croatia). Sustainability, 15, 16529.

33



Capture® 8. (2025). Capture® 8 ProtLite editions. Durridge Company.
https://durridge.com/documentation/capture_help/vers 8.1.7/

Chu, S., Xian, L., Lai, C., Yang, W., Wang, J., Long, M., Ouyang, J., Liao, D., & Zeng, S.
(2023). Migration and risks of potentially toxic elements from sewage sludge applied
to acid forest soil. Journal of Forestry Research, 34, 2011-2026.

Civita, M., & De Maio, M. (2004). Assessing and mapping groundwater vulnerability to
contamination: The Italian “Combined” approach. Geofisica Internacional, 43, 513—
532.

Clark, I. D., & Fritz, P. (2013). Environmental isotopes in hydrogeology. CRC Press.

Craig, H. (1961). Isotopic variations in meteoric waters. Science, 133, 1702—1703.

Crnogaj, S., Mraz, V., Kruk, B., & Juri¢, A. (1997). Study on the reserve technical building
stone dolomite in mine “Belski Dol Gornji” near Podrute. Croatian Geological Survey.
(In Croatian)

Croatian Institute of Public Health (CIPH). (2022). Handbook for monitoring and control of
drinking water quality in water supply systems (M. Ujevi¢-Bosnjak, L. Kurajica, & J.
Stigli¢, Authors). Croatian Institute of Public Health.

Croatian Institute of Public Health (CIPH). (2025). Report on the health-based compliance of
drinking water in the Republic of Croatia for 2024. https://www.hzjz.hr/wp-
content/uploads/2025/07/IZVIJESTAJ Voda-za-ljudsku-potrosnju_2024.pdf

Cukrov, N., Tepi¢, N., Omanovié, D., Lojen, S., Bura-Naki¢, E., Vojvodi¢, V., & Pizeta, 1.
(2012). Qualitative interpretation of physico-chemical and isotopic parameters in the
Krka River (Croatia) assessed by multivariate statistical analysis. Journal of
Environmental Chemical Engineering, 92, 1187-1199.

Daly, D., Dassargues, A., Drew, D., Dunne, S., Goldscheider, N., Neale, 1., Popescu, I., &
Zwahlen, F. (2002). Main concepts of the “European approach” to karst-groundwater-
vulnerability assessment and mapping. Hydrogeology Journal, 10, 340-345.

de Wet, R. F., West, A. G., & Harris, C. (2020). Seasonal variation in tap water 6*H and 3'*0
isotopes reveals two tap water worlds. Scientific Reports, 10, 13544.

Domenico, P. A., & Schwartz, F. W. (1990). Physical and chemical hydrogeology. John Wiley
& Sons.

Dotsika, E., Lykoudis, S., & Poutoukis, D. (2010). Spatial distribution of the isotopic
composition of precipitation and spring water in Greece. Global and Planetary

Change, 71, 141-149.

34



Douglas, S. H., Dixon, B., & Griftin, D. (2018). Assessing intrinsic and specific vulnerability
models’ ability to indicate groundwater vulnerability to groups of similar pesticides:
A comparative study. Physical Geography, 39, 487-505.

Douterelo, 1., Husband, S., Loza, V., & Boxall, J. (2016). Dynamics of biofilm regrowth in
drinking water distribution systems. Applied and Environmental Microbiology, 82.

Drljo, E. (2015). Nusprodukti u vodi za pice kao posljedica dezinfekcije hipokloritom (Master’s
thesis). Faculty of Chemical Engineering and Technology, University of Zagreb.

Eberts, S.M., Thomas, M.A., & Jagucki, M.L. (2013). Factors affecting public-supply well
vulnerability to contamination: Understanding observed water quality and anticipating
future water quality. Washington, DC: US Department of the Interior, US Geological
Survey.

El-Kadi, A. I., Plummer, L. N., & Aggarwal, P. (2010). NETPATH-WIN: An interactive user
version of the mass-balance model NETPATH. Groundwater, 49, 593—-599.

Environmental Protection Agency (EPA). (2002). Vulnerability assessment factsheet. U.S.
Environmental Protection Agency.

European Parliament & Council of the European Union (EU). (2020). Directive (EU)
2020/2184 on the quality of water intended for human consumption (recast). Official
Journal of the European Union, 1435, 1-62.

European Parliament & Council of the European Union. (EU). (2000). Directive 2000/60/EC
establishing a framework for Community action in the field of water policy. Official
Journal of the European Communities, 1.327, 1-73.

Ezzeldin, H. A., & Bahr, J. M. (2023). Use of geochemical and mathematical models for the
determination of mixing ratios in groundwater from municipal wells, Madison,
Wisconsin, USA. Geosciences Journal, 27(3), 367-383.

Falsini, S., Boschetti, C., & Capobianco, G. (2024). Analysis of calcium carbonate scales in
water distribution systems and influence of electromagnetic treatment. Water, 16,
1554.

Fish, K. E., Osborn, A. M., & Boxall, J. B. (2017). Biofilm structures (EPS and bacterial
communities) in drinking water distribution systems are conditioned by hydraulics and
influence discolouration. Science of the Total Environment, 593-594, 571-580.

Foster, S. S. D. (1987). Fundamental concepts in aquifer vulnerability, pollution risk and
protection strategy. In W. Van Duijvenbooden & H. G. Van Waegeningh (Eds.),
Vulnerability of soil and groundwater to pollutants (pp. 69-86). Committee on
Hydrological Research.

35



Foster, S., Hirata, R., Gomes, D., D’Elia, M., & Paris, M. (2002). Groundwater quality
protection: A guide for water utilities, municipal authorities and environmental
agencies. World Bank.

Froehlich, K., Gibson, J. J., & Aggarwal, P. K. (2002). Deuterium excess in precipitation and
its climatological significance (IAEA-CSP-13/P). International Atomic Energy
Agency. https://inis.iaea.org/search/search.aspx?orig_q=RN:34017972

Fuertes-Miquel, V. S. (2022). Hydraulic transients in water distribution systems. Water, 14(22),
3612.

Garcia-Villanova, R. J., Leite, M. V. O. D., Hierro, J. M. H., de Castro Alfageme, S., &
Hernéndez, C. G. (2010). Occurrence of bromate, chlorite and chlorate in drinking
waters disinfected with hypochlorite reagents: Tracing their origins. Science of the
Total Environment, 408(12), 2616-2620.

Ghazavi, R., & Ebrahimi, Z. (2015). Assessing groundwater vulnerability to contamination in
an arid environment using DRASTIC and GOD models. International Journal of
Environmental Science and Technology, 12, 2909-2918.

Ghouili, N., Jarraya-Horriche, F., Hamzaoui-Azaza, F., Zaghrarni, M. F., Ribeiro, L., &
Zammouri, M. (2021). Groundwater vulnerability mapping using the susceptibility
index (SI) method: Case study of Takelsa Aquifer, northeastern Tunisia. Journal of
African Earth Sciences, 173, 104035.

Gleick, P. H. (2003). Global freshwater resources: Soft-path solutions for the 21st century.
Science, 302, 1524-1528.

Global Water Partnership (GWP). (2020). Integrated water resources management toolbox.
GWP.

Gogu, R. C., & Dassargues, A. (2000). Current trends and future challenges in groundwater
vulnerability assessment using overlay and index methods. Environmental Geology,
39, 549-559.

Gonzales, S., Lee, W., & Edwards, M. (2013). Influence of plumbing materials on chlorine
decay, formation of disinfection by-products, and corrosion in drinking water.
Environmental Science & Technology, 47(20), 11561-11567.

Gonzalez, S., Lopez-Roldan, R., & Cortina, J.-L. (2013). Presence of metals in drinking water
distribution networks due to pipe material leaching: A review. Toxicological and

Environmental Chemistry, 95, 870-889.

36



Goyal, D., Haritash, A. K., & Singh, S. K. (2021). A comprehensive review of groundwater
vulnerability assessment using index-based, modeling, and coupling methods. Journal
of Environmental Management, 296, 113161.

Gregov, M., Juki¢, A., Curko, J., Matogié¢, M., Gajsak, F., Crnek, V., & Ujevi¢ Bosnjak, M.
(2022). Bromide occurrence in Croatian groundwater and application of literature
models for bromate formation. Environmental monitoring and assessment, 194(8),
544.

Grimmeisen, F., Lehmann, M. F., Liesch, T., Goeppert, N., Klinger, J., Zopfi, J., &
Goldscheider, N. (2017). Isotopic constraints on water source mixing, network leakage
and contamination in an urban groundwater system. Science of the Total Environment,
583, 202-213.

Gross, E., Andrews, S., Bergamaschi, B., Downing, B., Holleman, R., Burdick, S., & Durand,
J. (2019). The use of stable isotope-based water age to evaluate a hydrodynamic model.
Water, 11(11), 2207.

Hamza, M. H., Mailej, A., Ajmi, M., & Added, A. (2010). Validity of the vulnerability methods
DRASTIC and SI applied by GIS technique to the study of diffuse agricultural
pollution in two phreatic aquifers of a semi-arid region (Northeast Tunisia).
AQUAmundi, Am01009, 57-64.

Hepburn, E., Cendoén, D. 1., Bekele, D., & Currell, M. (2020). Environmental isotopes as
indicators of groundwater recharge, residence times and salinity in a coastal urban
redevelopment precinct in Australia. Hydrogeology Journal, 28, 503-520.

Horvatin¢ié, N., Kapelj, S., Sironi¢, A., Krajcar Broni¢, 1., Kapelj, J., & Markovi¢, T. (2007).
Investigation of water resources and water protection in the karst area of Croatia using
isotopic geochemical analyses. In Advances in Isotope Hydrology and Its Role in
Sustainable Water Resources Management (IAEA-CN-151, Vol. 2, pp. 295-304).
International Atomic Energy Agency.

Husband, P. S., & Boxall, J. B. (2011). Asset deterioration and discolouration in water
distribution systems. Water Research, 45(1), 113—-124.

Jameel, Y., Brewer, S., Good, S. P., Tipple, B. J., Ehleringer, J. R., & Bowen, G. J. (2016). Tap
water isotope ratios reflect urban water system structure and dynamics across a
semiarid metropolitan area. Water Resources Research, 52, 5891-5910.

James, C. N., Copeland, R. C., & Lytle, D. A. (2004). Relationships between oxidation—
reduction potential, oxidant, and pH in drinking water. In Proceedings of the AWWA

37



Water Quality Technology Conference (14—18 November 2004). American Water
Works Association.

Karlovi¢, 1., Markovi¢, T., & Vunovi¢, T. (2021a). Development of a hydrogeological
conceptual model of the Varazdin alluvial aquifer. Hydrology, 8(1), 19.

Karlovi¢, 1., Markovié, T., & Vujnovi¢, T. (2022a). Groundwater recharge assessment using
multi-component analysis: Case study at the NW edge of the Varazdin alluvial aquifer,
Croatia. Water, 14(1), 42.

Karlovi¢, 1., Markovié, T., Sparica Miko, M., & Maldini, K. (2021c). Geochemical
characteristics of the alluvial aquifer in the Varazdin region. Water, 13, 1508.
Karlovi¢, 1., Pavli¢, K., Posavec, K., & Markovié, T. (2021b). Analysis of the hydraulic
connection of the Plitvica stream and the groundwater of the Varazdin alluvial aquifer.

Geofizika, 38(3).

Karlovi¢, 1., Posavec, K., Larva, O., & Markovié, T. (2022b). Numerical groundwater flow and
nitrate transport assessment in the alluvial aquifer of the Varazdin region, NW Croatia.
Journal of Hydrology: Regional Studies, 41, 101084.

Kazakis, N., & Voudouris, K. (2011). Comparison of three applied methods of groundwater
vulnerability mapping. In Advances in the Research of Aquatic Environment. Springer.

Kovag, 1., Kovacev-Marincié, B., Novotni-Hor¢ic¢ka, N., Mesec, J., & Vugrinec, J. (2017).
Komparativna analiza koncentracije nitrata u gornjem i donjem sloju Varazdinskog
vodonosnika. Radovi Zavoda za znanstveni rad Varazdin, 28, 41-57. (In Croatian)

Krajcar Broni¢, 1., Baresié, J., Sironi¢, A., Lovrenci¢ Mikelié, 1., Borkovié, D., Horvatin¢i¢, N.,
& Kovag, Z. (2020). Isotope composition of precipitation, groundwater, and surface
and lake waters from the Plitvice Lakes, Croatia. Water, 12, 2414.

Kralik, M. (2015). How to estimate mean residence times of groundwater. Procedia Earth and
Planetary Science, 13, 301-306.

Kurajica, L., Bosnjak, M. U., Stankov, M. N., Kinsela, A. S., gtiglié, J., Waite, D. T., & Capak,
K. (2020). Disinfection by-products in Croatian drinking water supplies with special
emphasis on the water supply network in the city of Zagreb. Journal of environmental
management, 276, 111360.

Kurajica, L., Ujevi¢ Bosnjak, M., Kinsela, A. S., Bieroza, M., ﬁtiglié, J., Waite, T. D., Capak,
K., & Romi¢, Z. (2022). Mixing of arsenic-rich groundwater and surface water in
drinking water distribution systems: Implications for contaminants, disinfection by-

products and organic components. Chemosphere, 292, 133406.

38



Kurajica, L., Ujevi¢ Bosnjak, M., Kinsela, A. S., §tiglic’, J., Waite, T. D., Capak, K., & Pavli¢,
7. (2021). Effects of changing supply water quality on drinking water distribution
networks: Changes in NOM optical properties, disinfection by-product formation, and
Mn deposition and release. Science of the Total Environment, 762, 144159.

Larva, O., Brki¢, 7., & Markovié, T. (2023). Vulnerability and risk of contamination of the
Varazdin aquifer system, NW Croatia. Sustainability, 15(23), 16502.

Lence, B. J., Maier, H. R., Tolson, B. A., & Foschi, R. O. (2001). First-order reliability method
for estimating reliability, vulnerability, and resilience. Water Resources Research, 37,
779-790.

Leslie, D., Welch, K., & Lyons, W. B. (2014). Domestic water supply dynamics using stable
isotopes 0'%0, 0D, and d-excess. Journal of Water Resource Protection, 6, 1517-1532.

Liu, G., Zhang, Y., Knibbe, W.-J., Feng, C., & van der Meer, W. G. J. (2015). Potential impacts
of changing hydraulic conditions on the development of biofilms in drinking water
distribution systems. Water Research, 74, 40-52.

Liu, J., Chen, H., Huang, Q., Lou, L., Hu, B., Endalkachew, S. D., Mallikarjuna, N., Shan, Y.,
& Zhou, X. (2015). Characteristics of pipe-scale in the pipes of an urban drinking
water distribution system in eastern China. Water Science and Technology: Water
Supply, 16, 715-726.

Maiolo, M., & Pantusa, D. (2021). Multivariate analysis of water quality data for drinking water
supply systems. Water, 13, 1766.

Maiolo, S., De Luca, G., & Manganelli, M. (2021). Predictive models for water quality
assessment in distribution systems. Environmental Monitoring and Assessment,
193(8), 510.

Mance, D., Lenac, D., & Rubini¢, J. (2017). Isotope studies of karst springs included in the
water supply system of the City of Rijeka (Croatia). Southeastern European Medical
Journal, 1, 46-54.

Mance, D., Radisi¢, M., Lenac, D., & Rubini¢, J. (2022). Hydrological behavior of karst
systems identified by statistical analyses of stable isotope monitoring results.
Hydrology, 9, 82.

Mandel, S., & Shiftan, Z. L. (1981). Groundwater resources investigation and development.
Academic Press.

Markovié¢, T., & Larva, O. (2013). Hydrogeological characterization of carbonate aquifer
system in the northwestern part of Croatia. In Proceedings of the IAH 40th
International Congress (p. 179). Perth, Australia.

39



Markovié, T., Karlovi¢, 1., Percec Tadi¢, M., & Larva, O. (2020). Application of stable water
isotopes to improve conceptual model of alluvial aquifer in the Varazdin area. Water,
12, 379. https://doi.org/10.3390/w12020379

Mian, H. R., Hu, G., Hewage, K., Rodriguez, M. J., & Sadiq, R. (2023). Drinking water
management strategies for distribution networks: An integrated performance
assessment framework. Journal of Environmental Management, 325, 116537.

Mohammed, A., Nemci¢-Jurec, J., & Ruk, D. (2022a). Statistical approaches for predicting
water quality deterioration in distribution systems. Water Supply, 22(9), 7134-7146.

Mohammed, A., Samara, F., Alzaatreh, A., & Knuteson, S. L. (2022b). Statistical analysis for
water quality assessment: A case study of Al Wasit Nature Reserve. Water, 14, 3121.

Monteiro, L., Algarvio, R., & Covas, D. (2021). Enhanced water age performance assessment
in distribution networks. Water, 13, 2574.

Murray, R., Uber, J. G., & Janke, R. (2010). Modeling, sensitivity, and uncertainty analysis for
contamination warning system design in water distribution systems. Journal of Water
Resources Planning and Management, 136, 611-619.

Muryanto, S., & Bayuseno, A. P. (2014). Scaling of calcium carbonate (CaCOs) in pipes: Effect
of flow rates and calcium carbonate concentration. International Journal of Applied
Engineering Research, 9, 10653—10663.

Mutikanga, H. E., Sharma, S. K., & Vairavamoorthy, K. (2013). Methods and tools for
managing losses in water distribution systems. Journal of Water Resources Planning
and Management, 139(2), 166—174.

Nagode, K., Kandu¢, T., Bragi¢ Zeleznik, B., Jamnik, B., & Vreda, P. (2022). Multi-isotope
characterization of water in the water supply system of the City of Ljubljana, Slovenia.
Water, 14, 2064.

Nagode, K., Kandu¢, T., Zuliani, T., Braci¢ Zeleznik, B., Jamnik, B., & Vre&a, P. (2021). Daily
fluctuations in the isotope and elemental composition of tap water in Ljubljana,
Slovenia. Water, 13, 1451.

Nemcic-Jurec, J., Ruk, D., & Mohammed, A. (2022a). Assessment of water quality dynamics
using multivariate statistical analysis. Environmental Science and Pollution Research,
29(24), 35678-35689.

Nemcié¢-Jurec, J., Ruk, D., Ore$¢anin, V., Kova¢, 1., Ujevi¢ Bosnjak, M., & Kinsela, A. S.
(2022b). Groundwater contamination in public water supply wells: Risk assessment,
evaluation of trends and impact of rainfall on groundwater quality. Applied Water

Science, 12, 172. https://doi.org/10.1007/s13201-022-01675-4

40



Nisar, M. A., Ross, K. E., Brown, M. H., Bentham, R., & Whiley, H. (2020). Water stagnation
and flow obstruction reduces the quality of potable water and increases the risk of
legionellosis. Pathogens, 9(5), 350.

Official Gazette (OG). (2019) Zakon o vodama (Narodne novine 47/2023, 84/2021, 47/2023).

Official Gazette (OG). (2023). Zakon o vodi za ljudsku potrosnju (Narodne novine 30/2023).

Official Gazette (OG). (2023a). Pravilnik o parametrima sukladnosti, metodama analiza i
monitorinzima vode namijenjene za ljudsku potro$nju (Narodne novine 64/2023).

Official Gazette (OG). (2023b). Pravilnik o sanitarno-tehni¢kim i higijenskim te drugim
uvjetima koje moraju ispunjavati gradevine za vodoopskrbu i poslovanje u njima
(Narodne novine 88/2023).

Organisation for Economic Co-operation and Development (OECD). (2003). Environmental
Indicators: Development, Measurement, and Use. Reference paper, Paris, France.

Organisation for Economic Co-operation and Development (OECD). (2021). Water governance
in OECD countries: A multi-level approach. OECD Publishing.

Ozden, S., Giindiiz, O., Sarikaya, O., Basoglu, A., & Bayram, A. (2022). Major factors affecting
soil radon emanation. Natural Hazards, 110, 2913-2934.

Ozyurt, N. N., Lutz, H. O., Hunjak, T., Mance, D., & Roller-Lutz, Z. (2014). Characterization
of the Gacka River basin karst aquifer (Croatia): Hydrochemistry, stable isotopes and
tritium-based mean residence times. Science of the Total Environment, 487, 245-254.

Papp, L., Palcsu, L., Major, Z., Rinyu, L., & Téth, 1. (2012). A mass spectrometric line for
tritium analysis of water and noble gas measurements from different water amounts in
the range of microliters and milliliters. Isotopes in Environmental and Health Studies,
48, 494-511.

Parkhurst, D. L., & Appelo, C. A. J. (2013). Description of input and examples for PHREEQC
version 3—A computer program for speciation, batch-reaction, one-dimensional
transport, and inverse geochemical calculations (U.S. Geological Survey Techniques
and  Methods, Book 6, Chap. A43). U.S. Geological Survey.
https://pubs.usgs.gov/tm/06/a43/

Parlov, J., Kovag, Z., & Baresi¢, J. (2019). The study of the interactions between Sava River
and Zagreb aquifer system (Croatia) using water stable isotopes. In E3S Web of
Conferences (Vol. 98, Article 12017).

Picarro Technology. (n.d.). Cavity ring-down spectroscopy.

http://www.picarro.com/technology/cavity ring down_spectroscopy

41



Plummer, L. N., Prestemon, E. C., & Parkhurst, D. L. (1994). NETPATH: An interactive code
for modeling net geochemical reactions along a flow path (Version 2.0) (Water-
Resources Investigations Report 94—4169). U.S. Geological Survey.

Prest, E. 1., Hammes, F., & van der Kooij, D. (2016a). Biofilm development in drinking water
distribution systems: Impact on microbial quality and stability. Water Research, 100,
341-352.

Prest, E. I., Hammes, F., van Loosdrecht, M. C. M., & Vrouwenvelder, J. S. (2016b). Biological
stability of drinking water: Controlling factors, methods, and challenges. Frontiers in
Microbiology, 7, 45.

Puust, R., Kapelan, Z., Savic, D. A., & Koppel, T. (20103). A review of methods for leakage
management in pipe networks. Urban Water Journal, 7(1), 25-45.

RGN. (2008). Study on the protection zones of the Belski Dol Spring. Faculty of Mining,
Geology and Petroleum, University of Zagreb.

Ribeiro, L. (2000). SI: A new index of aquifer susceptibility to agricultural pollution. Instituto
Superior Técnico.

Rossman, L. A. (2000). EPANET 2 users manual. U.S. Environmental Protection Agency.

Ruk, D., Nemc¢ié¢-Jurec, J., Ores€anin, V., Kova¢, 1., Horvat, 1., & Ivani§, B. (2022).
Dimensional (temporal/spatial) and origin (natural/anthropogenic) characterisation of
groundwater quality parameters in alluvial aquifer case study: Ivansc¢ak catchment,
Koprivnica, Croatia. International Journal of Hydrology Science and Technology, 13,
403-423.

Sanchez-Murillo, R., Esquivel-Hernandez, G., Birkel, C., Ortega, L., Sdnchez-Guerrero, M.,
Rojas-Jiménez, L. D., Vargas-Viquez, J., & Castro-Chacon, L. (2020). From
mountains to cities: A novel isotope hydrological assessment of a tropical water
distribution system. Isotopes in Environmental and Health Studies, 56, 606—623.

Scribbr. (n.d.). Student’s t table: Guide & examples.

https://www.scribbr.com/statistics/students-t-table/

Smith, C., Grayman, W., & Friedman, M. (2001). Evaluating retention time to manage
distribution system water quality (Proposal RFP2769). AwwaRF & KIWA.

State Audit Office of the Republic of Croatia. (2024). Joint report: Achievement of goals
related to the improvement of water quality and the availability of water for human
consumption in the Republic of Croatia.
https://www.revizija.hr/UserDocsImages/ENG/Reports/2024/SDG6_joint%20report
final signed 11.11.2024.pdf (accessed on 26 November 2025).

42



gtiglic’, J., Ujevi¢ Bosnjak, M., Héry, M., Kurajica, L., Kinsela, A. S., Casiot, C., & Capak, K.
(2023). Bacterial diversity across four drinking water distribution systems in Croatia:
impacts of water management practices and disinfection by-products. FEMS
Microbiology Ecology, 99(1), fiac146.

Stute, M., Forster, M., Frischkorn, H., Serejo, A., Clark, J., Schlosser, P., Broecker, W., &
Bonani, G. (1995). Cooling of tropical Brazil (5 °C) during the Last Glacial Maximum.
Science, 269, 379-383.

Sukanya, S., & Joseph, S. (2023). Radon distribution in groundwater and river water. In
Environmental radon (pp. 53—87). Springer.

Tipple, B. J., Jameel, Y., Chau, T. H., Mancuso, C. J., Bowen, G. J., Dufour, A., ... & Ehleringer,
J.R. (2017a). Stable hydrogen and oxygen isotopes of tap water reveal structure of the
San Francisco Bay Area's water system and adjustments during a major drought. Water
Research, 119, 212-224.

Tipple, J. R., Mutikanga, H., & Fisher-Jeffes, L. (2017b). Water supply system management
and optimization. [IWA Publishing.

U.S. Environmental Protection Agency. (2002). Effects of water age on distribution system
water quality. https://www.epa.gov

United Nations (UN). (2015). Transforming our world: The 2030 agenda for sustainable
development. United Nations.

United Nations Economic Commission for Europe (UNECE). (1992). Convention on the
protection and use of transboundary watercourses and international lakes (Helsinki
Convention). UNECE.

United Nations General Assembly (UNGA). (2010). Resolution 64/292: The human right to
water and sanitation. United Nations.

Urumovié, K. (1971). On quaternary aquifer complex in Varazdin area. Geoloski vjesnik, 24,
183-191.

Urumovié, K., Hlevnjak, B., Prelogovi¢, E., & Mayer, D. (1990). Hydrogeological conditions
of Varazdin aquifer. Geoloski vjesnik, 43, 149—158.

USACHPPM. (2005). Technical Guide 374: Water system vulnerability assessment. United
States Army Center for Health Promotion and Preventive Medicine: Aberdeen Proving
Ground, MD, USA.

USEPA. (2014). Climate Resilience Evaluation and Awareness Tool Exercise with North
Hudson Sewerage Authority and New York-New Jersey Harbor & Estuary Program.
U.S. Environmental Protection Agency: Washington, DC, USA.

43



Viazquez-Suiié, E., Carrera, J., Tubau, 1., Sanchez-Vila, X., & Soler, A. (2010). An approach to
identify urban groundwater recharge. Hydrology and Earth System Sciences, 14,
2085-2097.

Vrba, J., & Zaporoz, A. (1994). Guidebook on mapping groundwater vulnerability. In H. Heise
(Ed.), International Association of Hydrogeologists. Springer: Hannover, Germany.

Vrecda, P., & Kern, Z. (2020). Use of water isotopes in hydrological processes. Water, 12,2227.

Vreeburg, . J., & Boxall, J. B. (2007). Discolouration in potable water distribution systems: A
review. Water Research, 41(3), 519-529.

Vreeburg, J. (2010). Discolouration in drinking water systems. IWA Publishing.

Waldrip, S. H., Niven, R. K., Abel, M., & Schlegel, M. (2016). Maximum entropy analysis of
hydraulic pipe flow networks. Journal of Hydraulic Engineering, 142, 04016028.

Wang, Y., Wang, S., Li, J., Yan, X., Li, C., Zhang, M., ... Ren, L. (2022). The formation and
control of ozonation by-products during drinking water advanced treatment in a pilot-
scale study. Science of the Total Environment, 808, 151921.

Wang, Z., Yang, X., Fu, L., & Li, M. (2025). A review of secondary contamination of drinking
water quality in distribution systems: Sources, mechanisms, and prospects. AQUA—
Water Infrastructure, Ecosystems and Society, 74(1), 118—141.

Waples, J. T., Bordewyk, J. K., Knesting, K. M., & Orlandini, K. A. (2015). Using naturally
occurring radionuclides to determine drinking water age in a community water system.
Environmental Science & Technology, 49, 9850-9857.

Weston, S. L., Collins, R. P., & Boxall, J. B. (2021). An experimental study of how hydraulic
transients cause mobilisation of material within drinking water distribution systems.

Water Research, 194, 116890. https://doi.org/10.1016/j.watres.2021.116890

WHO. (n.d.). Drinking water. Available online: https://www.who.int/news-room/fact-

sheets/detail/drinking-water (accessed 15 February 2023).

World Bank / EU Technical Support. (2023). Support to reduce water loss within the reform of
the water sector — NLRAP (Final Draft), Nov 2023.

World Health Organization (WHO). (2023). Drinking-water: Key facts. Geneva: WHO.

World Health Organization. (2023a). Guidelines for drinking-water quality (4th ed., 2022
update). WHO.

World Health Organization. (2023b). Water safety plan manual: Step-by-step risk management
for drinking-water suppliers (2nd ed.). WHO.

Yazdani, A., & Jeffrey, P. (2011). Complex network analysis of water distribution systems.
Chaos, 21, 016111.

44



Yusuf, J., Simon, B., Richard, P. F., Brett, J. T., Shazelle, T., & Gabriel, J. B. (2018). Isotopic
reconnaissance of urban WSS dynamics. Hydrology and Earth System Sciences, 22,
6109-6125.

Zaninovié, K., Gajié-éapka, M., Percec Tadi¢, M., Vuceti¢, M., Milkovié, J., Baji¢, A., ...
Kauci¢, D. (2008). Klimatski atlas Hrvatske/Climate atlas of Croatia 1961—1990,
1971-2000. Meteorological and Hydrological Service of Croatia: Zagreb, Croatia.

Zhou, J., Liu, G., Meng, Y., et al. (2021). Using stable isotopes as tracer to investigate
hydrological condition and estimate water residence time in a plain region, Chengdu,

China. Scientific Reports, 11, 2812.

45



46



Apendices

Scientific papers

Paper 1

Novotni-Hor¢icka, N., Markovi¢, T., Kovac, 1., & Karlovié, 1. (2024). Exploring endogenous
processes in water supply systems: Insights from statistical methods and 6'*0 analysis. Water,

16(10), 1425. https://doi.org/10.3390/w16101425

47



48



* water

Article

Exploring Endogenous Processes in Water Supply Systems:
Insights from Statistical Methods and 680 Analysis

Nikolina Novotni-Hor¢i¢ka !, Tamara Markovié >*, Ivan Kovaé 3 and Igor Karlovi¢

check for
updates

Citation: Novotni-Hor¢icka, N.;
Markovi¢, T.; Kovag, L.; Karlovig, I.
Exploring Endogenous Processes in
Water Supply Systems: Insights from
Statistical Methods and §'80 Analysis.
Water 2024, 16, 1425. https:/ /doi.org/
10.3390/w16101425

Academic Editor: Marco Franchini

Received: 19 March 2024
Revised: 6 May 2024
Accepted: 10 May 2024
Published: 16 May 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2

Varkom d.o.0., 42000 Varazdin, Croatia; nnovotni@varkom.com

Croatian Geological Survey, 10000 Zagreb, Croatia; ikarlovic@hgi-cgs.hr

Faculty of Geotechnical Engineering, University of Zagreb, 42000 Varazdin, Croatia; ivan.kovac@gfv.unizg.hr
Correspondence: tmarkovic@hgi-cgs.hr

@ N =

Abstract: Water used for water supply undergoes numerous changes that affect its composition prior
to entering the water supply system (WSS). Once it enters the WSS, it is subject to numerous influences
altering its physical and chemical composition, redox potential, and microbial quality. Observations
of water quality parameters at different locations within the WSS indicate that it is justified to assume
that these processes take place from the source to the end user. In this study, we used the results
of routine everyday analyses (EC, T, pH, ORP, chloride, nitrate, nitrite, ammonium, and bacteria)
supplemented by experimental data from a one-year sampling campaign assessing the main cations
and anions and stable isotopes 52H and 5180. Through these data, the statistical significance of
the differences between the concentrations of the basic water quality parameters among different
WSS locations was determined, together with the water retention time in the system. The results
indicate minor changes in water chemical composition within the observed WSS, remaining below
the prescribed Maximum Contaminant Level (MCL) for human consumption. However, factors such
as water retention time, CaCOj3 deposition, pH fluctuations, and bacterial growth may influence its
suitability, which necessitates further investigation into potential risks affecting water quality.

Keywords: water supply system; major cations and anions; stable isotopes; water retention time

1. Introduction

Water entering the water supply system (WSS) must be in accordance with the pre-
scribed requirements for human consumption [1,2]. Before reaching the WSS, it undergoes
disinfection processes and/or other conditioning procedures, depending on the quality of
the water at the sources. However, the system itself is subjected to the influence of various
processes that may affect its regulatory compliance, as well as organoleptic acceptability
by consumers. The water supply system is a complex network consisting of pipes with
different diameters and lengths, along with tanks, pumps, valves, and other plumbing
devices made of various materials, all of which can have an impact on the processes within
the system. The potentially occurring process is the formation of biofilms due to microbial
growth in the presence of nutrients, such as natural organic matter, iron, nitrogen, phospho-
rus, manganese, sulfates, and humic substances, that are originally present or have entered
the system after processing [3]. Additional processes include the formation and release
of deposits in pipes, corrosion, and the formation of harmful disinfection byproducts due
to interaction between the disinfectant and organic matter in water, etc. [4-9]. All these
processes could have a significant impact on water quality and acceptability [4-7].

The water supply system is dynamic, as hydraulic conditions fluctuate continuously
over a 24 h period due to consumption needs and malfunctions within the system (pipe
burst, maintenance activities, etc.). This dynamic nature leads to changes in the water
flow direction, pressure, and temperature, which can influence the water retention time
within the system, cause changes in pH, influence the solubility of metals present in the
system, etc. [8,9].
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Water suppliers are obligated to control the quality of delivered water to consumers.
Water quality monitoring is carried out within the framework of conducting basic and
extended chemical and microbiological analyses on a daily, weekly, and monthly basis
depending on the number of consumers and amount of water pumped. By systematically
collecting this data, water suppliers gain insights into the water quality within their system,
allowing them to improve guidelines for managing the WSS [10,11]. The collected data
can be used as a base for statistical analysis in order to predict whether water quality
will deteriorate in the near or distant future [12-15]. The stable water isotopes 5?H and
5180 serve as very useful tools in the analysis of the water cycle, providing essential
information about water retention time (residence time), identification of chemical pro-
cesses, etc. [16-20]. According to the US EPA [21], water retention time is the main factor
affecting the deterioration of water quality in WSSs. It often happens that, due to less
consumption or over-dimensioning of the system for fire flow requirements, water stays in
pipes or reservoirs for a longer time, which leads to a decrease in disinfectant concentration.
This further facilitates microbial growth, changes in pH levels, particularly during warmer
months due to increases in water temperature, and various reactions between materials
or sediments. Methods for determining water retention time in WSSs include chemical
tracers, mathematical models, or their combined use, each with its own set of advantages
and disadvantages [22,23]. Recently, naturally occurring radioactive and stable isotopes in
water have been utilized for the determination of the water retention time in distribution
systems [24].

This paper explores the application of '80 and statistical data processing on selected
chemical parameters within a small part of the water supply network managed by Varkom
Inc., Croatia. The objectives of the study were the following: (i) to characterize the water
from the source to the tap by analyzing hydrochemical parameters; (ii) to statistically
analyze selected water quality parameters: chloride, nitrate, pH, electrical conductivity
(EC) and temperature (T) over a two-year period, aiming to detect any significant changes
that would potentially impact the compliance of the drinking water standards; (iii) to verify
the reliability of basic statistical analysis results through geochemical modeling; (iv) to
calculate the water retention time in the WSS by using §'80 and an algorithm based on
technical WSS information, and compare the obtained results. All this work is carried out
to ensure sustainable management of the WSS, not only within the studied system but also
to validate its applicability for WSSs worldwide.

2. Materials and Methods
2.1. Research Area

This research focused on a small segment of the WSS operated by Varkom Inc. in
Varazdin County, northwestern Croatia (Figure 1). The whole WSS spans approximately
1600 km, comprising 20 reservoirs with a total volume of 19,500 m3, and supplies about
120,000 inhabitants [25]. Generally, there is no water treatment (except for one well that is
filtered through activated carbon, but it is not situated in the study area).

The entire WSS is mixed and very complex, drawing water from three groundwater
sources (Bartolovec and Vinokovscak wellfields, and Bela spring). For this study, a small
segment of the WSS was selected due to its well-defined traceability, allowing tracking of
the water flow from the pumped well through pipelines to the reservoir, without mixing
water from other wells. This approach enables us to monitor changes in chemical parame-
ters throughout the distribution. Specifically, this study centered around well B-1 at the
Bartolovec wellfield, from which water is drawn and sent through pipelines to the Tonimir
(T)and Golo Brdo (GB) water reservoirs, which have volumes of 500 m?® and 100 m3. The
water from the Tonimir reservoir is directed for consumption, while a flow rate of 4.2 L/s
fills the 100 m3 large Rukljevina (R) water reservoir (Figure 2).
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Figure 1. Geographical position of the study area presenting the main groundwater sources and the

selected water reservoirs investigated within this study.
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Figure 2. Schematic illustration of the selected segment of the WSS (Bl—well; Tonimir—exit from the

wellfield towards reservoirs (T—Tonimir, R—Rukljevina, GB—Golo Brdo)).

2.2. Water Sampling and Analysis

Water samples were taken from well B-1 and reservoirs T, GB, and R by two different
companies employing different sampling frequencies.

The first data set is a part of the water sampling campaigns from well B-1 and reservoirs
T, GB, and R as part of the operational monitoring of the Varkom Inc. supplier from
VaraZzdin, Croatia. Samples were collected in accordance with HRN ISO 5667-5:2011: Water
quality—Sampling—Part 5: Guidance on sampling of drinking water from treatment works
and piped distribution systems (ISO 5667-5:2006) and analyzed in its own laboratory. The
dynamics of the sampling were once a week throughout 2021 and 2022. The monitored
water quality parameters include pH, electrical conductivity (EC), chloride (C17), and
nitrate (NO3 ™). These parameters were chosen because they are part of regular analysis
and show certain spatial and temporal fluctuations. During this monitoring, additional
parameters, such as NO,~, NH4", temperature, turbidity, free residual chlorine, and
microbiological indicators, were also measured. However, they are not included in this
study due to the following specific reasons: nitrite (NO, ™) and ammonium (NHy4*) are
consistently below detection limits, while the remaining parameters depend on external
influences. In addition, heavy metals were not considered because of the following: they
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are not included in the everyday routine analysis and concentrations are very low, mostly
below the detection limit in wells and WSS waters. The pH and EC parameters were
measured using a multimeter (Multimeter HQ40d, HACH, Ames, IA, USA); chlorides were
determined by titration (Stand. Meth. 22nd Ed., 4500-CI-B), and nitrates were determined
spectrophotometrically (St. Meth. 22nd Ed., 4500-NO3-B) on a UV-VIS spectrophotometer
(Camspec, M509T, Leeds, UK). The precision and accuracy of analytical methods were
below 10%, as determined by repeated measurement of standard solutions of known
concentration (CertiPUR, Merck, VWR Chemicals, Radnor, PA, USA).

The second data set was obtained from three sampling campaigns in July and Novem-
ber 2022 (well B-1 and reservoir T) and February 2023 (well B-1 and reservoirs T, R, and
GB) performed by the Hydrochemical Laboratory of Croatian Geological Survey, Zagreb,
Croatia within the scopes of the TRANITAL and WATSON projects. Prior to sampling, pH,
EC, T, dissolved oxygen (DO), and redox potential (ORP) were measured using a WITW
multimeter. Concentrations of basic anions and cations were analyzed on Ion Chromato-
graph Dionex ICS 6000, while alkalinity was determined by titration with 1.6 N H,SO4
with phenolphthalein and bromocresol green-methyl indicators, and then converted into
equivalent concentrations of HCO3 ™. The precision of the measurements was determined
based on the charge balance of the main ions, as quantified by Ion Balance Error (IBE),
which was less than 5%.

Ratios of the stable isotopes 5'80 and §*H were determined using a Picarro L.2130i
device (Santa Clara, CA, USA) using CRDS (Cavity Ring-Down Spectroscopy) technol-
ogy [25], and the results were expressed according to the international standard. USGS
standards were used to control measurements, which were periodically checked according
to the IAEA international standards: Vienna Standard Mean Ocean Water 2 (VSMOW?2)
and Standard Light Antarctic Precipitation 2 (SLAP2). For 5180, the measurement precision
was +0.2%o, while for §2H, it was £0.9 %o.

2.3. Data Analysis

For each parameter at every location, the number of data points (1), average concen-
tration (X), corresponding variance (¢2), and its estimate (%) were determined:

2 ni 2
i = T_llf’i 1)

In order to determine the statistical significance of the difference between the concen-
trations at the locations L; and L;, it is necessary to apply the f-test:

x,-—xj

t= )

5d

whereby:
(ni—l)s%+ (Tl]‘—l)sjz» ni—|—n]-
nj+mnj—2 ' nin;

=

©)

The obtained t-value was compared with the critical value (¢, ), which was determined
for a significance level of 5% and based on the number of degrees of freedom:

k=mn;+n j—2 4)
Statistical data processing was conducted using the MS Excel tool.

Hypothesis

It is clear from expression (2) that the t-value is proportional to the difference between
the average concentrations at locations L; and L;. If the t-value is less than the critical
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one, the null hypothesis (Hp) is accepted, indicating that the observed difference is not
statistically significant. Otherwise, the alternative hypothesis (H;) is accepted:

t<t, — Hp: fizij (5)

t>t, — Hjp: fi#f]‘ (6)

If the t-value is greater than the critical one, the difference between the average
concentrations is considered statistically significant, which indicates an endogenous process
in the water between locations L; and L; within the water supply system.

2.4. Water Retention Time (Water Age)

The calculation of water retention time of water in the Tonimir reservoir was performed
by using §'80 measurements in well and reservoirs. The calculation utilized a simplified
model by [25], which was applied to estimate the residence time of water in the ground:

t=(1/2m) x /1 /(b/a)* =1 [years] (7)

where f is the estimated residence time, b is the maximal amplitude of the groundwater
isotopic data, and a is the maximal amplitude of the precipitation isotopic data over several
years. This formula was adapted for our specific context, where t represents the estimated
retention time of water in the system, b is the maximal amplitude of the water in the
reservoir, and a is the maximal amplitude of the water isotopic data from well B-1 over
two-year monthly measurements. Water retention time in two other reservoirs was not
calculated due to stable isotopes being measured only once. To verify the calculated
result, water retention time was estimated using an algorithm that takes into account input
parameters such as the diameters and length of pipes, reservoir dimensions, and water flux
within the pipes.

The PHREEQC version 3 software was used to determine saturation indices and CO,
pressure as calculations of carbonate balance within the reservoir system [26].

3. Results and Discussion
3.1. Hydrochemical Characteristics of Sampled Water

From Tables 1 and 2, it is observed across all sampling campaigns that the EC values
are higher in the well water than in reservoirs, ranging from 584 to 680 uS/cm for wells
and from 481 to 674 uS/cm for reservoirs. pH values displayed oscillations in well and
reservoir waters, with the highest oscillation noted during the year 2022. Furthermore,
pH values are higher in reservoir waters than in well waters. Both average CI~ and
NOj3;~ concentrations are similar in 2021 and 2022. However, oscillations were observed
in minimum and maximum concentrations during this period. By comparing both years,
a slight increase in the pH value at all locations and a decrease in chloride and nitrate
concentrations, and, consequently, electrical conductivity, at all locations were observed.
DO concentrations and ORP were lower in well water in comparison to reservoir waters.
Additionally, it is observed that the ORP is the highest in T reservoirs (first in the row
after chlorination) and gradually decreases in more distant reservoirs (Table 2). Samples
taken from wells represent raw water, meaning that DO concentrations and ORP reflect
the natural status of the water within the aquifer. At the T reservoir, water is coming
directly after chlorination, so the ORP is higher here than in reservoirs GB and R. This
suggests that water travels faster towards reservoir T, followed by reservoir GB, and takes
the longest time to reach reservoir R. During this transit, chlorine degassing occurs, leading
to a decrease in ORP. The alkalinity (HCO3; ™) was the highest in the well water, while the
lowest concentration was measured in the most distant reservoirs (R and GB) from the well
(Table 2).
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Table 1. Minimum, maximum, and mean concentrations of selected parameters for the years 2021
and 2022, measured in the supplier laboratory.

Year 2021 2022

. Ccl- NO;-  EC -  NOy-  EC
Location " PH  (mg/l)  (mg/L) (uSlem) " PH  (mg/l)  (mgll)  (uSlem)

min 6.68 17 1355 584 719 1945 166 570
B-1 max 806 293 307 681 792 293 220 663
mean 50 737 232 265 631 52 746 232 19.8 600
min 6.82 170 220 596 7.09 156 183 582
GB max 774 310 330 640 786 249 225 622
mean 51 742 23.2 27.9 628 50 7.52 22.2 20.5 603
min 6.84 163 226 471 7.13 184 174 544
R max 784 307 336 643 804 252 225 619
mean 51 7.43 229 27.8 625 49 7.65 22.4 20.5 601
min 7.02 156 221 604 7.10 179 17.1 577
T max 773 293 349 650 779 258 224 660
mean 52 7.41 23.1 274 629 50 7.47 22.6 20.2 603

According to major ion composition, both reservoir waters and well B-1 waters have
the same hydrochemical type, characterized as CaMg-HCO3, without pronounced differ-
ences on the Piper diagram (Figure 3).
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Figure 3. Piper diagram of sampled waters.

However, when observing the relationship between the pH, logpCO, pressure, and
calcium saturation index (Sl.yicite), differences are noticed (Figure 4a,b). The well water
exhibits a lower pH value and Sl ,jcjte, but higher logpCO,. On the other hand, reservoir
waters display higher values of pH and SI,jcite, but lower logpCO, (Figure 4b). In addition,
it was observed that in the reservoir farthest from the well, where water retention time is
the longest, the pH tended to be higher (Figure 4a).

Given that reservoirs, in a geochemical context, represent open systems where the
exchange of gasses between air and water occurs (as there is space above the water filled
with air), groundwater from well B-1 is oversaturated with CO,. When well water reaches
reservoirs, degassing of CO, occurs and, as a consequence, the shifting of the carbonate
mass balance towards the left side of the well-known equation occurs:

COyg) + Hy0 + CaCO3 <+ Ca** +2HCO; ™~
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Table 2. Results of measurements in Hydrochemical Laboratory of Croatian Geological Survey.
. EC o DO ORP HCO;- Cl- S042~ NO3~ Ca** Mg?>*  Nat K* 8180 2er o
Location Date wsfemy 1CO  PH o) mV)  (mgl)  (mgl) (mgl) (mgl) (mgl) (mgl) (mgl) (mgl) (%) ° B
B-1 26 July 2022 661 14.6 7.25 0.9 184 342 222 31.5 18.3 96.5 17.8 15 4.5 —9.85 —69.2
T 26 July 2022 660 14.2 7.3 0.8 139 307 224 31.5 18.4 96.8 17.8 14.9 4.5 —9.98 —69.3
B-1 30 November 2022 680 13 7.44 1.5 160 340 22.8 32.4 21.7 92.9 17.4 14.5 42 -9.8 —68.6
T 29 November 2022 674 12.6 7.52 44 162 348 223 324 21.4 93.9 17.8 14.5 43 —9.81 —69.3
B-1 1 February 2023 670 12.7 7.46 21 130 375 214 31.8 19.7 100 18.7 15 43 —9.73 —68.7
T 2 February 2023 603 9.7 7.53 3.2 280 372 229 31.7 20.3 100.6 18.6 15.2 47 —-9.72 —68.7
R 2 February 2023 578 57 7.59 8.9 240 371 21.8 31.8 20.5 100.2 18.6 15 43 —9.72 —68.7
GB 2 February 2023 586 6.7 7.44 7.6 273 371 224 31.4 20.1 100.2 18.6 15 4.3 —9.76 —68.8
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Figure 4. (a) Relationship between pH vs. logpCO;; (b) relationship between pH vs. Sl yicite
vs. logpCO; in reservoir and well waters. Red colored part of floating chart represents well water
while yellow and green colored parts represent reservoir waters.

With a calcium saturation index above 0, precipitation of calcium in the water is
induced, leading to the formation of a calcium crust on the water surface in reservoirs. This
reaction results in a decrease in alkalinity, as well as an increase in pH due to precipitation
of calcium carbonate, which further contributes to the decrease in EC.

All measured values for 8*H and 5'80 in reservoirs and wells indicate that the water
has a meteoric origin (Figure 5), as they are scattered around the local meteoric water line
(LMWL) of the study area [20]. Values of isotopes ranged from —9.98 (well B-1) to —9.72%o
(reservoirs T and R) for §'80, and from —69.3 (reservoir T) to 68.6%. (well B-1) for 6*H.
According to the measured 52H and 5!80 values in the water from reservoirs, there was
no evaporation effect during the sampling campaigns, indicating a short water retention
time. Consequently, the retention time is not long enough to be affected by seasonal
temperature changes, which could potentially affect water temperature in reservoirs and
thus isotope fractionation.

62.0
-64.0

-66.0

oB-1

# reservoir Tonimir

y=754x+5
-68.0

Areservoir Rukljevina

87H (/)

reservoir Golo Brdo
-70.0

—— LMWL Markovi¢ et al., 2020

8150 (°/y,)

Figure 5. Relationship between 5180 and 52H in sampled waters [20].

3.2. Water Retention Time in the Tonimir Reservoir

According to Equation (7), water retention time in the Tonimir reservoir is estimated
to be approximately 17 h using the stable isotope §'0. Employing the methodology that
takes into account the technical characteristics of the water supply system yields a similar
estimate of around 16.2 h. The consistency between the results obtained from both methods
indicates that §'80 could be a useful and reliable tool to gather information about the
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system, especially when WSS managers encounter situations where their understanding of
the system’s operation is limited.

3.3. Findings of Statistical Data Processing

Using the data from Table 1, the statistical significance of the differences in concen-
trations of the measured indicators was determined by comparing the locations on the
network (reservoirs T, GB, and R) with the data at the starting sampling point—well B-1
at the wellfield. The calculated t-values were then compared with ¢,, which, for the given
number of data points, is 1.984 [27]. The results of these comparisons are summarized in
Table 3a,b.

Consistent with hypotheses (5) and (6), the obtained results show that, in 2021, negative
t-values increased with the distance from well B-1 for pH and NO3 ™, with significant
difference observed for NO3 ™~ in water reservoirs GB and R (Table 3a). For EC, positive
t-values increased with distance from well B-1 but did not demonstrate a significant
difference in chloride concentration.

In 2022, the analysis revealed an increase in negative f-values with distance for pH
and NOj3;~, whereas, for EC, it decreased in the more distant water reservoirs GB and R
(Table 3b). Conversely, the t-value for C1™ is positive and it is increasing. For the parameters
pH, C1~, and NO3 7, a significant difference was observed between the water samples from
B-1 and reservoirs GB and R, as all t-values are greater than the critical ¢,.

In both monitored years, differences were noted in the t-values for pH, but these
differences were more significant for 2022, as a result of CO, degassing from water, as
explained in Section 3.1. However, since reservoir systems are very dynamic (filling with
fresh water and undergoing aeration during regular maintenance), the pH of water within
reservoirs would not reach the critical value for human consumption of 9.5. Hypothetically,
considering reservoir T as an example, if the reservoir were sealed, without inflow or
outflow occurring, the pH would gradually increase until reaching an equilibrium between
CO, in the water and air.

The significant decrease in chloride could be attributed to chlorine degassing. Even
ORP is decreasing and, in WSSs, ORP and chlorine concentrations are very well con-
nected [28]. However, looking at the mean, minimum, and maximum measured values and
considering the measuring error of £10%, it is evident that all of them fall within a similar
range. The same issue appears when analyzing nitrate concentrations. While bacteria
from biofilms in pipes could potentially reduce nitrate into nitrite or ammonium. All mea-
sured values for these two parameters are consistently below the detection limit, which is
<0.01 mg/L. In these two cases, statistical data processing led us to unreliable conclusions.

Despite the occurrence of precipitation of calcium carbonate and degassing of chlorine,
their impact on reservoir waters is not significant.
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Table 3. (a) Hypothesis testing for parameters measured in year 2021. (b) Hypothesis testing for parameters measured in year 2022.
(@
YEAR 2021 pH Cl~ (mg/L) NO;3;~ (mg/L) EC (uS/cm)
Statistics B-1 T GB R B-1 T GB R B-1 T GB R B-1 T GB R
Mean () 7.37 7.41 7.42 7.43 23.2 23.1 23.2 22.9 26.5 27.4 27.9 27.8 631 629 628 625
Standard Deviation (o) 0.266 0.160 0.191 0.205 2.25 2.37 2.32 2.56 2.90 2.47 2.45 2.5 18.8 11.1 9.6 23.7
Sample Variance (02) 0.071 0.026 0.036 0.042 5.04 5.63 5.38 6.57 8.42 6.08 6.00 6.3 352.6 123.1 92.0 561.2
s 0.071 0.026 0.036 0.042 5.04 5.63 5.38 6.57 8.42 6.08 5.84 6.3 352.6 123.1 92.0 561.2
Minimum 6.68 7.02 6.82 6.84 17.00 15.6 17.0 16.3 13.6 22.1 22.0 22.6 584 604 596 471
Maximum 8.06 7.73 7.74 7.84 29.25 29.3 31.0 30.7 30.7 34.9 33.0 33.6 681 650 640 643
n 50 52 51 51 50 52 51 51 50 51 51 50 50 52 51 51
sd? 0.00187  0.00211  0.00223 0.209 0.206 0.230 0.287  0.282 0.293 9.24 8.75 18.14
t —0.868 —0.992 —1.260 0.125 —0.033  0.533 —-1.640 —2.674 —2.350 0.612 0.887 1.362
to 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984
Hypothesis HO HO HO HO HO HO HO H1 H1 HO HO HO
(b)
YEAR 2022 pH Cl~ (mg/L) NO; ™ (mg/L) EC (uS/cm)
Statistics B-1 T GB R B-1 T GB R B-1 T GB R B-1 T GB R
Mean (x) 7.46 7.47 7.52 7.65 23.2 22.6 22.2 224 19.8 20.2 20.5 20.5 600 603 603 601
Standard Deviation (o) 0.166 0.137 0.144 0.220 1.81 1.49 1.84 1.47 1.28 1.37 1.26 1.24 14.2 14.6 10.8 12.5
Sample Variance (0?) 0.028 0.019 0.021 0.048 3.28 2.23 3.38 2.17 1.65 1.88 1.59 1.53 202.9 213.2 117.5 156.6
s? 0.028 0.019 0.021 0.048 3.28 2.23 3.38 2.17 1.65 1.88 1.59 1.53 202.9 213.2 117.5 156.6
Minimum 7.19 7.1 7.09 7.13 19.5 17.9 15.6 18.4 16.6 17.1 18.3 17.4 570 577 582 544
Maximum 7.92 7.79 7.86 8.04 29.3 25.8 249 252 22.0 224 22.5 22.5 663 660 622 619
n 52 50 50 49 52 50 50 49 52 50 50 49 52 50 50 49
sd? 0.00091  0.00095  0.00149 0.108 0.131 0.109 0.0691  0.0636  0.0630 8.16 6.32 7.15
t —0.617 —-2.076 —5.106 1.714 2.671 2.288 —1.467 —-2.859 —2.693 —1.070 —0.953 —0.268
ta 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984 1.984
Hypothesis HO H1 H1 HO H1 H1 HO H1 H1 HO HO HO
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4. Conclusions

In this paper, we elaborated on the advantages and disadvantages of employing
5180 isotopes, geochemical modeling, and statistical data processing to determine water
retention time in WSSs, and investigated how retention time influences water quality within
the system and the significance of the processes that are occurring. The major findings are
the following:

e The application of statistical data processing indicated the significance of certain
changes within the WSS. However, the results of statistical processing should not be
taken easily, because they can lead to wrong conclusions.

e  FElectrical conductivity decreases with increasing distance from the well due to the
precipitation of calcium carbonate.

e In the example of the Tonimir reservoir, the water retention time is not long enough
that it could deteriorate the water quality in the system.

e pH change is occurring. However, it will never reach MCL, which is pH 9.5, due to
the dynamic status of WSSs—short water retention time.

e  Stable isotopes have proven to be useful for calculating water retention time in the
system, and they can be a useful complement to the management of WSSs.
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Abstract: Effective management of Water Supply Systems (WSSs) is crucial for ensuring safe drinking
water. The WSS of Varazdin County is a complex network involving three groundwater sources:
Bartolovec and Vinokovs¢ak wellfields (alluvial aquifers) and Bela karstic spring. To achieve a
comprehensive characterization of WSSs, routine laboratory data was integrated with stable isotopes
and geochemical modeling. Within this study, all measured parameters remain below the Maximum
Contaminant Level (MCL), ensuring water safety for human consumption. The Piper diagram
identified variations in water sources based on their chemical composition, providing a simplified
overview of mixing patterns within WSSs. Among the modeling approaches, inverse modeling (IM)
was found to be more reliable than forward modeling (FM) and mass balance modeling (MB). Despite
the limited capacity of §'80 to provide accurate mixing results, it was revealed that the reservoir
water was in equilibrium with the air (no evaporation effects), indicating well-sealed reservoirs.
Mixing modeling showed that the western, southwestern, and northern parts of the WSS mixed all
three sources, whereas the eastern and southeastern areas primarily relied on the deeper aquifer
of the Bartolovec source, indicating potential vulnerability. Strict validation criteria ensured the
reliability of results, demonstrating the effectiveness and applicability of geochemical modeling in
water security management plans.

Keywords: chemical composition; stable isotopes; geochemical modeling; origin; WSS; Varazdin County

1. Introduction

Water for human consumption is a precious resource that affects the development of
civilization. While often taken for granted in developed nations, access to safe drinking
water remains a significant challenge in less developed or underdeveloped countries, partic-
ularly among marginalized communities. According to the World Health Organization [1],
over 2 billion people do not have access to safe water for human consumption. Conse-
quently, ensuring access to drinking water for the population becomes progressively more
challenging and expensive due to growing demand, the distance of available water source(s)
from urban areas, enhanced contamination risks, and climate change impacts [2]. To ad-
dress these challenges, municipal water managers rely on numerous technologies to ensure
the capacity to deliver water with adequate quality and quantity to their consumers [3].
Water suppliers monitor water to ensure its quality meets the standards according to the
EU Directive 2020/2184 on the quality of water intended for human consumption [4].
Therefore, it is necessary to protect and manage not only water resources but also the WSS
itself. Effective management of the WSS not only reduces water losses (ensuring quantity)
but also protects water from contamination within the system.

Within the WSS, water passes through an intricate network of pipelines, valves, latches,
and water reservoirs (storage tanks); before reaching end-users, various changes can
affect the water quality and, consequently, customer satisfaction with the delivered water.
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Therefore, it is necessary to have a comprehensive understanding of the system to quickly
address incidents such as pipeline ruptures, water contamination, or user dissatisfaction.
This knowledge enables the identification of causes and the implementation of control
measures to mitigate risks to acceptable levels. To evaluate water quantity within a water
supply network, suppliers commonly employ deterministic or probabilistic analyses to
determine the flow rates and pressures in different sections of the network [3,5,6]. Generally,
such analysis is robust; it is computationally intensive due to the lack of unique solutions,
and the accuracy of these analyses is difficult to verify due to the lack of field measurements
within the networks [7].

The application of stable isotopes (5'80, §?H) and geochemical parameters have been
widely used as natural tracers in delineating the hydrological cycle of water to better
understand the hydrogeological systems [8-12]. In recent studies, the application of stable
isotopes and geochemical parameters was used to determine the status of WSSs because
they are methodologically very straightforward and allow data to be uniquely connected
to the consumer [13-16]. These parameters were shown to be more reliable compared to
simplified deterministic or probabilistic network analyses [3,7]. Furthermore, various types
of modeling, including mixing models and both forward and inverse geochemical models
utilizing isotopic and geochemical parameters, have been used to obtain information about
leaks in the water supply network, sewage permeability, and even correlations with a
socioeconomic indicator such as population size and income [13].

To the best of our knowledge, the approach of determining the water transport and
mixing within the network has not been used in Croatia. Only in recent years has research
been conducted to explore the effects of changing water sources on water quality in the
drinking WSS [17,18]. However, the application of stable isotopes has been widely used
to determine groundwater age, identify sources of contamination, analyze surface and
groundwater interaction, etc. [19-26]. In addition, the validation of mixing models using
selected chemical parameters measured in initial and end member waters helps to estimate
the reliability of gained values by mixing modeling.

The aim of this paper is to employ a multi-proxy approach that integrates geochemical
parameters (major ion chemical data and in-situ physiochemical data), stable isotopes (5120,
§%H), and different types of mixing models to analyze water flow paths within the network
and to determine the origin of water in different sections of the network. In addition,
this study compares different mixing models and provides recommendations on which
model is best suited for complex systems such as in the Varazdin area. The major novelty
of this work is demonstrating that simple tools, specifically geochemical parameters that
are routinely measured in water supply laboratories, combined with modeling and stable
isotopes, can be useful tools for the management of water supply networks, not just on
a local but also on a global scale. Furthermore, this study introduces a novel method for
validating mixing models, enhancing the reliability of their results.

2. Materials and Methods
2.1. Study Area

This study focuses on the Varazdin area in NW Croatia, where potable water is
distributed by the public water supplier Varkom d.o.o. (Figure 1). The main source of
potable water is groundwater extracted from the Varazdin aquifer at two wellfield sites,
Bartolovec and Vinokovséak, as well as a spring in Belski dol situated at the foothill of Mt.
Ivanscica. Water from these three sources is, after disinfection with chlorine, transported to
consumers via a 1670 km long distribution network.
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Figure 1. Schematic map of sampled points. See Table 1 for description.
Table 1. Sampling points coordinates and technical data.
Mark on Map e Longitude (E) Latitude (N) Elevation Well Filter
(Figure 1) Code Description (HTRS96/TM)  (HTRS96/TM)  (masl)  Depth (m) (m)
1 H1 Hydrant AGM 487,061 5,130,938 172.24
H2 Hydrant Perivoj M.Culeja 486,712 5,129,729 171.72
3 H3 Hydrant, S. Vukovica 487,617 5,128,649 170.00
4 H4 Hydrant Drava 488,490 5,131,493 170.50
5 H5 Hydrant Sra¢inec 483,780 5,131,782 175.12
6 Heé6 Hydrant Ludbreg 509,239 5,123,187 153.50
7 H7 Hydrant Varazdinske Toplice 494,099 5,118,929 189.72
8 PT1 Public tap AGM 487,061 5,130,938 172.24
9 P12 Public tap Perivoj M.Culeja 486,712 5,129,729 171.72
10 PT3 Public tap S. Vukovica 487,609 5,128,958 171.54
11 PT4 Public tap Drava 488,490 5,131,493 170.50
12 PT5 Public tap Sracinec 483,780 5,131,782 153.50
13 PT6 Public tap Ludbreg 509,239 5,123,187 175.12
14 PT7 Public tap Varazdinske Toplice 494,156 5,118,958 192.23
15 R1 Reservoir Brigka 483,631 5,121,191 331.48
16 R2 Reservoir Bolfan 513,429 5,118,567 258.52
17 R3 Reservoir Brezni¢ki Hum 483,103 5,107,850 240.00
18 R4 Reservoir Doljan 487,150 5,122,584 223.13
19 R5 Reservoir Donja Voc¢a 470,694 5,130,305 275.30
20 R6 Reservoir Lepoglava 465,054 5,119,159 285.98
21 R7 Reservoir Ludbreg 508,931 5,122,285 207.58
22 R8 Reservoir Luzan 489,003 5,119,909 305.41
23 R9 Reservoir Pintarié¢i 465,842 5,128,636 432.18
24 R10 Reservoir Séepanje 482,649 5,109,059 336.34
25 R11 Reservoir Tonimir 492,999 5,120,354 258.81
26 R12 Reservoir Toplicica 483,721 5,114,068 358.96
27 R13 Reservoir Vinica 472,327 5,132,738 259.86
28 B1 Well B-1, ‘?g{,f,‘g;"’sig well field 494,829 5,127,376 161.56 ) 15-25
29 Zd-4 Well Zd-4, BWF, DA 494,858 5,127,550 162.50 105 62-102
30 Zp-7 Well Zp-7, BWE, SA 495,036 5,127,384 161.35 45 15-42
31 Zp-9 Well Zp-9, BWF, SA 494,671 5,127,620 162.14 45 1542
32 E1 Exit Varazdin, BWF 494,880 5,127,604 162.13
33 E2 Exit Ludbreg, BWF 494,880 5,127,604 162.13
34 E3 Exit Novakovec, BWF 494,978 5,127,382 162.13
35 E4 Exit Doljan, BWF 494,832 5,127,378 162.13
36 ZV4 Well ZV4, Vinokovscak well field 485,842 5,133,689 174.80 45 10-40
37 Bela Bela spring 480,891 5,117,696 218.54




Sustainability 2024, 16, 9558

40f19

The Bartolovec wellfield site, situated approximately 7 km east of VaraZdin town in
the village of Bartolovec, serves as the primary water source for the majority of consumers
in Varazdin County, meeting around 70% of the water needs for human consumption in
the regional WSS. The annual average rate of pumped water is 264 L/s (data for 2022) from
9 wells (B1-B9), of which 5 capture water from the upper aquifer (depth up to 45 m) and 4
from the lower aquifer (depth up to 120 m). The Quaternary-age alluvial aquifer in this
area is divided by a 5 m thick silty-clay aquitard between the shallow aquifer (SA) and the
deeper aquifer (DA) [27]. This aquitard protects the DA from pollution from the surface
due to its poor permeability. Pumped groundwater from wells is disinfected and mixed in a
ring-shaped pipeline system with five exits designated for distribution: Varazdin, Ludbreg,
Novakovec, Doljan, and Tonimir (Figure 1). Because water mixes in a ring-shaped pipeline,
it is hard to know the specific source and quantity of water distributed in each direction.
This information is especially important in case of incidents when potential deterioration
of water quality in the water supply network could occur.

The Vinokovscak wellfield site is located approximately 3 km NW of Varazdin, where
groundwater is pumped from 4 wells (ZV1-ZV4), with an average annual rate of 82 L/s
(data for 2022, Figure 1). Due to the thinner alluvial aquifer in this area, the wells draw
water from a maximum depth of 45 m. Screens in wells are installed along the depth of
wells, facilitating the mixing of water from SA and DA during pumping. After disinfection,
the pumped groundwater from wells is distributed to one pipeline towards the north part
of Varazdin town and the NW part of Varazdin County.

Spring water from Bela is captured at an average rate of 30 L/s (Figure 1). It is located
in the village of Bela at the foot of the Ivans¢ica Mountain, 20 km SW from the town of
Varazdin. This water source gravitationally flows through the pipeline to the pumping
station Filipi¢i, where it is disinfected and distributed into the water supply network. The
Bela spring represents the smallest groundwater source within the WSS, covering 8% of the
region’s water needs. Unlike the previously described groundwater sources, the catchment
area of the spring Bela consists of carbonate-fissured rocks, mainly dolomite of the Triassic
age [28].

2.2. Water Sampling

Raw water samples (prior disinfection) were collected on a monthly basis between
December 2021 and December 2022 from groundwater sources at Bartolovec, Vinokovscak,
and Bela for chemical and isotopic analyses (Figure 1, Table 1). At the Vinokovscak wellfield,
one well (ZV-4) was sampled, while at the Bartolovec wellfield, samples were taken from
three wells: two from SA (B-1 and Zp-7) and one from DA (Zd-4). Additionally, at the
Bartolovec wellfield, samples were collected from all five (Figure 1, Table 1). Sampling
from the distribution network was carried out twice, in July and November 2022. During
the July 2022 campaign, reservoirs and public taps were sampled, while in the November
2022 campaign, reservoirs and hydrants were sampled (Figure 1, Table 1). Since the second
campaign occurred during winter, public taps were closed to prevent pipe bursting due to
low air temperatures.

Samples were poured into a 50 mL plastic bottle with a tight-fitting cap for stable
isotope analyses and in 350 mL for chemical analyses. All samples were measured in the
laboratory immediately upon returning from the field.

2.3. Water Analyses

Field measurements of electrical conductivity (EC), water temperature (T), pH, and
dissolved oxygen content (DO) were conducted using a calibrated portable WTW instru-
ment. Measured DO values for wells were excluded from consideration because they were
affected by pumping. Total alkalinity was determined in the field by titration with 1.6 N
H,SO4 using phenolphthalein and bromocresol green-methyl red as indicators. Major
cations and anions were analyzed using the ion chromatography technique on a Dionex
ICS-6000 DC at the Hydrochemical Laboratory of the Croatian Geological Survey. The
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analytical precision of cation and anion measurements, indicated by the ionic balance error
(IBE), was computed on the basis of ions expressed in meq/1. The IBE value was observed
to be within a limit of +5% [29,30].

The 5'80 and §°H were determined using the Picarro L2130i (Santa, Clara, USA) in
the Hydrochemical Laboratory of the Croatian Geological Survey. The instrument uses
CRDS (Cavity Ring-Down Spectroscopy) technology [31]. All measurements were checked
against USGS standards (USGS48 —2.224 + 0.012%o §'80; —2.0 & 0.4%. 8°’H; USGS46a
—30.09 £ 0.05%0 5'80; —235.6 & 0.7%0 5*H), which were checked periodically against the
International Atomic Energy Agency (IAEA) standards: Vienna Standard Mean Ocean
Water 2 (VSMOW?2) and Standard Light Antarctic Precipitation 2 (SLAP2). Measurement
precision was +0.2%. for 580 and 4-1%. for §?H. It is generally known that all isotopic
results are expressed as per the international measurement standard, VSMOW?2 [32,33].

2.4. Modeling

This study employed three approaches to calculate water mixing ratios: the mixing
models. The first approach involves the application of mass balance calculations (MB), a
commonly used method [34-36] where proportions of two-end members in the observed
sample can be calculated using simple formulas based on conservative tracers Cl1~ and §'80.

Specifically, the calculations were performed using the following two equations:

for = Cl;ample_C1;2 1)
S1— — = ~—

Clsl_CISZ

6180 _5180
fSl _ sample s2 )

51804 —51804

where fg; represents the fraction (between 0 and 1) of source water 1 estimated in a sample
of mixed origin. The CI~ sample and 51805ample represent concentrations in waters from
reservoirs, public taps, exits, and hydrants; Cl 4, 5180, Cl™ g, and 3180, represent
concentrations in different groundwater sources.

The other two models were conducted using geochemical modeling software, which
uses geochemical parameters to infer the physical and chemical processes that control water
chemistry along flow paths, specifically within the water supply network (pipeline, reser-
voirs), and to quantify reactions occurring within this network. The inverse geochemical
modeling (IM) was performed using the PHREEQC software, version 3-A [37]. It is based
on a geochemical mole-balance program that calculates the phase mole transfers (the moles
of minerals and gases that enter or leave a solution) to account for the differences observed
between initial and final water composition along the flow path, in our case, within the
network. The third approach involved using the NETPATH-WIN software for forward
geochemical modeling (FM) [38,39]. In all three models, EC, CI~, NOs~, and 5180 were
used as constraints. Each of them has its advantages and disadvantages, which will be
explained in more detail in the Results and Discussion chapter. The accuracy of the results
was controlled according to the saturation index data for calcite and dolomite, which were
compared with the actual values.

At the Bartolovec source, mixing models were performed in two steps because the
mixing of SA and DA occurs at the source prior to water reaching the water supply network.
The first step was to calculate the mixing proportions of groundwater from SA (represented
by B-1 and Zp-7) and DA (represented by Zd-4) in the final waters of the wellfield, which
are the exits (E1-E5). For the groundwater sources Vinokovscak and Bela, this step was
unnecessary due to the presence of only one exit into the network. In the second step,
mixing models in the network (reservoirs, hydrants, and public taps) were calculated,
where exits from all water sources (E1-E5, ZV-4, and Bela) represented initial waters, and
samples from the network (H1-7, PT1-7, and R1-13) represented final waters. The modeling
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results are presented as percentage ratios of the initial waters in the final ones (ranging
from 0 to 100%).

The validation of all three mixing models was performed by calculating sulfate con-
centrations in end members and comparing them with measured values. The sulfate
concentration was chosen due to its conservative nature, inability to precipitate or to be
added during disinfection, and it was not used as a tracer in calculations. Considering a 5%
measurement error on IC, all values below 0.5 mg/L were taken as reliable results, while
values exceeding this threshold were considered as poor results.

3. Results and Discussion

All measured parameters in raw water (groundwater sources) and water supply
network, including mean (average), minimum, maximum, and standard deviation, are
presented in Tables S1 and S2 in the Supplementary Material.

3.1. Geochemical and Isotopic Characteristics of Groundwater Sources
3.1.1. Bartolovec Wellfield

Measured temperature values in SA varied from 12.5-14.9 °C for well B-1 and 12.2-13.3 °C
for well Zp-7 (Table S1). Although both wells capture the same aquifer, the observed
difference in temperatures is attributable to the shallower depth of well B-1 (32 m) compared
to well Zp-7 (45 m). Consequently, well B-1 is susceptible to water percolation from the
surface during different seasons, while deeper Zp-7 remains unaffected by such phenomena.
The average measured temperature in well Zd-4 during 12 months was 13.2 °C, indicating
homogenization and longer transit time of water within the DA. Measured pH values
showed differences between SA and DA. The pH values in SA varied from 7.2 to 7.7,
showing higher oscillations throughout the year, while pH values in DA are slightly higher,
ranging from 7.4 to 7.7 without significant oscillations during the year (Table S1).

Measured EC and nitrate concentrations in SA showed higher oscillations throughout
the year compared to DA (Figure 2). Nitrate concentrations in well B-1 varied from 13.7 to
224 mg/L and in well Zp-7 from 19.0 to 26.0 mg/L, demonstrating significant oscillations
during the year (Figure 2). The intensive agricultural production in the catchment area of
these wells, coupled with a very thin surface-covering layer, contributes to leaching nitrates
from the surface into the groundwater. However, this phenomenon is not observed in the
well Zd-4, where nitrate concentrations range from 4.7 to 9.2 mg/L, additionally indicating
a longer transit time of water in DA compared to SA. This observation confirms that the
clay-silty layer that divides the aquifers has a protective function [25,40]. The measured EC
values were higher in SA compared to DA. In SA (wells B-1 and Zp-7), EC values varied
from 650 to 680 uS/cm, while in DA, EC varied from 469 to 480 uS/cm (Figure 2). This
discrepancy is a consequence of higher concentration of dissolved solids in waters of SA
relative to DA. In addition, the measured chloride concentrations in SA are significantly
higher compared to DA. The average chloride concentration in well B-1 is 27.1 mg/L, and
inwell Zp-7,24.7 mg /L, whereas in well Zd-4, the average is only 3.42 mg/L. High chloride
and nitrate concentrations in the SA indicate washing out from the unsaturated zone, as
previously observed in the study by Karlovi¢ et al. [41].

Geochemical differences between SA and DA were also visible in their Ca2*, Mgz*,
5042_, Na*, K*, HCO;~, and F~ concentrations. In SA, these parameters are higher, with
average values of 94.3 mg/L, 173 mg/L, 31.7 mg/L, 14.1 mg/L, 4.24 mg/L, 336.7 mg/L,
and 0.39 mg/L, respectively, compared to DA, where the corresponding averages are
739 mg/L, 13.8 mg/L, 6.94 mg/L, 521 mg/L, 1.31 mg/L, 304.8 mg/L, and 0.30 mg/L
(Table S1). According to the Piper diagram (Figure 3), both waters belong to the CaMg-
HCO;~ hydrochemical type, which is a consequence of the dissolution of carbonate and
silicate minerals that form the aquifer [27,42,43]. However, even on this diagram, differences
between waters are visible.
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Figure 2. Measured monthly values of (a) EC, (b) C17, and (c) NO3 ™ in groundwater of Bartolovec
wellfield.
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Figure 3. Piper diagram of sampled wells and spring (red: Bela, blue: Zp-7 (SA), purple: Zd-4 (DA),
and grey: ZV-4).

In addjition to the aforementioned parameters, monthly measurements of stable oxygen
and hydrogen isotopes in water also revealed differences between SA and DA, especially in
the warmer part of the year (Figure 4). In SA, 5'80 values range from —10.69 to —9.55 %o
and 62H from —74.5 to —67.8 %o, while in DA, they range from 5180 —10.69 to —10.1 %o
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for §'80 and from —73.6 to —70.6 %o for *H (Figure 4, Table S1). Variations between
wells B-1 and Zp-7, although they capture the same aquifer, mirror the patterns observed
with temperature, chloride, and nitrate concentrations. This phenomenon underscores the
heterogeneous nature of SA. All these differences provide valuable insights for developing
mixing models.
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Figure 4. Monthly oscillation of 580 (%o) values in groundwater of the Bartolovec wellfield.

3.1.2. Vinokovscak

The measured EC values of groundwater at the Vinokovscak wellfield ranged from
622 to 658 uS/cm (Figure 5). The temperature values ranged from 11.9 to 13.1 °C, while
pH values ranged from 7.24 to 7.48 (Table S1). Chloride and nitrate concentrations ranged
from 7.6 to 10.9 mg/L and 16.1 to 25.5 mg/L, respectively, without significant oscillations,
although a decreasing trend was observed during the monitored period (Figure 5). The
monitored year experienced very dry conditions, and this part of the study area is very
well connected with the Drava River, especially during periods of low groundwater lev-
els [41]. The Drava River has low concentrations of chloride and nitrate [41], which could
contribute to the observed decreasing trend due to the higher river influence towards
hydrological minimums.

The concentrations of major ions (Ca?t, Mg2+, SO4%~, Na*, K*, and HCO3 ™) also did
not show significant oscillation, with measured average values of 98.5 mg/L, 19.3 mg/L,
292 mg/L, 414 mg/L, 1.52 mg/L, and 357 mg/L, respectively. According to the Piper
diagram (Figure 3), monitored waters belong to the CaMg-HCO3; ™~ hydrochemical type, at-
tributed to the dissolution of carbonate and silicate minerals that build the aquifer [27,42,43].
Interestingly, these waters have a similar Ca?* /Mg?* ratio as waters from deep well Zd-4
of the Bartolovec wellfield, but chloride and sulfate concentrations are higher, reflecting
different geochemical conditions within the aquifer (Figure 3).

On the contrary, measured stable oxygen and hydrogen values closely resemble those
of the Bartolovec wellfield (Figure 6). It was observed that §'80 oscillated within the
range of £0.2 %o, consistent with the measurement error. Similarly, 82H varied around
measurement error of +1 %, This initial observation was the first hint that 6§80 would
not be the most suitable parameter for mixing modeling. Furthermore, some values are
plotted above the LMWL in the '8 0-82H diagram, especially wells DA and ZV-4, which is
explained in detail in [11].
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Figure 5. Measured monthly values of EC, CI~ and NO3; ™ in groundwater of Vinokovscak wellfield.
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Figure 6. Distribution of groundwater 3180 (%o) and 52H (%.) values around the local meteoric water
line (LMWL) (according to [11]).

3.1.3. Bela

All measured hydrochemical parameters at this groundwater source are a consequence
of the long transient time of the groundwater [44]. The measured water temperature ranged
from 11.1 to 11.3 °C, while the pH values ranged from 7.4 to 7.6 (Table S1). The same behav-
ior is observed in EC values, ranging from 495 to 501 uS/cm (Figure 7). Higher oscillations
were observed in chloride, nitrate, and sulfate concentrations (Figure 7, Table S1), which is
attributable to the influence of surface water. The spring is situated along the Varazdin—
Podrute road, and it is divided by road by stream. During the high-water periods, surface
runoff into the spring occurs.
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Figure 7. Measured monthly values of EC, CI~ and NO3~ in groundwater of Bela spring.

Compared to the other two groundwater sources, the spring water contains high
concentrations of Mg?* (22.9-25.6 mg/L) due to the dolomite dissolution in the catchment
area of the spring. Measured average values of other major ions Ca*, Na*, K*, and HCO;3~
are 62.5 mg/L, 1.16 mg/L, 0,49 mg/L, and 314.4 mg/L, respectively. According to the
Piper diagram, spring water belongs to the CaMg-HCO3 ™ hydrochemical type (Figure 3),
noticeably different compared to the other two sources.

The measured §'80 values range from —10.67 to —10.29 %o, and the §*H ranged from
—72.20 to —70.80 %o (Table S1). These values are the most negative of all investigated
groundwater sources and are shifted from the LMWL for Varazdin (Figure 6). This discrep-
ancy can be attributed to several factors. Firstly, the catchment area of the spring is situated
at a higher elevation (averaging about 700 m a.s.1.) with the highest peak exceeding 1000 m
a.s.l, resulting in higher, more negative 'O values in spring water. Secondly, the transit
time in such aquifer types is long, over 50 years [44]. During this period, the winters were
colder, with high amounts of snow [45] serving as the major source of recharge.

3.2. Geochemical and Isotopic Characteristics of Water from Water Supply Network—Reservoirs,
Public Taps and Hydrants

3.2.1. Reservoirs

According to the measured data for reservoirs, pH values ranged from 7.3 to 8.2,
temperatures from 11 to 21 °C, DO from 0.8 to 10.4 mg/L, EC from 486 to 683 uS/cm,
and HCO3™ from 295 to 360 mg/L. In reservoir water, high oscillation of basic cations
and anions was observed due to the mixing of different groundwater sources. An im-
portant finding was that none of the measured concentrations exceeded those measured
in the groundwater source, indicating no significant impact (contamination) within the
network. Measured values ranged as follows: Ca%* from 61.3 to 96.8 mg/L; Mg?* from
13.7 t0 26.8 mg/L; Na* from 1.3 to 14.9 mg/L; K* from 0.4 to 4.47 mg/L; C1~ from 2.94 to
224mg/L; SO,%~ from 8.86 to 32.4 mg/L; and NO3; ™~ from 2.5 to 22.4 mg/L. The measured
stable isotope values for 5180 varied from —10.67 to —9.81 %o, and for 62H from —71.9 to
—69.3 %o.

3.2.2. Public Taps and Hydrants

Similar to the reservoirs, the geochemical parameters of sampled waters from public
taps and hydrants showed variability, but concentrations did not exceed the maximum
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values of groundwater sources. The measured pH values ranged from 7.28 to 7.69, EC from
483 to 676 uS/cm, temperature from 8.3 to 23.1 °C, DO from 0.8 to 8.9 mg/L, and HCO3~
from 302 to 366 mg/L. The concentrations of major ions were as follows: Ca?* from 71.8
to 98.2 mg/L; Mg?* from 13.8 to 19.0 mg/L; Na* from 4.0 to 15.0 mg/L, K* from 1.4 to
45mg/L; C1™ from 4.5 to 22.8 mg/L; SO42’ from 7.9 to 16.6 mg/L; and NO3 ™~ from 5.20 to
22.0mg/L.

The measured stable isotope values for 5§80 ranged from —10.22 to —9.81 %o, and
for °H from —71.3 to —69.3 %o. Preliminary stable isotope results for reservoirs, public
taps, and hydrants were plotted against LMWL (Figure 8). It was observed that the
summer sampling campaign for reservoirs and public taps differs from the winter sampling
(reservoirs and hydrants). This discrepancy can be attributed to different factors such as
water temperature variations, fractionations within pipes, different pumping regimes, etc.
Regardless of all these influences, it was observed that values are distributed within the
elliptical shapes, which represent their origin. Moreover, one reservoir in both sampling
campaigns showed the same origin (reservoir R1 and the Bela source). Consistent with the
geochemical parameters, there were no outliers observed, confirming no contamination
within the water supply network.
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Figure 8. The relationship between 5°H and §'80 in drinking water supply network, plotted alongside
the LMWL (according to Markovi¢ et al., 2020 [11]). The range of measured stable isotopes for
groundwater sources is illustrated in the form of elliptical shapes, with each color representing a
different source: blue—Bela; red—Vinokovscak; purple—DA Bartolovec; grey—SA Bartolovec.

3.3. Origin of Water in the Water Supply Network
3.3.1. Origin of Water at Exits at the Bartolovec Wellfield

In the Bartolovec wellfield, mixing modeling was conducted on four of the five exits,
as exit Tonimir exclusively receives water from well B-1 (SA). Also, it was observed that
modeling with 5180 as constraints did not show satisfactory matches in most calculations,
so these results were not considered. Chloride emerged as the most effective constraint in
the majority of MB model calculations, with a generally better fit observed in the IM and
FM models compared to MB models (Table 2).
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Table 2. Results of MB, FM, and IM modeling evaluated against measured values at all exits. Red color—not good matching; yellow color—poor matching; green

color—excelent matching.

MB model 1 MB model 2 MB model 3 FM model IM model Measured Calﬁl}ﬁted Call\clllggted Call(:/[uégted Cal;l.ll\}[ated Calcllﬁ}lated Call\sllllileite‘i Call\%]l;;te‘i Call\jllll;?ed Cal;t&ated CachlIt/l[ated
exit

Dolian A sA DA sA DA sA DA SA DA  sA (SH?Q/ZL) (Sn?gzm (SISQ/ZL) f}gg‘*fu ZC’.SQ/ZL (SH?QIZL deviation  deviation  deviation  deviation deviation
Dec-21 78% 22% 71% 29% 73% 27% 71% 29% 72% 28% 124 11.6 13.3 12.8 133 13.0 0.17 1.04 0.52 1.05 0.70
Jan-22 80% 20% 76% 24% 69% 31% 76% 24% 77% 23% 15.2 144 15.5 17.3 155 15.2 0.16 0.35 2.55 0.38 0.06
Feb-22 77% 23% 73% 27% 70% 30% 73% 27% 74% 26% 16.2 15.6 16.7 174 16.7 16.4 0.13 0.61 1.45 0.63 0.28
Mar-22 77% 23% 75% 25% 74% 26% 75% 25% 75% 25% 13.1 13.1 13.6 14.0 13.6 13.7 0.00 0.63 1.04 0.61 0.73
Apr-22 78% 22% 76% 24% 79% 21% 76% 24% 76% 24% 13.5 131 13.7 129 13.7 13.7 0.08 0.30 0.13 0.30 0.20
May-22 67% 33% 58% 42% 85% 15% 58% 42% 59% 41% 15.7 12.8 14.6 9.1 14.6 144 0.61 0.23 1.36 0.24 0.28
Jun-22 70% 30% 59% 41% 85% 15% 59% 41% 61% 39% 16.0 12.7 14.8 9.7 14.8 14.5 0.69 0.25 1.31 0.25 0.32
Jul-22 69% 31% 60% 40% 79% 21% 60% 40% 60% 40% 16.9 13.9 l6.1 11.7 16.2 16.2 0.61 0.16 1.07 0.15 0.14
Aug-22 80% 20% 67% 33% 79% 21% 69% 31% 71% 29% 14.1 11.2 14.4 11.5 139 13.5 0.60 0.36 0.55 0.04 0.13
Sep-22 79% 21% 67% 33% 78% 22% 70% 30% 71% 29% 14.0 11.7 14.7 12.0 139 13.7 0.47 0.84 041 0.03 0.07
Oct-22 64% 36% 61% 39% 74% 26% 55% 45% 58% 42% 17.5 15.0 15.7 12.6 17.2 16.5 0.51 0.37 1.02 0.07 0.20
Nov-22 65% 35% 59% 41% 75% 25% 56% 44% 59% 41% 16.5 145 15.8 121 16.6 159 0.42 0.14 0.92 0.13 0.11
Dec-22 75% 25% 62% 38% 62% 38% 64% 36% 65% 35% 14.7 12.2 15.5 153 15.0 14.7 0.51 0.93 0.77 0.37 0.01
std 0.74 0.30 0.61 0.29 0.23

MB model 1 MB model 2 MB model 3 FM model IM model Measured Ca%\cﬁ;el\ted Call\cllu];;ted Call\c/[u]?l'gted Cal%l.ll\}lated Calxil.&/l[ated Call\sl%lalted Call\sll;alazted Calct]l}l;ted Cal%tll\}lated Calcll.lbl[ated

exit
L T4 — — — — — —

udbreg DA SA DA SA DA SA DA SA DA SA (ngélzL) (Sn?g/zu (Sn?é‘;L) ?n?é/zL) (S,gé/zL) (srgélzL) deviation deviation deviation deviation deviation
Dec-21 99% 1% 93% 7% 99% 1% 93% 7% 99% 1% 7.2 6.3 7.8 6.4 7.8 6.4 0.18 0.75 0.17 0.75 0.16
Jan-22 100% 0% 99% 1% 98% 2% 99% 1% 98% 2% 9.1 9.2 9.5 9.8 94 9.8 0.11 0.38 0.76 0.36 0.74
Feb-22 100% 0% 97% 3% 99% 1% 97% 3% 99% 1% 9.6 9.6 10.4 9.9 104 9.9 0.02 0.93 0.29 0.94 0.34
Mar-22 99% 1% 98% 2% 105% —5% 98% 2% 100% 0% 7.1 7.5 7.6 6.0 7.6 7.2 0.46 0.62 0.23 0.61 0.11
Apr-22 100% 0% 98% 2% 100% 0% 98% 2% 100% 0% 72 7.3 7.7 7.2 77 7.3 0.10 0.58 0.01 0.61 0.10
May-22 100% 0% 99% 1% 100% 0% 100% 1% 100% 0% 54 6.0 6.1 59 6.1 6.0 0.71 0.86 0.60 0.84 0.71
Jun-22 71% 29% 98% 2% 100% 0% 98% 2% 100% 0% 53 124 6.9 6.5 7.0 6.5 8.52 1.98 1.40 2.01 1.47
Jul-22 71% 29% 100% 0% 100% 0% 100% 0% 100% 0% 6.7 13.7 6.5 6.4 6.5 6.5 8.45 0.03 0.06 0.03 0.04
Aug-22 100% 0% 100% 0% 99% 1% 100% 0% 99% 1% 6.7 6.5 6.5 6.6 6.5 6.7 0.04 0.04 0.01 0.04 0.05
Sep-22 100% 0% 99% 1% 99% 1% 99% 1% 99% 1% 6.3 6.8 7.1 7.0 7.1 7.0 0.60 0.98 0.79 0.94 0.89
Oct-22 100% 0% 95% 5% 99% 1% 94% 6% 97% 3% 6.5 6.2 74 6.5 7.6 6.9 0.06 1.11 0.04 1.34 0.53
Nov-22 100% 0% 97% 3% 100% 0% 97% 3% 100% 0% 5.0 5.9 6.6 59 6.6 59 1.09 191 1.09 197 1.09
Dec-22 100% 0% 99% 1% 92% 8% 99% 1% 94% 6% 6.3 6.2 6.5 8.2 6.5 7.7 0.02 0.26 2.33 0.24 1.63
std 3.09 0.46 0.44 0.50
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Table 2. Cont.
) MB model 1 MB model 2 MB model 3 FM model IM model Measured Ca}\cr];;ted Ca%\c/[ué;ted Calctg;ted Cal%lll\}[ated Calcllﬁ/l[atEd Call\‘/:[uBlalted Calct]xala;ted Calct]x}l;ted Calctll\}[ated Calcllﬁ/llated
exi

VaraZdin DA SA DA SA DA SA DA SA DA SA (Sn? é/zL) (Sn(‘) g/ZL) (Sn? é/zL) (Sn? SIZL) (Sn? é/ZL) (Sn? g4/2L) deviation deviation deviation deviation deviation
Dec-21 100% 0% 100% 0% 71% 29% 99% 1% 99% 1% 8.2 6.2 6.1 13.3 6.4 6.4 0.41 0.44 6.19 0.36 0.36
Jan-22 100% 0% 94% 6% 70% 30% 94% 6% 95% 5% 10.7 9.2 10.8 17.2 10.8 10.5 0.30 0.11 7.79 0.09 0.03
Feb-22 100% 0% 93% 7% 62% 38% 93% 7% 93% 7% 10.7 9.6 11.5 19.6 115 11.5 0.22 0.99 10.79 0.99 0.92
Mar-22 99% 1% 94% 6% 62% 38% 94% 6% 94% 6% 8.5 7.4 8.9 17.1 8.9 8.8 0.23 0.48 10.34 0.48 0.34
Apr-22 100% 0% 93% 7% 49% 51% 93% 7% 93% 7% 8.7 7.3 9.0 20.7 9.1 9.2 0.29 0.37 14.47 0.39 0.52
May-22 73% 27% 31% 69% 92% 8% 31% 69% 31% 69% 219 11.6 20.1 7.7 20.1 20.1 2.14 0.37 294 0.37 0.38
Jun-22 100% 0% 31% 69% 90% 10% 31% 69% 32% 68% 22.8 6.5 20.7 8.6 20.7 204 3.37 0.44 295 0.44 0.50
Jul-22 100% 0% 31% 69% 87% 13% 31% 69% 33% 67% 24.8 6.5 234 9.7 234 22.8 3.80 0.30 3.12 0.30 0.41
Aug-22 87% 13% 63% 37% 78% 22% 66% 34% 63% 37% 15.6 9.6 15.3 119 147 154 1.23 0.06 0.77 0.18 0.05
Sep-22 85% 15% 62% 38% 75% 25% 66% 34% 62% 38% 15.6 10.3 15.8 12.8 148 15.8 1.11 0.22 0.58 0.16 0.25
Oct-22 65% 35% 27% 73% 82% 18% 16% 84% 28% 72% 25.5 14.8 241 10.6 269 239 222 0.28 3.10 1.68 0.33
Nov-22 84% 16% 67% 33% 81% 19% 64% 36% 67% 33% 15.0 9.8 141 10.6 147 14.0 1.07 0.19 0.90 0.06 0.21
Dec-22 84% 16% 61% 39% 63% 37% 63% 37% 65% 35% 14.6 10.1 15.6 152 152 14.7 0.93 1.24 0.69 0.67 0.08
std 1.20 0.34 4.56 0.44 0.24

N MB model 1 MB model 2 MB model 3 FM model IM model Measured Call\c/[u];ited Call\c/[tg;ted Call\c/llggted Cal%lll\}[ated Calcllg/llated Call\sllllgleited Call\flt]l;aZted Call\ﬁllll;gted Cal%lll\}[ated Cachllt/lIated

exi o-

vakovee  hbA sA DA SA DA  SA DA SA DA  sA (sn?g,zm (sn(‘)&zu (sn?é/zm ?n?;/zL) ?n?é/zL) (sn?éfL) deviation  deviation  deviation  deviation  deviation
Dec-21 1% 99% 7% 93% 0% 100% 65% 35% 31% 69% 29.8 30.2 28.6 30.4 34.5 229 0.42 0.24 0.72 5.62 143
Jan-22 1% 99% 5% 95% 0% 100% 39% 61% 16% 84% 35.2 35.1 34.1 35.4 39.0 31.2 0.02 0.24 0.24 4.58 0.83
Feb-22 0% 100% 6% 94% 0% 100% 53% 47% 11% 89% 35.0 35.8 34.4 35.8 40.9 329 0.97 0.13 0.97 7.14 0.43
Mar-22 0% 100% 9% 91% 0% 100% 100% 0% 6% 94% 33.1 33.2 30.8 33.2 404 31.6 0.12 0.48 0.12 8.82 0.30
Apr-22 0% 100% 4% 96% 20% 80% 57% 44% 4% 96% 33.6 33.8 32.7 28.5 379 32.7 0.24 0.18 1.06 5.23 0.18
May-22 0% 100% 3% 97% 0% 100% 64% 36% 33% 67% 28.1 264 25.8 264 30.2 19.7 0.35 0.48 0.35 2.55 1.75
Jun-22 0% 100% 6% 94% 0% 100% 74% 26% 21% 79% 29.5 26.9 25.7 269 31.7 22.6 0.54 0.78 0.54 2.67 1.42
Jul-22 2% 98% 6% 94% 0% 100% 6% 94% 9% 91% 30.9 30.5 294 30.9 31.3 28.7 0.08 0.32 0.00 0.48 0.46
Aug-22 8% 92% 12% 88% 0% 100% 12% 88% 10% 90% 30.6 28.5 27.6 30.5 31.3 28.1 0.44 0.62 0.02 0.82 0.52
Sep-22 7% 93% 10% 90% 0% 100% 83% 17% 8% 92% 30.5 28.8 28.2 30.5 36.1 28.6 0.35 0.48 0.00 6.78 0.39
Oct-22 13% 87% 11% 89% 0% 100% 0% 100% 10% 90% 30.4 27.6 28.1 30.8 30.8 28.3 0.58 0.48 0.48 0.48 0.43
Dec-22 12% 88% 9% 91% 0% 100% 2% 98% 9% 91% 30.2 274 28.3 30.4 30.5 28.2 0.58 0.40 0.24 0.39 0.41
std 0.26 0.19 0.37 2.96 0.50
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Nevertheless, all three models showed that at exit Doljan, depending on the pumping
regime, more than 50% and up to 77% of water is pumped from the DA and distributed
towards the southern part of the network. On the other hand, exit Ludbreg primarily
supplies the eastern part of the network with DA water, ranging from 92 to 100% (Table 2).
At the exit VaraZdin, up until April 2022, water was mainly pumped from the DA, between
93 to 99% of the supply. After that, the regime of pumping changed, favoring SA water from
62 to 72%, before reverting back to dominantly DA water (Table 2). At the exit, Novakovec
primarily supplies the eastern part of the network with the SA water, ranging from 92 to
100% (Table 2).

3.3.2. Reservoirs, Public Taps and Hydrants

Similar to the exits, the best fitting obtained by MB models is achieved using chloride
as constraints, and generally, the IM and FM models display a better fit than MB. After
validation, it was observed that IM models yielded the best results, which are discussed
further in the text. Despite slightly more difficulties appearing here, given that most of the
results showed a good match, it is evident that this modeling approach needs to be further
elaborated. The differences exist due to the varied chemical and isotopic composition of
many wells, which are alternately integrated into the water supply. It is likely that more
accurate results would be obtained by sampling all wells at the water pumping stations
rather than just their representatives. In addition, the chemical composition of water
changes while standing in reservoirs. During the warm months with higher temperatures,
evaporation occurs, which affects the composition of §!80, while stagnant water leads to
precipitation of carbonates, which changes the EC. Moreover, the amount of free chlorine
decreases, and the number of bacteria that can affect nitrification processes increases.
Chlorination, albeit to a minor extent, affects chloride concentration, thereby potentially
influencing the results. It is possible that each of these processes can affect the modeling
result. In addition, by introducing additional indicators of water quality (anions, cations),
the accuracy of the models can be increased, as well as by expanding the sampling locations.

A simple Piper diagram showed at a glance that only one reservoir (R1) during
both sampling campaigns was filled from only one groundwater source, Bela (Figure 9).
However, all other network sampling points demonstrated a mixing of different sources.

It was observed that in the western part of the water supply network, reservoirs
predominantly contain a mixture of waters from Bartolovec (exits E1 and E4) and Bela
water sources (Figure 10c). Unfortunately, due to the absence of taps in this area, sampling
was not conducted. In the northern part of the network, a mixture of waters between
Vinokovscak and Bartolovec sources was observed (Figure 10c). Hydrants and taps in
closer proximity to the Vinokovscak source had higher ratios, although certain instances of
these higher ratios were unexpected. Moreover, differences between summer and winter
periods were apparent. The southern and eastern part of the network is mainly filled
with water from the Bartolovec source (exits E2 and E3) and B1 (Figure 10a—c). Mixing
ratios showed that the main groundwater source is Bartolovec, which has an essential
DA role. Examination of pumping amounts during the sampling dates corroborated the
modeled values.
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% meqg/kg

Figure 9. Piper diagram of sampled waters from the network (brown color—reservoirs; green
color—public taps; blue color—hydrants).
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Figure 10. Mixing ratios in (a) public taps, (b) hydrants, and (c) reservoirs.
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4. Conclusions

In a time when water scarcity is an issue not just in developing countries but also in all
countries over the globe due to climate change’s impact on groundwater recharge, under-
standing the water supply network is the key to good water supply management. By using
hydrochemical parameters, such as basic anions and physical-chemical properties of water,
which are measured in everyday routine in water supplier laboratories, combined with wa-
ter stable isotopes, extended anion and cation analysis, and geochemical modeling (MB, IM,
FM), the water within the water supply network could be comprehensively characterized
as shown in this paper. In the Varazdin WSS, all measured parameters are below Maximum
Contaminant Level (MCL) values, ensuring the safety of water for human consumption.
The differences between water sources were observed based on basic chemical composition.
Furthermore, the Piper diagram provided a simplified overview of mixing patterns within
the water supply network. Although all three modeling approaches showed satisfactory
results, IM results were more reliable than FM and BM. Mixing modeling demonstrated
the mixing of all three sources at the western, southwestern, and northern parts of the
water supply network. Conversely, the eastern and southeastern parts of the network
depend primarily on the DA water from the Bartolovec groundwater source, suggesting
that these parts of the network are very vulnerable in the event of an emergency at that
source. That should be additionally taken into account during the risk assessment of the
water supply system and the establishment of control measures that will further increase
the safety of the water supply (enabling the supply of water from other existing sources
and increasing the water storage capacity in the threatened area; short-term measure:
supplying water by mobile water tanks). Although 5'®0 did not provide good mixing
results due to fractionation in pipelines, it revealed that water in reservoirs is in equilibrium
with air (no evaporation effects), indicating well-sealed and impermeable reservoirs. The
results showed that geochemical modeling could be effectively applied in water security
management plans. The proposed methodology can be applied globally in a variety of
water supply system settings, especially where tremendous water losses are present, e.g.,
due to leaking pipes, etc.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/su16219558/s1, Table S1: Results of hydrochemical analysis of
sampled groundwater sources; Table S2: Results of hydrochemical analysis of public taps, hydrant,
and reservoirs.
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Abstract

Groundwater and water supply systems are increasingly vulnerable to contamination,
yet most assessments consider either hydrogeological or infrastructure risks. This study
introduces the Total Integrated Network (TIN) approach, a framework designed to evaluate
vulnerability comprehensively from source to tap. Field investigations were conducted in
Varazdin County, Croatia, focusing on the Belski Dol spring, Briska reservoir, and PS Filipi¢i.
Hydrochemical analyses, stable isotope of water (6180, 62H), tritium, noble gases, and
radon concentrations were monitored and combined with system-level assessments. Results
show that the Belski Dol spring exhibits high stability and low vulnerability, with a TIN
index of approximately 25%, supported by long groundwater residence times and consistent
water quality. PS Filipi¢i displayed moderate vulnerability (35%), while the Briska reservoir
showed the highest index (53%), linked to elevated radon and nitrate concentrations and
infrastructure-related risks. These findings indicate that natural hydrogeological protection
alone cannot ensure safe drinking water. The TIN approach highlights the importance of
integrating aquifer conditions with distribution system performance to identify critical
control points and prioritize interventions. This integrated methodology offers a more
realistic basis for water safety management, supporting proactive measures to safeguard
supply resilience and public health.

Keywords: isotopes; chemistry; vulnerability of groundwater and water supply system;
TIN approach

1. Introduction

Groundwater vulnerability refers to the intrinsic characteristics of the subsurface that
determine the susceptibility of groundwater to contamination from human activities [1,2].
This concept evaluates how easily pollutants can reach groundwater, considering factors
such as soil and subsoil permeability, depth to the water table, type of aquifer, recharge
rate, and the presence of protective layers [3]. Groundwater vulnerability is commonly
classified as intrinsic, based solely on natural factors or specific, which incorporates both
natural features and particular contaminants [2,4].

Several methods have been developed to assess groundwater vulnerability, assist-
ing in the protection of aquifers from contamination [5-8]. Among the most recognized
index-based methods are DRASTIC, GOD, SI, and SINTACS, each varying in complexity,
applicability, and type of data required [5-8].
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The DRASTIC method, developed by Aller et al. in 1987 [5] for the US Environ-
mental Protection Agency (EPA), assesses vulnerability using seven parameters: depth
to groundwater, net recharge, aquifer media, soil media, topography (slope), impact of
the unsaturated zone, and hydraulic conductivity. Each parameter in DRASTIC is as-
signed a weighted value reflecting its relative influence on groundwater vulnerability,
making it adaptable to specific hydrogeological contexts [5]. Despite its wide acceptance
and ease of use, DRASTIC has limitations, such as subjectivity in assigning ratings, pa-
rameter redundancy, and limited suitability for karst aquifers where lateral contaminant
flow is significant [9]. Foster introduced the GOD method in 1987, designed explicitly
for rapid vulnerability assessment in regions with limited hydrogeological data [6]. GOD
simplifies vulnerability estimation using only three parameters: Groundwater occurrence
(aquifer confinement), Overlying lithology, and Depth to groundwater. GOD’s strength
is simplicity and suitability for large-scale assessments, yet it struggles to capture the
variability in aquifer conditions adequately, especially where vulnerability differences
are subtle [10]. The Susceptibility Index (SI) developed in Portugal by Ribeiro in 2000
modifies the DRASTIC framework, excluding certain parameters such as soil media and
the unsaturated zone, while adding a land-use factor. The inclusion of land-use enhances
SI’s ability to identify anthropogenic influences, such as agricultural pollution, notably
improving its predictive accuracy for specific contaminants like nitrates [11]. Nevertheless,
SI may overestimate vulnerability by neglecting dilution effects or the recycling processes
of groundwater contamination [12]. The SINTACS method, proposed by Civita and De
Maio in 2004, emerged from Italy as an enhancement of the DRASTIC approach specifi-
cally tailored for Mediterranean hydrogeological conditions [7]. Like DRASTIC, SINTACS
uses seven parameters—depth to groundwater, effective infiltration, unsaturated zone
characteristics, soil texture, aquifer media, hydraulic conductivity, and topographic slope.
However, it offers more precise weightings to reflect specific hydrogeological scenarios.
SINTACS's flexibility allows it to better account for localized hydrogeological differences,
thus providing reliable vulnerability mapping, especially in porous aquifer systems.

Comparative studies have shown that the GOD method frequently produces over-
simplified results compared to DRASTIC or SI, particularly when examining areas with
moderate vulnerability variations [10,11]. Meanwhile, the SI method generally demon-
strates stronger correlations with actual groundwater contamination data such as nitrate
concentrations, making it particularly suitable for agricultural contexts [11,12]. Similarly,
SINTACS has been successfully validated in various Mediterranean regions, effectively
reflecting observed contamination patterns due to its locally adaptive weighting scheme [7].
Validation of vulnerability mapping typically involves comparing mapped vulnerability
classes with observed groundwater quality parameters, emphasizing the practical impor-
tance of accurate parameter weighting and selection [13,14]. Nonetheless, the effectiveness
of all these methods largely depends on data availability, appropriate parameter selection,
and the extent to which local hydrogeological variability is accurately represented [15].
Overall, integrating or comparing multiple methods such as DRASTIC, GOD, S, and SIN-
TACS is recommended to enhance the reliability of groundwater vulnerability assessments
and thus better inform policy decisions for aquifer protection [7,10,12,14].

Water supply system (WSS) vulnerability encompasses the susceptibility of the water
infrastructure and its operation to various hazards that could compromise water quality and
the continuity of supply [16,17]. These hazards may include physical infrastructure failures,
contamination events, cyber-attacks, natural disasters, and operational shortcomings [18].
Assessing the vulnerability of WSS involves identifying weaknesses in their infrastructure,
operations, or management that may lead to contamination, interruption, or degradation
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of water quality [19]. Several methodologies are employed for this purpose, each suited to
specific contexts and data availability.

The All-Hazards Approach, promoted notably in the Technical Guide TG-374 of the
United States Army Center for Health Promotion and Preventive Medicine, evaluates risks
from various potential threats (natural disasters, sabotage, accidents) by systematically as-
sessing different WSS components such as sources, treatment plants, storage facilities, and
distribution networks [20]. Another common method involves the use of Index-Based or
Multi-Indicator Approaches, which combine various indicators, hydraulic, environmental,
structural, and socio-economic to quantify vulnerability levels through weighted scoring [9].
These indicators are typically visualized spatially with GIS tools, providing practical and ac-
cessible results for decision-makers [10]. The Process-Based Simulation Approach employs
hydraulic modeling software like EPANET to simulate contamination scenarios, system
pressure changes, or pipe failures, providing detailed insights into WSS behavior under
stress conditions [21]. This approach offers detailed predictive capability but requires ex-
tensive and accurate system data. Additionally, Complex Network Theory evaluates water
systems as spatial networks. It identifies critical components, such as bottlenecks or essen-
tial connections, through network metrics like node connectivity and redundancy [22]. This
method effectively highlights structural vulnerabilities but often overlooks aspects like wa-
ter quality or contamination propagation. The Fuzzy Fault-Tree Analysis method addresses
uncertainties inherent in data-limited systems. It uses a hierarchical structure to model
failure probabilities and system vulnerabilities, allowing planners to prioritize mitigation
measures effectively despite uncertainty [23]. The Risk-Based Asset Assessment framework
is a traditional risk management approach widely adopted by utilities. It evaluates assets
based on identified threats, vulnerability levels, and potential consequences of failure,
providing clear prioritization for mitigation and resource allocation [19]. Governance and
policy-oriented frameworks, such as the Driver-Pressure-State-Impact-Response (DPSIR)
model and Water Safety Plans (WSP), integrate technical assessment with institutional
and governance considerations, addressing socio-economic factors that influence overall
system vulnerability [24]. Finally, specialized Climate Change Vulnerability Assessments
explicitly evaluate WSS vulnerability related to climate risks, such as droughts, floods, and
extreme events. Scenario-based modeling assesses system resilience under different climate
conditions, informing adaptive strategies for future planning [25].

Despite significant progress in groundwater and water supply system vulnerability
assessments, no existing study has yet succeeded in jointly evaluating the sensitivity of
both the aquifer (hydrogeological system) and the water supply system (WSS) using a
unified set of parameters. Traditionally, vulnerability assessments have been conducted
separately for these two components. Some focus on the aquifer itself, particularly its
intrinsic vulnerability to surface contamination [5,6], while others target the water supply
infrastructure, such as source works, pipelines, reservoirs, and treatment plants, often using
risk or failure analysis frameworks [19,23]. In groundwater vulnerability studies, methods
like DRASTIC, GOD, and SI typically emphasize aquifer scale conditions, evaluating sensi-
tivity on a catchment level or source protection area, rather than at the level of individual
abstraction points [5,8]. This presents a critical gap: such approaches implicitly assume
homogeneity of risk within the same aquifer, disregarding the local-scale heterogeneity
that strongly influences the actual vulnerability of a specific spring or well [10,13]. In real-
ity, hydrogeological heterogeneity, such as variations in permeability, porosity, structural
features, and unsaturated zone thickness means that two wells located in the same aquifer
can exhibit vastly different vulnerability levels. A recharge zone may protect one well due
to thick low-permeability overburden, while another well nearby may be highly exposed
due to thin or fractured cover layers [7,9]. Moreover, water supply system vulnerability
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assessments often begin downstream of the abstraction point, assuming the water source
is adequately protected or uniformly vulnerable. This neglects source specific risk, which
can critically impact overall WSS resilience. There is thus a pressing need for integrated
methodologies that evaluate the combined vulnerability of the source aquifer unit and the
water abstraction infrastructure using harmonized parameters such as recharge, land-use,
geological media, well construction details, and system redundancy [12,25].

An integrated approach would bridge hydrogeological and WSS assessments and
could support more precise risk-based zoning, resource allocation, and emergency planning,
especially in complex or fractured aquifers where uniform vulnerability assumptions
are misleading. The literature increasingly emphasizes this need for convergence, yet a
comprehensive framework is still lacking [15,22]. This study introduces the Total Integrated
Network (TIN) vulnerability approach, a comprehensive methodology for evaluating
water quality risks along the entire source-to-tap pathway. In contrast to established
methods such as DRASTIC, GOD, SI, and SINTACS, which focus solely on groundwater
vulnerability, the TIN integrates both aquifer and water supply system vulnerabilities
into a unified assessment (Figure 1). The TIN approach is designed to address both
natural and anthropogenic factors that influence water vulnerability along the source-
to-tap pathway. By integrating aquifer sensitivity with infrastructure and operational
vulnerabilities, the TIN provides a more realistic and location specific understanding of risk.
This enables utilities and decision-makers to prioritize interventions, allocate resources
more efficiently, and implement targeted protection and monitoring strategies. Ultimately,
the TIN supports proactive and adaptive water supply management, enhancing system
resilience and safeguarding public health.

"
Groundwater and
TIN Water Supply
Vulnerability )
~
DRASTIC, GOD, Groundwater
Sl, and SINTACS Vulnerability
J

Figure 1. Conceptual comparison between traditional groundwater vulnerability methods and the
Total Integrated Network (TIN) approach.

2. Materials and Methods
2.1. Study Area

The study area is situated in the Varazdin County in northwestern Croatia, where
potable water is distributed by public water supplier Varkom Inc. (Figure 2). The Belski
Dol spring is located within Varazdin County, between the settlements of Podrute and
Bela. It lies on the southeastern slopes of Mount Ivans¢ica, approximately 750 m from
Bela and about 3 km from Podrute. The spring area sits at an elevation of approximately
230 m above sea level and is adjacent to the Belski stream and county road ZC 2107.
The spring comprises two main sources, the Upper and Lower springs which are about
350 m apart. The Upper spring is situated on the left side of the road (looking toward
Bela), separated by the Belski stream, while the Lower spring lies to the right of the road,
bordered by a stormwater drainage channel. The surrounding landscape is marked by a
combination of forested hills and karst valleys, which are representative of the Ivans¢ica
massif’s dynamic topography.
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Figure 2. Position map of the study area: (a) studied system with marked sampling points; (b) hydro-
geological map of the Belski Dol spring catchment.

The geological composition of the Belski Dol catchment is diverse, reflecting the
broader stratigraphic characteristics of the Ivans¢ica region. The terrain consists predom-
inantly of Mesozoic and Cenozoic sedimentary rocks. Notably, four main lithological
groups are present: (i) highly permeable carbonate rocks: dolomites, dolomitic lime-
stones, and limestones. (ii) slightly permeable carbonate rocks: siliceous dolomites, cherty
limestones, thin-bedded limestones, and flysch with chert and sandstone intercalations.
(iii) impermeable clastic rocks: including sandstones, shales, marls, conglomerates, and
clays. (iv) Quaternary alluvial deposits: composed of sands, gravels, silts, and clays of
variable grain size and permeability (Figure 2) [26].

These formations reflect the region’s tectonic complexity, with numerous faults and
fractures that contribute to groundwater movement. Breccia formations in the area, consist-
ing of shallow-water carbonate clasts in deeper pelagic matrices, further indicate a complex
depositional history.

The Belski Dol spring system is part of the Ivans¢ica fractured/fissured karst aquifer.
The Upper spring was originally captured in 1972 for the village of Zavrsje, with a measured
discharge of approximately 5 L/s and an overflow of around 36 L/s. Since 1992, the Upper
spring supplies about 28 L/s to the water network. It is enclosed by a 10 x 8 m fenced
area. The Lower spring was integrated into the supply system in 1992 and features a
non-concentrated capture system. It collects water from an alluvial fan using perforated
400 mm pipes laid in a 20 m stretch. Its yield is around 38 L/s. Together, the two
springs provide approximately 63 L/s. Subsurface water travels from the Lower spring
to a collection chamber through a gravity-fed closed pipeline, which also receives water
from the Upper spring. From there, it is routed by gravity to the Filipi¢i pumping station
(PS) after which is pumped up to the Briska reservoir (R). From the reservoir, water is
distributed by gravity through a pipeline to consumers.
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2.2. Water Analyses
2.2.1. Physico-Chemical Analysis

Field measurements of electrical conductivity (EC), water temperature (T) and pH,
were performed using a calibrated portable WTW instrument from December 2021 till
December 2023 monthly at the Belski Dol spring. At reservoir Briska and PS Filipi¢i, sam-
pling campaigns were carried out twice in 2022 and twice in 2023. Total alkalinity was
determined on-site by titration with 1.6 N H,SOy4, using phenolphthalein and bromocresol
green—methyl red as indicators. Major cations and anions were analyzed using ion chro-
matography on a Dionex ICS-6000 DC system (Thermo Fisher Scientific Inc., Waltham, MA,
USA) at the Hydrochemical Laboratory of the Croatian Geological Survey, with analytical
precision assessed via the ionic balance error (IBE), calculated from ion concentrations
expressed in meq/L and found to be within the acceptable limit of +5%. The long-term
dataset is part of water sampling campaigns conducted at spring, PS Filipi¢i and reservoir
Briska, as part of the operational monitoring by Varkom Inc.

2.2.2. Stable Water Isotope Analysis

The 5'80 and 8°H values were determined using a Picarro L.2130i analyzer (Santa Clara,
CA, USA) at the Hydrochemical Laboratory of the Croatian Geological Survey. All mea-
surements were calibrated against USGS standards (USGS48: —2.224 + 0.012%o for §'30,
—2.0 + 0.4%o for 6*H; USGS46a: —30.09 4 0.05%o for 680, —235.6 4 0.7%. for 52H), which
were periodically verified against International Atomic Energy Agency (IAEA) reference
materials: Vienna Standard Mean Ocean Water 2 (VSMOW?2) and Standard Light Antarctic
Precipitation 2 (SLAP2). Measurement precision was 4-0.2%. for §'80 and +1%o for 5*H.
Instrument drift control, use of internal laboratory standards, and QA /QC procedures
followed the protocol described in [27].

2.2.3. Noble Gas and Tritium Measurement

Water samples were taken into copper tubes equipped with stainless steel pinch-off
clamps. During sampling, the pressure of the water was kept as high as dissolved gases
could not release from the water. Samples were analyzed in the Isotoptech Zrt. Debrecen,
Hungary, according to the method described in Papp et al., 2012 [28]. Measured data were
interpreted by inverse modeling of noble gas concentrations [29-31].

2.2.4. Radon Analysis

Radon concentration in water was measured using the RADS radon detector, produced
by DURRIDGE Company Inc. (Billerica, MA, USA). A 250 mL water sample was collected
in a clean glass vial, taking care to avoid the presence of air bubbles in order to prevent
radon loss. The vial was then securely sealed and connected to the RADS system using a
closed-loop aeration setup. The radon concentration in the original water sample is then
calculated using the measured air concentration and the established partition coefficient
for radon between water and air. Results were corrected by using Capture 8 software [32].

2.3. Total Integrated Network Vulnerability Approach (TIN)

By tracing water and its quality changes from recharge zones, through abstraction
and conveyance, storage, and distribution, the TIN approach identifies and quantifies
cumulative and segment specific risks. This holistic methodology enables: spatial map-
ping of vulnerability hot spots across both the aquifer and WSS infrastructure; temporal
assessment of changes in vulnerability due to natural processes (e.g., recharge variability)
and operational factors (e.g., system maintenance, leakage); identification of critical control
points (CCPs) where interventions can most effectively reduce overall risk.
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The proposed approach utilizes 10 parameters, half of which are routinely monitored
by all water supply companies in accordance with the obligations of the Drinking Water
Directive (EU) 2020/2184 [33]. Tables 1 and 2 provide an overview of the relevance of each
parameter and what changes in their values can indicate within both the groundwater
system and the water supply system (WSS).

Table 1. Parameter indication in the groundwater system.

Parameter

Interpretation of

Vulnerability Focus Increase/Change

Electrical Conductivity (EC)

Temperature (T)
pH
Nitrates (NO3 ™)
Chlorides (C17)

Possible pollution, saltwater intrusion,
recharge decline
Influence of surface water or climate change
Acidification or possible contamination
Anthropogenic input (agriculture, sewage)
Salinization, urban runoff, agricultural return flow

Change over time

Change over baseline
Shift from neutral
Change and absolute vs. MAC
Change over time

§180 Isotopic shift Change in recharge source, evaporation signal
§°H Isotopic shift Change in recharge source, evaporation signal
Modern recharge or fast flow path, estimation of
i 3 ; & path,
Tritium (°H) Change over time mean residence time (MRT)
Radon (22Rn) Absolute vs. threshold High natural radioactivity, fracture(.:l rock zones,
fault zones, deep groundwater circulation
Noble Gases Change or deviation from Recharge temperature, origin depth, useful as a
norms tracer of MRT
Table 2. Parameter indication in the WSS.
Parameter Vulnerability Focus Interpretation of

Increase/Change

Electrical Conductivity (EC)

Temperature (T)

pH
Nitrates (NO3 ™)
Chlorides (C17)

§180

8*H

Radon (**2Rn)

Deterioration of water quality
Contamination or surface exposure, leakage,

Change vs. supply baseline

Sudden increase

Sudden fluctuation
Change and absolute vs. MAC
Sudden increase
Deviation from known source
Deviation from known source

Absolute value vs. MAC and higher

values than source

stagnant water
Corrosion risk, stagnant water in the system
Health risk, microbiological activities within system
Pipe corrosion, contamination
Source change, uncontrolled mixing, leakage
Source change, uncontrolled mixing, leakage

Radiation concern, leakage

Each parameter is assigned a set of quantitative criteria used to define a vulnerability
score ranging from 1 (Very Low) to 5 (Very High) (Table 3). These scores contribute to
the overall weighted vulnerability calculation. In practice, threshold values should be
tailored to the specific system and dataset, but the following table provides a general
scoring framework. For each parameter, the vulnerability score is based on the observed
variability, expressed either as a percentage change from a baseline or Maximum Allowable
Concentration (MAC) value, or as an absolute concentration difference, as shown in Table 3.
However, these parameter fluctuations needed to be quantified, which was performed
using the Z-score. The Z-score expresses how much each measured value deviates from
the mean in units of standard deviation. This approach allows for a clear comparison of
variability among different sampling sites.
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Table 3. Vulnerability scoring scale.

Score Vulnerability Focus Description

1

2

Very Low
Low
Moderate

High
Very High

Background fluctuation or minimal impact; variation less than 10% of the

baseline value.

Weak signal of fluctuation; may not be conclusive on its own. Variation

between 10% and 20% of the baseline value.

Noticeable signal of fluctuation; variation between 20% and 30% of the
baseline value.

Significant signal of fluctuation; variation between 30% and 50% of the
baseline value.

Strong signal of fluctuation; variation greater than 50% of the baseline value.

TINindex

Once individual vulnerability scores are assigned to each parameter based on the
criteria described above, the following calculation steps are applied to integrate them into
the overall TIN method index:

Each parameter is assigned a weighting factor reflecting its relative importance or diagnostic
value in assessing system vulnerability. These weights can be uniform or adapted based on
expert judgment, sensitivity analysis, or system-specific relevance.

Since parameters are measured on different scales or units, normalization must be applied
to ensure comparability.

Weighted Score; = Vulnerability Score; x Weight; (1)

Then the TIN vulnerability index is computed as a weighted average of all individ-
ual scores:

= (2?:1 Weighted Score; /Z:.l*l Max possible score x Weightl-> x 100% )

where 7 = total number of parameters included.

The final TIN Index value is expressed as a percentage, representing the proportion
of the maximum possible vulnerability score. Based on this percentage, the system’s
vulnerability is classified into three categories: values ranging from 0% to 30% indicate
low vulnerability, values between 31% and 60% correspond to moderate vulnerability,
while values from 61% to 100% reflect high vulnerability. This classification enables clear
interpretation of results and supports risk-informed decision-making in groundwater and
water supply system management.

3. Results and Discussion

In this chapter, the TIN method is applied to the Belski Dol spring and the part of the
water supply system fed by this source to assess their vulnerability.

3.1. Hydrochemical Properties of Spring and WSS Waters

The Piper diagram shows that water samples from Belski Dol spring, the Briska reser-
voir, and the PS Filipi¢i belong to the CaMg-HCOj3; hydrochemical type (Figure 3). Calcium
and bicarbonate are the dominant ions, indicating water rock interaction primarily with
carbonate formations (dolomite and limestone). The similarity between all three samples
suggests that there are no significant geochemical changes observed within the water
supply network, indicating consistency in water quality from source to distribution points.
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® Briska
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Figure 3. Piper diagram of sampled waters.

The EC of the spring water ranges from 480 to 501 pS/cm, with an average of
494 uS/cm and with a standard deviation of 6.9 uS/cm (Table 4a). This low variation
indicates that the mineralization of the water is stable over time. The water temperature
is very constant as EC, between 11.0 and 11.3 °C, with an average of 11.2 °C and with a
standard deviation of only 0.1 °C, which is within the measurement error. The pH values
range from 7.05 to 7.61, with an average of 7.47 and a standard deviation of 0.13, showing
that the water is consistently slightly alkaline without extreme changes that could occur
due contamination breakthrough. All three parameters indicate that groundwater has long
residence time.

Table 4. (a) Statistical data of measured parameters (Croatian Geological Survey). (b) Statistical data
of measured parameters (Varkom Inc.).

(a)

Belski EC T H HCO;3~ Cl- SO,42- NO;z~ Ca* Mg Na* K* s180 S NH,* NO,~
Dol (p1S/cm) co P (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (°/oo) (°/40) (mg/L)  (mg/L)
min 480 11 7.05 295 0.117 9 1.1 58.6 229 0.972 0.3 -10.82 =739 <0.01 <0.01
max 501 11.3 7.61 380 3.2 14.4 5.57 72.3 36.6 1.5 0.8 —10.21 —70.8 <0.01 <0.01

average 494 11.2 7.47 327 1.8 11.1 3 63.4 27.5 1.3 0.5 —-10.5 —-71.7 <0.01 <0.01
std 7 0.1 0.13 18 0.7 1.2 1 3 2.5 0.1 0.1 0.16 0.76 0 0

(b)
PS Filipici Brigka Reservoir
° NO;~ ° NO;~
T(°C) pH (mg/L) EC (uS/cm) T(°C) pH (mg/L) EC (uS/cm)
min 10.0 6.64 2 430 9.6 6.64 2.1 421
max 19.9 8.14 4.71 754 19.1 8.06 5.4 615
average 13.5 7.51 341 457 12.7 7.52 3.6 456
std 1.7 0.2 0.32 19.2 1.7 0.21 0.5 16.1

Bicarbonate concentrations vary between 295 and 380 mg/L, averaging 327 mg/L,
with a standard deviation of 18 mg/L, again pointing out the stability of the groundwa-
ter system. In addition, chloride, nitrate and sulphate are showing the same (Table 4a).
Chloride concentrations are very low, ranging from 0.117 to 3.2 mg/L, with an average
of 1.8 mg/L and a standard deviation of 0.7 mg/L. Sulfate concentrations range from
9 to 14.4 mg/L, with an average of 11.1 mg/L and a standard deviation of 1.2 mg/L. The
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nitrate content ranges from 1.1 to 5.57 mg/L, with an average of 3.0 mg/L and a standard
deviation of 1.0 mg/L. These values reflect low to moderate nitrate levels, always well
below the MAC for the drinking water. Finally, ammonium and nitrite are consistently
below detection limits (<0.01 mg/L), which confirms no reductive condition in the aquifer
and the absence of recent contamination. Sodium concentrations are low, between 0.97 and
1.5 mg/L, with an average of 1.3 mg/L and with a standard deviation of 0.1 mg/L, while
potassium values range from 0.3 to 0.8 mg/L, averaging 0.5 mg/L, with a standard devia-
tion of 0.1 mg/L. Both cations show very limited variability, typical for natural groundwater
without influence of waste water contamination, road salting, etc. Calcium concentrations
vary between 58.6 and 72.3 mg/L, with an average of 63.4 mg/L and with a standard
deviation of 3.0 mg/L, while magnesium concentrations vary from 22.9 to 36.6 mg/L, with
an average of 27.5 mg/L and with a standard deviation of 2.5 mg/L. These two parameters
together indicate a moderately hard water type with relatively stable composition. Mod-
erate water hardness over time in the supply network may lead to chemical corrosion of
pipes, clogging due to carbonate scaling, and ultimately a potential negative impact on the
integrity of the distribution system [34,35].

The stable isotopes §'0 and §2H also display narrow ranges: 5'80 varies between
—10.82 and —10.21%o., with an average of —10.5%. and a standard deviation of 0.16 %o, while
§%H ranges from —73.9 to —70.8%o, averaging —71.7%. with a standard deviation of 0.76%,.
In addition, values are lying close the local meteoric water line (LMWL) from Markovi¢
et al. [27], indicating precipitation origin. The standard deviations of both isotopes fall
within the measurement error, which indicates a long residence time of the groundwater,
consistent with the stability of EC, temperature, and pH values.

To support this theory, the recharge temperature was calculated based on noble gas
measurements. These measurements provide an independent proxy for past recharge
conditions, as dissolved noble gases in groundwater are sensitive to temperature at the
time of infiltration. Thus, the noble gas derived recharge temperature serves as additional
evidence for validating the interpretation of groundwater origin and residence time. The
temperature derived from noble gas measurements is approximately 8 °C. This clearly
indicates a higher recharge altitude, since in the lowlands the average temperature is
10.5 °C [27]. In addition, calculated MRT based upon 3H/3He is 25 years.

Considering that the Briska reservoir was sampled twice and the Filipi¢i pumping
station was sampled only once and analyzed in detail for the same parameters as for the
spring (except for *H/3He and noble gases), it was not possible to establish a trend from the
available data. However, the results could be compared with the spring water. Statistical
analysis was carried out using Varkom data, but only for the chemical parameters EC,
temperature, pH, and NO3 ™~ (Table 4b).

As water moves away from the spring source at Bela toward the downstream sites of
the PS Filipi¢i and the Briska reservoir, a decrease in calcium and magnesium concentrations
was observed (Table 5). This progressive reduction is not merely a dilution effect, but is
closely linked to carbonate precipitation processes. As pH increases along the flow path, the
water becomes supersaturated with respect to carbonate minerals, favoring the deposition
of calcite and dolomite. The removal of Ca?* and Mg?* through mineral precipitation
explains the observed decrease in concentrations downstream and over time.
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Table 5. Measured hydrochemical and isotopic parameters from source throughout WSS.

EC T

HCO;~ Cl- SO~ NO;- Ca* Mg* Na* K* 6§80 & NH* NO,~ 2®Rn

Location — Date  (\,q/n) ) PH  (mgl) (mgl) (mgl) (mgll) (mgl) (mg/l) (mg/L) (mg/l) Clo) (log) (mg/l) (mg/L) (BqL) °
Belski 28
SSY June 499 112 732 380 17 11 34 723 366 13 06  —1082 —726 <001 <001 126 £06
Dol 5024
Reservoir 28
e June 510 147 738 324 24 108 33 667 324 14 06 -108 -73 <00l <001 224 05
riska 2024
28
PSFilipii  June 505 133 756 322 21 108 33 697 351 16 06 -108 -73 <001 <001 87 07
2024
Belski 2
May 500 113 742 380 13 98 13 642 284 15 05 1068 -739 <001 <001 133 05
Dol 205
Reservoir 29
B May 515 135 764 320 3 107 28 613 268 13 04  —1049 -719 <001 <001 263 04
riska 2025
3
Location Date He (ccSTP/g) (ccSI"}TIe’ /g) Ar (ccSTP/g) Kr (ccSTP/g) Xe (ccSTP/g) (CCSTHP? /g) R/Ra SH Error TU
. 28
BESK June  574x10°% 221x107  395x10° 9.54 x 1078 142x10°%  120x10°% 150 3.38 0.08
ol
2024
Looking at Figure 4, at PS Filipi¢i, the distribution is noticeably wider across most
parameters, particularly for pH and nitrate, which display strong positive and negative
deviations from the mean. This suggests substantial temporal or local variability in chemical
conditions. Temperature also shows a moderate spread, while EC exhibits both upward
and downward fluctuations, pointing to instability in physical water properties as well. In
contrast, Briska reservoir demonstrates generally narrower distributions, reflecting more
stable water quality conditions. pH still shows a notable spread, but is significantly less
variable than at Filipi¢i. Nitrate and EC have moderate ranges, though their deviations
remain confined within a tighter band. Temperature at Briska reservoir is the most stable
parameter, with minimal variation in Z-scores.
201
Cl T
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PS Filipici PS Filipici PS Filipici PS Filipici Briska Briska Briska Briska
T (°C) pH NOs~ (mg/L) EC (uS/cm) T(°Q) pH NOs~ (mg/L) EC (puS/cm)

Figure 4. Distribution of monitored elements in the WSS waters. Note: The edges of the box mark the
first and third quartiles, the whiskers show the minimum and maximum, a triangle represents the
mean, and the central line indicates the median.

On the other hand, at Belski Dol spring, radon concentrations are relatively stable
and tightly clustered between 12.6 and 13.3 Bq/L, indicating only minor variability over
time (Figure 5). The Briska reservoir displays the highest concentrations, ranging from
22.4 to 26.3 Bq/L, with a wider spread compared to Belski Dol, suggesting more dynamic
conditions or stronger radon inputs at this location. In contrast, PS Filipi¢i shows the lowest
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radon level, with only a single recorded value of 8.7 Bq/L, representing the minimum
observed concentration across all sites.

[
T

20.0

Ba/L)

—17.5

222Rn

15.0

10.0

Belski Dol PS Filipici Reservoir Briska

Figure 5. Relationship between measured 2>Rn concentration in the spring and throughout the WSS.
Note: The edges of the box mark the first and third quartiles, the whiskers show the minimum and
maximum, and the central line indicates the median.

The unusually high ?*2Rn concentration observed in the Brigka reservoir compared
to the source Belski Dol can be explained by the cumulative effects of soil-rock radon
emanation coupled with aged distribution infrastructure. Belski Dol, being close to the
source, exhibits relatively modest radon levels (12.6-13.3 Bq/L) and is less exposed to
external contamination. However, at Briska reservoir, water travels through older pipelines
and possibly through soils or fractured bedrock that allow radon to diffuse or emanate into
the water column, which together with microleaks and pipe joint degradation may boost
radon levels. Such phenomena were observed by Ozden et al., demonstrating how soil
properties such as porosity, moisture, and radium content strongly influence radon release
from the ground [36]. In addition, Sukanya & Sabu outline how aquifer-rock contact and
aged pathways (via fractures or disturbed soil) enhance radon concentration in downstream
water [37]. Taken together, these findings provide a coherent explanation for the higher
222Rn levels observed in the Briska reservoir relative to the Belski Dol spring.

3.2. Vulnerability of the Spring Catchment and of WSS

In order to assess the TIN vulnerability of the study sites, a set of eight hydrochemical
and isotopic parameters was selected for the WSS locations: Briska reservoir and PS Filipiéi.
These parameters include EC, T, pH, NO3;~, C17, the stable isotopes 5180 and 8%H, and
222Rn. For the source spring Belski Dol, the same eight parameters were considered, but
the analysis was extended to include tritium and noble gases, as these provide additional
information on groundwater residence time and recharge conditions. The interpretation of
our results reflects the scope of the available dataset, and the limited sampling frequency
for certain parameters is a factor in the baseline uncertainty.

The methodology followed the approach described in the TIN framework, in which
each parameter is assigned a vulnerability score ranging from 1 (low) to 5 (high) presented
in Table 3. The scoring was based on the degree of deviation from reference conditions. For
the WSS locations, the reference baseline was the values measured at Belski Dol spring on
the same sampling date, thus representing the natural source water quality. In contrast,
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for Belski Dol itself, the reference was defined as the mean of its own values over the
monitoring period, so that the index reflects temporal variability of the spring rather
than spatial differences. For most parameters, the score was assigned according to the
percentage deviation from the baseline: values within +10% correspond to a score of 1,
deviations of 10-20% to a score of 2, 20-30% to 3, 30-50% to 4, and >50% to 5. In addition,
regulatory thresholds were applied as overriding conditions: nitrate concentrations above
50 mg NO3~ /L, pH values below 6.5 or above 9.5, and temperatures exceeding 25 °C
automatically receive the highest score of 5. For stable isotopes, absolute differences
relative to the baseline were used instead of percentages, with threshold bands defined in
per mil (%o). The 5180 values received scores of 1 for differences <0.10%o, 2 for 0.10—0.20 %,
3 for 0.20-0.30%o, 4 for 0.30-0.50%o, and 5 for >0.50%o. For §°H, the thresholds were set at 1,
2,3, and 5%o for scores 1 to 4, with values above 5%. receiving a score of 5.

Once all parameters had been scored, the TIN vulnerability index for each site and
date was calculated as the arithmetic mean of the scores, normalized to a percentage of the
maximum possible value. For Belski Dol, an additional adjustment was applied to account
for the evidence of long groundwater residence time provided by tritium and noble gas
measurements, which indicate a mean residence time of about 25 years and recharge under
cold climatic conditions. This information implies a higher degree of natural protection of
the source.

The results show that Belski Dol spring consistently exhibits the lowest TIN vulner-
ability, with an overall index of 25.5%, placing it in the category of low vulnerability. PS
Filipi¢i has a somewhat higher index of 35%, reflecting moderate deviations from the source
conditions. The Briska reservoir displays the highest values, with an average index of
52.5%, corresponding to moderate vulnerability (Figure 6). This higher vulnerability is
primarily associated with greater deviations in radon, nitrate, and conductivity compared
to the Belski Dol baseline. Taken together, the analysis demonstrates that the natural spring
Belski Dol is well protected and chemically stable, while the WSS sites show increased
vulnerability, with Briska reservoir being the most affected.

601

52.5%

50

401
35%

30F
25.5%

TIN indeks (%)

20

101

Belski Dol PS Filipiéi Reservoir Briska
Figure 6. TIN vulnerability assessments results.

4. Conclusions

Our TIN concept advances traditional groundwater vulnerability assessments by
explicitly considering the entire water delivery network, thus supporting more robust risk
management and safeguarding of drinking water resources. Moving beyond conventional
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aquifer assessments to a holistic system perspective, this approach provides water managers
with a practical framework for enhancing operational security.

The results showed that the Belski Dol spring is characterized by high hydrochemical
stability, long residence times and overall low vulnerability, while also exhibiting a minimal
diffuse nitrate risk, which further supports its role as a reliable and naturally well-protected
drinking water source. On the other hand, the WSS part of the study area (Briska reservoir
and PS Filipié¢i) showed increased vulnerability due to deviations in parameters such as
radon, nitrates, and electrical conductivity. The Briska reservoir exhibited the highest
vulnerability index, indicating problems from PS Filipi¢i in the form of aged pipelines and
potential pathways for radon emanation, as well as for the future pollution.

The integrated evaluation confirmed that hydrogeological protection alone is not
sufficient to ensure water safety. Instead, continuous monitoring across both natural
and engineered components is essential. By incorporating hydrochemical, isotopic, and
radiological parameters, the TIN method allowed identification of critical control points
where interventions would be most effective, such as targeted monitoring at the Briska
reservoir and maintenance of distribution infrastructure.
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Abbreviations

The following abbreviations are used in this manuscript:

CCP Critical Control Point
DPSIR Drive-Pressure-State-Impact_Response Framework
A Standardized System for Evaluating Ground Water Pollution Potential
DRASTIC . . .
Using Hydrogeologic Settings
EC Electrical Conductivity
EPA The Environmental Protective Agency
EPANET A modeling software of US EPA for modeling water distribution systems
GOD A methodology for Evaluating Ground Water Vulnerability
TIAEA International Atomic Energy Agency
LMWL Local Meteoric Water Line
MAC Maximum Allowable Concentration
MRT Mean Residence Time
PS Pumping Station

R Reservoir
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SI Susceptibility Index

SINTACS A method developed in Italy for evaluating Ground Water Vulnerability
SLAP2 Standard Light Antarctic Precipitation 2

T Temperature

TIN Total Integrated Network Vulnerability Approach

USGS The U.S. Geological Survey

VSMOW?2  Viena Standard Mean Ocean Water 2

WSP Water Safety Plan

WSS Water Supply System
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