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Abstract 

Rapid population growth and increasing water demand places a serious strain on both 
quantity and quality of available local water resources. Climate change puts additional 
pressure by altering the water balance, affecting recharge conditions, and contributing to 
pollution and water degradation. Addressing these issues requires water management 
strategies that enhance both quality and availability of water sources. Understanding of 
the urban water cycle is necessary, including knowledge of water sources, distribution 
networks, and various components of the water supply system. The urban water cycle is 
complex and heterogeneous. It involves natural and engineered systems that vary spatially 
and temporally. One way to address these challenges effectively is by applying 
environmental tracers like stable water isotopes. This thesis uses stable water isotopes, 
along with hydrochemical and hydro-meteorological data, to evaluate the spatio-temporal 
patterns of water sources and flow paths, and to characterize the isotope signatures of 
different components within the urban water cycle. Sampling was conducted from 2018 to 
2021 in Ljubljana’s aquifers, covering the entire journey from source to tap.  

Firstly, a review of previous isotope investigations had been performed to identify key 
knowledge gaps. A preliminary investigation was performed in 2018, collecting samples 
from source to tap. Following this, a two-year sampling of water sources (i.e. precipitation, 
surface water and groundwater) was conducted. Additionally, extensive tap water sampling 
was carried out across Ljubljana. It was complemented by a 24-hour sampling experiments 
to analyse temporal variations in tap water composition. 

 Key findings include the characterization of water sources, changes in source 
contributions and the influence of climate on water isotopes. The study revealed unique 
isotopic fingerprints of different sources, despite the isotopic signal range being narrow due 
to the limited size of the Ljubljana catchment. Isotopic and hydro-chemical analyses 
revealed dynamic interactions between precipitation, surface water and groundwater. 
Source contributions were shown to vary over time. Isotopic data correlated with climate 
variations, indicating that future climate projections could significantly impact the isotopic 
composition of water sources. Potential changes in groundwater recharge dynamics were 
implied by observation of longer mean residence times of surface water. The study also 
found that the isotopic composition of tap water reflected the mixed contributions from 
different wellfields, providing insights into the water supply system's structure and 
operation. Seasonal and hourly variations in tap water isotopes highlighted the dynamic 
nature of water distribution and the influence of management practices. The research 
identified the potential for using isotope data in combination with concentration of certain 
elements as proxies for water source mixing ratios.  

The research provides valuable data for water managers by offering insights into water 
dynamics in urban areas and contributing to strategic planning of water infrastructure. 
The thesis also emphasizes the need for continuous, long-term monitoring of water sources 
and the publication of data to ensure transparency and reproducibility in scientific research.  
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Povzetek 

Hitro naraščanje prebivalstva in povečano povpraševanje po vodi močno obremenjujeta 
količino in kakovost lokalnih vodnih virov. Podnebne spremembe dodatno obremenjujejo 
vodno bilanco, vplivajo na napajanje vodonosnikov in prispevajo k onesnaževanju ter 
degradaciji vodnih virov. Za reševanje teh izzivov so potrebne strategije upravljanja vodnih 
virov, ki izboljšujejo tako kakovost kot tudi razpoložljivost. Za razvoj takšnih strategij je 
potrebno razumevanje urbanega vodnega kroga. To vključuje poznavanje vodnih virov, 
vodovodnega omrežja in različnih komponent sistema oskrbe z vodo. Urbani vodni krog je 
kompleksen in raznolik. V njem se prepletajo tako naravni kot umetni sistemi, ki se 
spreminjajo v času in prostoru. Uporaba okoljskih sledilcev, kot so izotopi vode, je eden od 
načinov kako nasloviti te izzive.  

V tej disertaciji so stabilni izotopi vode, skupaj s hidro-kemijskimi in hidro-
meteorološkimi podatki, uporabljeni za analizo prostorsko-časovnih vzorcev vodnih virov 
in tokov ter za prepoznavanje izotopskih značilnosti različnih komponent urbanega vodnega 
kroga. Vzorčenje je potekalo med letoma 2018 in 2021 v ljubljanskih vodonosnikih in 
zajema celotno pot vode od izvora do pipe. 

Najprej smo pregledali prejšnje izotopske raziskave, da bi identificirali ključne vrzeli v 
znanju. Leta 2018 smo izvedli predhodno raziskavo, pri kateri smo zbirali vzorce vode od 
izvora do pipe. V nadaljevanju smo dve leti vzorčili različne vodne vire (padavine, 
površinske in podzemne vode). Poleg tega smo po celotni Ljubljani izvedli obsežno 
vzorčenje pitne vode, ki smo ga dopolnili s 24-urnimi eksperimenti, da bi analizirali časovne 
spremembe v sestavi pitne vode. 

Ključne ugotovitve vključujejo značilnosti vodnih virov, spremembe v deležih 
posameznih virov in vpliv podnebja na izotope vode. Študija je pokazala edinstvene 
izotopske značilnosti različnih virov, čeprav je bil razpon izotopskih signalov omejen zaradi 
majhne velikosti ljubljanskega vodnega zaledja. Izotopske in hidro-kemijske analize so 
razkrile dinamične interakcije med padavinami, površinskimi in podzemnimi vodami. 
Prispevki posameznih virov so se skozi čas spreminjali. Izotopski podatki so pokazali 
povezavo s podnebnimi spremembami, kar pomeni, da bi lahko prihodnje podnebne 
spremembe pomembno vplivale na izotopsko sestavo vodnih virov. Opazovanja daljših 
povprečnih časov zadrževanja površinske vode kažejo na možne spremembe v dinamiki 
napajanja podzemnih voda. Študija je tudi pokazala, da izotopska sestava pitne vode 
odraža mešanje vode iz različnih črpališč, kar ponuja vpogled v strukturo in delovanje 
sistema oskrbe z vodo. Sezonske in urne spremembe v izotopski sestavi pitne vode 
poudarjajo dinamično naravo distribucije vode in vpliv upravljavskih praks. Raziskava je 
prepoznala potencial za uporabo izotopskih podatkov v kombinaciji z določenimi 
kemijskimi elementi kot pokazatelji za razmerja mešanja vodnih virov. 

Ta raziskava ponuja dragocene podatke za upravljavce vodnih virov, saj omogoča boljše 
razumevanje dinamike vode v urbanih območjih in prispeva k strateškemu načrtovanju 
vodne infrastrukture. Disertacija prav tako poudarja potrebo po stalnem, dolgoročnem 
spremljanju vodnih virov ter objavi podatkov za zagotavljanje preglednosti in ponovljivosti 
v znanstvenih raziskavah. 
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Chapter 1 

1 Introduction 

1.1 Background and Motivation 
The Doctoral thesis investigates the partitioning and flow dynamics of water within the 
urban water supply systems. The subsequent chapters provide a comprehensive summary 
explaining the changes of water signal from its source to the tap as well as examine the 
impact of urbanization and climate change on water availability.  

1.1.1 Water cycle in the urban areas and its impact 
One of the fundamental concepts in nature is the hydrological cycle, known as the water 
cycle. Water is stored and circulates between different parts of the Earth including 
atmosphere, lithosphere, biosphere and hydrosphere. Water can be stored in the oceans, 
snow, glaciers, streams, lakes, vegetation, soils, and groundwater. The main processes that 
drive the hydrological cycle are (Figure 1.1a):  

 Atmospheric processes: evaporation, condensation and precipitation;  
 Cryospheric processes: snowmelt;  
 Vegetation processes: transpiration; 
 Surface and soil processes: infiltration, percolation and runoff;  
 Groundwater processes: groundwater flow, and rock-water interactions.  

Due to the population growth, industrialization and urbanization, the hydrological cycle 
is affected and greatly modify. The effects of urbanization are well-documented and widely 
studied (Oudin, Salavati, Furusho-Percot, Ribstein, & Saadi, 2018; Sheetal, 2017; Trudeau 
& Richardson, 2016). Key impacts of urbanization on the hydrological cycle include 
increased runoff and flood risk, decreased groundwater recharge, water quality degradation 
and microclimate change due to urban heat islands effect (UHI) (Figure 1.1b) (Salvadore, 
Bronders, & Batelaan, 2015). Managing these impacts in cities remains a significant 
challenge. 

Cities around the word are rapidly expanding and are now home to 4.2 billion people, 
which accounts for over 50 % of the world’s population (Pörtner & Roberts, 2022). This 
number is expected to grow to 85 % by the end of the twenty-first century (OECD, 2015), 
presenting a significant challenge for urban water provision. Over the past 60 years, 
domestic water consumption has nearly quadrupled (Flörke et al., 2013) and is showing no 
signs of slowing down, with future projections anticipating an increase of up to 80 % by 
2050 (Flörke, Schneider, & McDonald, 2018; United Nations, Department of Economic and 
Social Affairs, & Population Division, 2019). As a consequence, health and water security 
issues have emerged, that in turn have an impact on the local water cycle by decreasing 
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water quantity and quality and leading to a growing lack of access to safe water. Moreover, 
the direct impact of human activities (i.e. expansion of cities both inland and along 
coastlines, intensive pumping, overexploitation, leakages, extraction of water for 
agricultural, industrial and domestic use and poor sanitation) presents a significant 
component of regional water cycle and will only intensify over time (Allan et al., 2020; 
McGrane, 2016).  

 
Natural water cycle (a) Urban water cycle (b) 

  

Figure 1.1: Natural (a) and urban (b) water cycle. 

 
Historically, cities have usually relied on groundwater from springs and shallow wells 

as their primary source of clean drinking water, as it is usually more protected from 
pollution and seasonal changes compared to surface water (Dao et al., 2024; Taylor et al., 
2013). In recent years, water extraction increased significantly in many cities around the 
world, sometimes reaching its limits. Due to this heavy usage, the groundwater levels under 
these cities have significantly declined. In densely populated urban centres, water scarcity 
becomes a more pressing issue, especially where the demand for water exceeds what local 
sources can supply (Howard & Israfilov, 2002; Jenkins, Lund, & Howitt, 2003; Padowski 
& Gorelick, 2014). Many cities, therefore, have turned to importing water from distant 
location, relying on complex systems that transport water over mountain ranges, extensive 
extraction from groundwater or surface water, or the transfer of water from distant river 
basins or reservoirs (Gleick, 2003; Kellner & Brunner, 2021; Tipple et al., 2017). To meet 
the demands of growing urban populations, these water sources are often overexploited, 
leading to negative consequences such as land subsidence due to groundwater extraction 
in thick unconsolidated areas, or saltwater intrusion in coastal aquifers (Howard & Israfilov, 
2002). 

In natural systems (Figure 1.1a), the recharge of aquifers mainly depends on 
precipitation, evapotranspiration, and surface runoff. In an urbanized catchment, the water 
cycle is modified by anthropogenic activity, leading to new pathways, and reduced or 
changed natural pathways (Figure 1.1b). Land cover in urbanized catchment is extremely 
heterogeneous and multiple interactions occur within physical phenomena (Salvadore et 
al., 2015). While urban areas typically do not alter incident precipitation, it increases 
surface runoff and reduces direct recharge by half, due to impermeable covers like roads, 
parking spaces and buildings proliferate. Usually, the rainfall-runoff response of urban 
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streams is faster and more pronounced than in natural environments (Fletcher, Andrieu, 
& Hamel, 2013; McGrane, 2016). In addition, the urbanization can significantly affect 
evapo(transpi)ration due to the phenomenon of UHI or the increase in temperature of 
urban centres as compared to their surroundings (Salvadore et al., 2015).  

Despite these changes, urban areas can introduce new sources of recharge. For instance, 
water from leaking pipes, septic systems, and heavily irrigated parks often compensates for 
the reduced natural recharge. The impact of urbanization on groundwater can be 
substantial, leading to elevated water tables that can cause flooding and damage 
infrastructure. Thus, understanding and managing urban water balances is crucial to 
mitigate these effects (Oudin et al., 2018). 

For efficient management of water sources in urban areas, detailed information on flow 
patterns and interactions between different water bodies is needed. Urban areas are 
strongly affected by changes in land use (Gessner et al., 2014) and anthropogenic activities 
that impact the whole recharge area of aquifer. This can affect the water budget, reduce 
aquifer recharge, and alter the properties of groundwater quality, flow and the availability 
and renewability of water resources (Schirmer, Leschik, & Musolff, 2013), making 
adaptation through management a significant challenge and a priority worldwide (Wang 
et al., 2016). 

 

1.1.2 Climate change and urban water availability 
Climate change has profoundly affected many of Earth’s systems, and introduce a layer of 
unpredictability and complexity to the hydrological cycle, especially in urban settings. One 
of the most notable effects of climate change is the uncertainty of water partitioning and 
cycling in urban areas, that, for example leads to more variable and extreme precipitation 
events. Studies indicate a trend towards less frequent but more extreme precipitation 
events increasing the likelihood of both droughts and flash floods (Allan et al., 2020; 
Bertalanič et al., 2019; Caretta & Mukherji, 2022; Dolinar, 2018). Increased temperature 
increases evaporation rates and alters the balance of water inputs and outputs in urban 
areas. Changes in streamflow patterns and snow cover reduction have an impact on water 
availably, particularly in regions dependent on snowmelt for their water supply (Caretta 
& Mukherji, 2022; Markonis et al., 2021). In Europe, 2020 was the warmest year on record 
(WMO, 2021). The year 2021 was cooler due to moderate La Niña events, making it the 
seventh warmest year between 2015 and 2021 (WMO, 2022). The adverse impacts of 
climate change are already affecting the Sustainable Development goals (SDG) adopted by 
world leaders who recognized water as one of the most fundamental and indispensable of 
all-natural resources. Consequently, one of the SDGs (SDG No.6) is to ensure the 
availability and sustainable management of water and sanitation for all. Furthermore, 
water is critical component for achieving many other aspects of sustainable development, 
influencing health, food security and economic development (UN DESA, 2022). Despite the 
growing risks and challenges associated with urban water provision, the water resources of 
most cities remain poorly investigated and evaluated. This sets back the efforts to assess 
the distribution and causes of urban water stress.  

Slovenia is known for its wide range of climate conditions, as it encompasses three very 
distinct climate types alternate or intertwine in a very small area: sub-mediterranean, 
mountain and temperate-continental climate types (Ogrin, Repe, Štaut, Svetlin, & Ogrin, 
2023). Due to climate diversity, determined by factors such as geographical location, rugged 
landscape and proximity to the sea, each climate region’s response to global warming is 
unique and the local changes are expected to be more pronounced than the regional ones. 
Climate models project a significant increase in the mean annual temperature in Slovenia 
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by the end of the 21st century, ranging from 1.3 °C to even 4.1 °C across all seasons, 
depending on the type of scenarios (Dolinar, 2018). This will impact the frequency and 
duration of the heatwaves, while precipitation patterns are predicted to change in winter, 
with uncertain changes expected in summer (Bertalanič et al., 2019). Interestingly, the 
average annual recharge of groundwater is expected to increase by up to 30 % by the end 
of the century compared to period 1981-2010. All this climate change will ultimately impact 
the provision of tap water in the urban areas. 

1.2 Application of Stable Isotopes of Water to Study Water 
Cycle 
The global water cycle, or hydrological cycle, is a complex system, involving different 
processes (i.e. evaporation, precipitation, transpiration). The isotopes of hydrogen and 
oxygen, making up the water molecule, are natural tracers of water that can provide an 
understanding of origin, age and partitioning through different phases of the water cycle. 
The following subchapters introduce the basic principles of stable isotopes and the 
challenges of its application in the urban areas.  

1.2.1 Basic principles of isotope hydrology 
An isotope is an atom of element with a specific number of neutrons but the same number 
of protons. Isotopes can be stable, radioactive (decay to another element) or radiogenic 
(product of decay), or both radioactive and radiogenic, if they are part of a decay chain. 
To study the water cycle, isotopic composition of hydrogen and oxygen have been used as 
a tracer for many years. Hydrogen naturally exist in three isotopic forms: protium (1H), 
deuterium (2H) and tritium (3H), with tritium being radioactive with half-life of 12.32 years 
(Lucas & Unterweger, 2000). Oxygen has three naturally occurring stable isotopes (16O, 
17O and 18O). In environment, these isotopes act as conservative tracers, meaning their 
abundances remain largely unaffected by chemical processes or interaction with catchment 
materials (except in geothermal environments) or when interacting with gases like H2S or 
CO2. Instead, the isotopic composition of water varies primarily due phase changes of 
matter, driven by measurable differences in isotope mass (Aggarwal, Gat, & Froehlich, 
2005; I. Clark & Fritz, 1997; Jasechko, 2019). Isotopic fractionation refers to the processes 
that resulted in the differential partitioning of stable isotopes during physical or chemical 
transformation. It is defined as the partitioning of heavy versus light isotopes in exchange 
reactions. The extent of isotopic fractionation is especially pronounced in hydrogen 
isotopes, up to 1000 ‰, because the mass difference is twofold or 100 percent, for 2H/1H. 
Isotopic fractionation is primarily driven by two mechanisms i) equilibrium isotopic 
exchange and ii) kinetic effects (Clark & Fritz, 1997; Kendall & McDonnell, 1998). 

Equilibrium isotopic fractionation occurs during isotopic exchange between coexisting 
phases that are in thermodynamic equilibrium. It is generally associated with reversible 
reactions (e.g., liquid-vapour molecular exchange where the air overlying the water is 
saturated) where isotopes redistribute themselves along various species of compounds in a 
closed well mixed system. Kinetic isotopic fractionation in contrast, is controlled by rate 
at which reactions occur. These processes include evaporation, diffusion and dissociation 
reactions. They are usually associated with unidirectional and relatively rapid 
transformation. The basis of the fractionation is due to differences in velocities between 
isotopic molecules; lighter isotopes typically move or react faster than heavier isotopes, 
leading to their preferential participation in the system (Clark, 2015; Sharp, 2007).  
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1.2.1.1 Isotope ratios and notation 

Isotopic variations in nature are slight and are not easily measured in an absolute sense. 
Therefore, the delta notation (δ) is used for conveniently and accurately expressing such 
small differences in parts per thousand (denoted as ‰ or permil). This notation is defined 
as the difference between the isotopes in a given material to a standard of know 
composition. δ values are calculated as (Brand & Coplen, 2012; McKinney, McCrea, 
Epstein, Allen, & Urey, 1950):  

 

 𝛿 (‰) =
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1 × 1000 (1.1)

 
where Rsample and Rstandard are ratios of heavy isotope to light isotope (e.g. 2H/1H and 

18O/16O) in a sample or in an international standard, respectively. The delta notation scale 
is between -1000 to ∞. A positive δ values means that the isotopic ratio of the sample is 
higher than that of a standard, while negative δ values ratios are lower than of the standard 
(Kendall & Doctor, 2003).   

Hydrogen and oxygen isotopic ratios are normally calibrated using the international 
standards V-SMOW (Vienna Standard Mean Ocean Water) and SLAP (Standard Light 
Antarctic Precipitation) (Coplen, 1988; Craig, 1961). Stable isotopes are typically measured 
with an isotope ratio mass spectrometer (IRMS), or a cavity ringdown laser spectrometer 
(LS). The IRMS is based on detecting characteristic peaks with different intensities that 
correspond to the ratios of stable isotopes in a sample. The LS is based on absorption 
properties of an absorbent (water) (Leonard Wassenaar, Terzer-Wassmuth, & Douence, 
2021). Increasingly, scientists are using LS due to lower capital cost and consumable 
demands, ease of use, and ongoing improvements in analytical precision (Wassenaar et al., 
2018).  

1.2.1.2 Water lines 

Meteoric water, including all forms of precipitation (rain, fog, hail, snow, sleet) primarily 
falls over the oceans (around 90 %), with only small fraction transported over continents 
by winds where it picks up additional water vapour from inland sources. Based on the 
precipitation data from locations around the globe, linear relation between δ2H and δ18O 
was observed (Epstein & Mayeda, 1953; Friedman, 1953) called the meteoric water line 
(MWL). It was later defined by Craig (1961) as the “global meteoric water line” (GMWL) 
(Figure 1.2) as: 

 𝛿ੑ𝐻 (‰) = 8 × 𝛿ਢৡO + 10 (1.2)

The GMWL is very useful in hydrology as it provides the information of the origin of 
modern and ancient groundwater and its interactions with surface waters (Hatvani et al., 
2023). It is an average of many local meteoric water lines (LMWL), that are affected based 
on climatic and geographical parameters (Araguás-Araguás, Froehlich, & Rozanski, 2000). 
More precise LMWLs differ from the GMWL and can be used in addition to groundwater 
and or surface water data, to investigate processes such as water-rock interaction, 
evaporation, recharge and mixing (Jasechko, 2019). Most LMWLs have slopes between 4.8 
to 10.9 (Putman, Fiorella, Bowen, & Cai, 2019) and limited range of δ2H and δ18O compared 
to GMWL. The intercept of the LMWLs varies across the globe between -24 ‰ to +27 ‰ 
(Putman et al., 2019). The LMWLs for higher altitude regions tent to plot lower on a δ2H-
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δ18O diagram, while lower latitude and more arid regions tend to plot higher on the diagram 
(Carol Kendall & McDonnell, 1998) (Figure 1.2).  

 

Figure 1.2: Water isotope variations in dual-isotope space showing typical composition of 
different water bodies and water lines (GMWL, LMWL, LEL) (left part) and progressive 
rainout (right part). Modified by (Sharp, 2007). 

The spread of δ2H and δ18O along the GMWL is influenced by various factors and can 
occur over long time periods, between seasons and even within a single storm (Sharp, 2007). 
Under equilibrium conditions, water samples, such as precipitation, usually align along the 
GMWL. However, short-term investigations can exhibit a bias due to anomalous climatic 
events (Hatvani et al., 2023; Vreča et al., 2024). Samples under equilibrium condition show 
seasonal variation, with winter samples being more depleted and summer samples more 
enriched in heavy isotopes (Figure 1.2) (Carol Kendall & McDonnell, 1998). The 
environmental factors affecting water isotopes include temperature, latitude, distance 
inland, altitude and the amount of precipitation (Dansgaard, 1964). Isotope variations are 
also due to environmental conditions at the source of the vapor (Araguás-Araguás et al., 
2000), and the mixing of air masses during atmospheric transport. During water 
evaporation, fractionation causes the remaining liquid water to become more enriched in 
the heavy isotopes because the departing vapor contains more light isotopes. This 
fractionation causes water isotopes to deviate from the MWL (Figure 1.2), following a local 
evaporation line (LEL) with a lower slope than that of the MWL. As moisture moves over 
continents, its isotope values further change due to temperature-driven rainout (Gat, 1996) 
and the recycling of water vapour from land surfaces (Figure 1.2).  

Non-equilibrium evaporative fractionation from a limited amount of water can impact 
the slope of the linear relationship of δ2H and δ18O and move a water sample upwards along 
the LEL with a slope < 8 (Dansgaard, 1964). Such deviations from the GMWL can be 
described by the deuterium excess (d-excess), an indicator of non-equilibrium conditions 
and rate of evaporation, described as:  

 𝑑 − 𝑒𝑥𝑐𝑒𝑠𝑠 (‰) = 𝛿ଶ𝐻 −  8 × 𝛿ଵ଼𝑂 (1.3)

Traditionally, the d-excess is mainly used to constrain the moisture sources of 
precipitation, as it mainly depends on the relative humidity and surface sea temperature 
at the evaporative sources. If the evaporation increases, the residual water will get more 
enriched in heavy isotopes (Clark, 2015; Kendall & McDonnell, 1998) and the d-excess will 
decrease (Dansgaard, 1964). On the other hand, high d-excess in water vapour over 
continents may also arise from the evaporation of land surfaces (i.e. lakes and soil waters) 
(Putman et al., 2019). 
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1.2.1.3 From precipitation to surface water and groundwater 

Precipitation represents the starting for the studies of surface water and groundwater. 
Precipitation is intercepted by a large drainage basin that recharge the surface waters. The 
surface waters can also be recharged by groundwater, meaning the δ2H and δ18O of surface 
water reflect the mix of precipitation and groundwater. Streams mainly fed by precipitation 
show larger seasonal changes, while groundwater-dominated streams show smaller changes. 
Larger basins experience more evaporation effects. The contribution of these sources differs 
based on the physical setting of the drainage basin, climatic parameters and human 
activities (Kendall & Doctor, 2003). Surface water can also have different isotopic 
composition as can be derived from precipitation at a higher altitude (Figure 1.2).  

When precipitation infiltrate the ground its isotopic composition can be altered before 
reaching the saturated zone (Penna et al., 2018). Factors that can alter the isotopic 
composition include temperature, partial evaporation and selective recharge (Kendall & 
Doctor, 2003). After water becomes part of the groundwater system, the isotope rations 
can be changed only by mixing with other sources. The variability is in the deep 
groundwater uniform, reflecting the past climatic conditions under which the recharge took 
place (Cheng et al., 2016).  

1.2.2 Application of water isotopes in urban areas 
Traditionally, water managers have used a range of technologies, including hydrometric 
and hydrochemical measurements, to ensure the quality and quantity of water provided to 
consumers. However, in urban areas, this type of analysis is often constrained (Pataki et 
al., 2011) and can be difficult to validate due to insufficient field measurements (Waldrip, 
Niven, Abel, & Schlegel, 2016). Consequently, understanding the sources contributing to 
the water supply system and their spatiotemporal distribution it is important to 
understand how these systems adapt to climate change (Sánchez-Murillo et al., 2020). Yet, 
sampling across vast and varied urban environments and their surrounding areas remains 
a considerable challenge. In recent years, the application of stable isotopes of water in 
urban water supply system present a major new research frontier in isotope hydrology 
(Ehleringer, Barnette, Jameel, Tipple, & Bowen, 2016; Jameel et al., 2018), however urban 
areas are still under-represented in the literature (Kuhlemann, Tetzlaff, & Soulsby, 2021).  

The application of isotopes in investigating drinking water has been conducted on both 
national and local scales. National-level studies conducted in the USA, South Africa, 
Canada and China (Bhuiyan et al., 2023; Bowen, Ehleringer, Chesson, Stange, & Cerling, 
2007; Landwehr, Coplen, & Stewart, 2014; West, February, & Bowen, 2014; Zhao et al., 
2017) have provided valuable insights into the regional and temporal variability, reliability 
and origins of water sources. More recently regional and local scale investigations have 
focused on the specific management practices, sources and quality of water supplies, 
offering detailed information critical for local water resource management (Meng, Liu, 
Xiang, & Liu, 2024; Sánchez-Murillo et al., 2020; Shakya et al., 2022; Tipple et al., 2017). 

Tap water isotopes are used for different purposes. In hydrological studies, isotopic 
analysis of tap water is essential for understanding processes such as the mixing of water 
from different sources (Jameel et al., 2016; Kuhlemann, Tetzlaff, & Soulsby, 2020; Tipple 
et al., 2017; West et al., 2014), to investigate the relationship between tap water isotopes 
and their implications for water resource management practices (de Wet, West, & Harris, 
2020; Tipple et al., 2017) and to derive residence times of stream water (Kuhlemann et al., 
2021) and end-member mixing models (Sánchez-Murillo et al., 2020) for obtaining 
quantitative information about sources and mixing in urban water systems (Leslie, Welch, 
& Lyons, 2014). Moreover, δ2H and δ18O were in the past also used to trace and identify 
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groundwater intrusions into the municipal tap water network, helping to pinpoint 
contamination sources and leakage areas in the distribution system (Kracht, Gresch, & 
Gujer, 2007; Shakya et al., 2022). One important application is also the geolocation of 
water sources; the isotopic composition of tap water can identify the geographic origin of 
the water, which is particularly useful in forensic science for tracing the movement of 
individuals or materials based on the water they have consumed (Bowen et al., 2007; 
Ehleringer et al., 2008; Landwehr et al., 2014). Additionally, tap water isotopes are valuable 
in climate studies as they reflect the climatic conditions at the time the water was sourced, 
providing essential data for climate models (Bowen et al., 2007). Tap water isotopes can 
also be used as a proxy for river water isotopes (Meng et al., 2024).  

In Slovenia, one-time national wide tap water sampling was performed, including eight 
samples from Ljubljana’s water supply areas (Vreča, Nagode, Žigon, & Vaupotič, 2019). 
No additional isotope sampling was performed in the urban water supply system. 

These applications demonstrate the versatility of isotopic analysis in various fields, 
highlighting its importance in understanding and managing water resources, studying 
environmental processes, and conducting forensic investigations (Landwehr et al., 2014). 
However, there is still a need for development of new technologies and more testing of 
isotope approaches for better understanding of processes in urban water supply system, 
especially in the context of climate change and urban growth.  

1.3 Study Site 

1.3.1 Study site Ljubljana 
The study area (Figure 1.3) is situated in the lowland region of central Slovenia, which is 
part of the eastern Ljubljana basin. This basin includes the Ljubljansko polje aquifer to 
the north and the Ljubljansko barje aquifer to the south.  

The Ljubljansko polje tectonic depression was formed by tectonic subsidence in the 
early Pleistocene composed of Permian and Carboniferous slate claystone and sandstone 
that can also be found in the surrounding hills (Žlebnik, 1971). During the Pleistocene and 
Holocene periods, the Sava River filled the depression comprising silty-sandy gravels and 
sandy gravel with lenses of conglomerate transported from alpine glaciers. The thickness 
of the fluvial deposit varies with the deepest point to the pre-Quaternary bedrock of 105 
meters (Bračič Železnik, Pintar, & Urbanc, 2005). The thickness of these fluvial sediments 
increases towards the center of the Ljubljansko polje, where it even exceeds 100 m (Bračič 
Železnik et al., 2005). The aquifer system has an intergranular porosity, and an unconfined 
groundwater table, located on 20–25 m below the surface (Vrzel, Solomon, Blažeka, & 
Ogrinc, 2018) and can fluctuate up to 10 m (source archive JP VOKA SNAGA d.o.o.). It 
is an unconfined aquifer, but locally, on the SW part, layers with low hydraulic 
conductivity appear and on those areas perched aquifers are formed. (Šram, Brenčič, 
Lapanje, & Janža, 2012).  

The primary watercourses flowing through the study area are the Sava, the Ljubljanica 
and the Iška Rivers (Figure 1.3). The Sava River, part of the Sava River catchment, flows 
from northwest to east, with discharge varying between 40 m3/s and 700 m3/s (Jamnik, 
Železnik, & Urbanc, 2003). It is closely interconnected with the groundwater (Bračič 
Železnik & Jamnik, 2005; Bračič Železnik et al., 2005).  

Studies suggest that the Sava River, located on the northern part of the Ljubljansko 
polje, serves as a significant water source for the aquifer. Conversely, groundwater tends 
to drain into the river downstream from Šentjakob (Janža, 2015). Additionally, a smaller 
portion of groundwater recharge is from lateral underground inflow from adjacent aquifers 
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like the Kamniško−Bistriško polje and Ljubljansko barje aquifers (Jamnik et al., 2000). 
With higher horizontal than vertical hydraulic conductivity, the aquifer responds more 
rapidly to river events (Vrzel et al., 2019). Hydraulic conductivity ranges from 3−7x10−3 
m/s at the borders to 10−2 m/s in the central area (Jamnik et al., 2003). Hydrological 
conditions are marked by intensive interactions between Sava River and groundwater, 
which has strong influence on groundwater dynamics. Estimated groundwater flow rates 
and pollutant transport range from few m/day to up to 20 m/day (Janža, Prestor, Urbanc, 
& Jamnik, 2005). Groundwater generally flows southeast and is exploited at Ljubljansko 
polje from four wellfields: Kleče, Hrastje, Jarški prod and Šentvid where drinking water is 
pumped from 16, 10, 3 and 3 wells, respectively. Well depths typically range from 30 to 
105 m below the surface, with perforated screens varying from 200 to 290 m a.s.l.  

  

Figure 1.3: Location of the study area: a) postion of Ljubljansko polje and Ljubljansko 
barje.  

The catchment area of Ljubljansko polje is urbanized, with high pressures on 
groundwater quality arising from urbanization, industry, traffic, agriculture and long-
standing environmental burdens. Unknown pollution sources represent an important part 
of these pressures (Janža, 2015). The good chemical status of the groundwater is threatened 
despite the implementation of basic measures and the existence of strict environmental 
legislation (Jamnik, Janža, & Prestor, 2012; Jamnik et al., 2012). Prompt action must be 
taken to avoid serious impacts on the water supply in the case of a spill of hazardous 
substances (Janža, 2015) or additional environmental interventions (i.e. building new 
sewage system).  

The Ljubljansko barje aquifer extends from the southern part of Ljubljana to the 
Krimsko-Mokrško hills. During the Pleistocene and Holocene periods, the lowlands of 
Ljubljansko barje was filled up with alluvial, marshy and lacustrine sediments (Mencej, 
1988), and the area sank due to faults. In southern, westerns and central part of the 
Ljubljansko barje is the basement composed of Upper Triassic dolomite and Jurassic 
limestone, while in northern and eastern parts is the basement made of Triassic and Permo-
Carbnoniferous shaly mudstone, quartz sandstone and conglomerate characterized by very 
low hydraulic conductivity (Cerar & Urbanc, 2013; Mencej, 1988). The ground is deeper 
in the east compared to the west. At the southern edge, it drops steeply from a few tens 
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of meters to 100 meters deep. In the north, it's over 150 meters deep. Due to the 
heterogeneity of sediments, hydrogeology conditions on Ljubljansko barje is more 
complicated than on Ljubljansko polje (Cerar & Urbanc, 2013; Mencej, 1988), forming a 
multi-layer aquifer system. At the southern and western edge of the basin there are many 
karst springs and some surface flow. The general hydraulics of Ljubljana barje is driven by 
the Ljubljanica River flow, which enters the Ljubljansko polje aquifer through the narrow 
passage between the Grajski and Rožnik hills but does not contribute to groundwater 
recharge due to its impermeable river bed (Jamnik et al., 2003). The Iška River, a right 
tributary of the Ljubljanica River, flows northward from the Krim-Mokrc karst mountains, 
discharging near Iška vas settlement at rates ranging from 0 to 90 m3/s. In addition to 
precipitation infiltration, the upper portion of the Brest wellfield area receives recharge 
from seepage from the Iška River. Deeper parts of the aquifer system experience indirect 
recharge by deep percolation of water infiltrated in the southern hinterland (Krim-Mokrc 
karst mountains). This water is then conducted through fissures and conduits in carbonate 
rocks (Mencej, 1988) and affect the dynamics of groundwater. Groundwater is exploited 
from 13 wells at the Brest wellfield. Wells penetrate shallow and deep aquifers, with screens 
located between 290 m and 270 m a.s.l. for shallow wells and 270 to 195 m a.s.l. for deeper 
wells.  

The pumping rate at the wellfield Brest is dependent on the hydrological conditions; 
during the dry periods, only 40 L/s can be pumped from all shallow wells (Železnik, 2016). 
The hydrochemical characteristics of the drinking water in the wellfield Brest are 
dependent of the river Iška and are changing according to the distance from it (Cerar & 
Urbanc, 2013; Urbanc & Jamnik, 2002). A strong connection between surface water and 
groundwater is very important as the aquifer is very shallow and relatively poorly 
protected. Due to karst hinterland, surface water seeps directly to the shallow groundwater 
through channels and conduits.  

The Ljubljansko barje’s water resources are under significant pressure as the 
agricultural land and less commercially productive areas are being changed to urban areas. 
Environmental problems include water pollution, rising water demand for water, flood and 
drought risk and decline of water retention capacities, decreasing groundwater levels and 
terrain subsidence (Bracic Zeleznik & Globevnik, 2014).  

Climatically, Ljubljana is located in an area of temperate continental climate, i.e., 
Köppen–Geiger code Cfb (Ogrin et al., 2023), characterized by large precipitation amounts. 
Long term mean annual air temperature is 11.4 °C with long-term mean annual 
precipitation of 1368 mm, based on the 1991–2020 Climate Normals (‘Meteo.Si - Ljubljana 
Bežigrad’, 2024) (Table 1.1 and 1.2). Ljubljana is showing quite distinctive air warming 
trends, most notable in summer months (0.4 °C/10 years). The precipitation maximum is 
observed for autumn months with average of 448 mm for 30-year period. (Bertalanič et al., 
2019). In Ljubljana, climate projection indicates a substantial rise in the mean annual 
temperature by the end of the 21st century, ranging from 1.3 °C to even 4.1 °C, depending 
on the various scenarios, while no annual trends in amount of precipitation is observed.  
Although projected changes in precipitation for this region, positioned in a transition zone, 
are less reliable, various models predict increased precipitation throughout the year with 
the most significant increase expected in winter (Bertalanič et al., 2019; Dolinar, 2018). 
Flow regimes of rivers also change based on the past observations. There is a noticeable 
decrease in the spring flood peak and an increase in the autumn peak. In recent years this 
has led to droughts conditions during the spring and summer months and high-water levels 
in the autumn (Kobold, 2007).  
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Table 1.1: Average monthly air temperature (°C) for the long-term periods of 1981-2010 
and 1991-2020, as well as for the years 2018, 2019, 2020, 2021 (“Meteo.si”, 2024). 

Year
Month 01 02 03 04 05 06 07 08 09 10 11 12 Yearly 

1981-2010 0.2 1.9 6.4 10.8 15.8 19.1 21.3 20.5 15.9 11.2 5.5 1.2 10.8 
1991-2020 1.0 2.6 7.1 11.6 16.1 20.0 21.8 21.3 16.1 11.4 6.4 1.5 11.4 
2018 4.8 –0.1 4.6 15.2 18.0 20.9 22.3 22.8 17.5 13.2 8.2 2.2 12.5 
2019 0.7 4.9 9.0 11.6 12.9 23.5 22.9 22.6 16.8 13.2 8.8 3.6 12.6 
2020 1.9 6.8 7.2 13.0 15.3 19.6 21.8 22.2 17.5 11.9 5.3 2.9 12.2 
2021 1.2 5.9 6.7 9.1 13.5 23.1 23.3 21.0 17.5 9.8 5.9 1.3 11.5 

 

Table 1.2: Amount of precipitation (in mm) for the long-term periods of 1981-2010 and 
1991-2020 (“Meteo.Si”, 2024), as well as for the years 2018, 2019, 2020, 2021 (Cegnar, 2019, 
2020).  

Year
Month 01 02 03 04 05 06 07 08 09 10 11 12 Yearly 

1981-2010 69 70 88 99 109 144 115 137 147 147 129 107 1362 
1991-2020 67 84 83 97 114 125 122 124 160 150 138 104 1368 
2018 73 132 122 102 131 83 138 223 126 125 109 12 1376 
2019 66 98 48 89 239 46 142 112 145 76 188 130 1379 
2020 14 42 105 25 115 147 160 87 133 203 48 183 1262 
2021 141 85 57 129 247 25 150 105 167 47 165 122 1442 

 

1.3.2 Water supply system in Ljubljana 
Public utility VOKA SNAGA d.o.o. oversees the distribution of drinking water to 
inhabitants of the city of Ljubljana and its surroundings through a comprehensive water 
supply system (WSS). The central WSS comprises five water supply facilities (Figure 1.4) 
as well as ten smaller local pumping stations (Figure 1.5) (JP VOKA SNAGA, 2013). 
Figure 1.5 shows the two wellfields, Jarški prod and Šentvid, from both the outside and 
the inside, respectively. 

The central WSS extracts water from five water supply facilities: Kleče (A), Hrastje 
(B), Brest (C), Jarški prod (D) and Šentvid (E) wellfields (Figure 1.5). Except Hrastje 
wellfield, all other wellfields represent its own water supply area (WSA). Initially, the WSS 
was divided into nine water supply areas (Figure 1.5), namely Kleče (A), Hrastje (B), Brest 
(C), Jarški prod (D), Šentvid (E), Hrastje/Jarški prod (F), Kleče/Brest (G), 
Kleče/Hrastje/Jarški prod (H), Kleče/Hrastje/Brest (I2). Later, in 2020 this division 
changed resulting in one additional water supply area and changes in the existing water 
supply areas (i.e. different area sizes). Newly established areas include ten water supply 
areas (Figure 1.5): Kleče (A1), Hrastje (B1), Brest (C1), Jarški prod (D1), Šentvid (E1), 
Hrastje/Kleče (F1), Kleče/Brest (G1), Kleče/Hrastje (H1), Kleče/Brest/Hrastje (I3) and 
Kleče/Jarški prod (DA). 
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Figure 1.4: Locations and diversification of drinking water supply system in Ljubljana. 
Modified by JP VOKA SNAGA (2013). 

 
The central WSS extracts water from five water supply facilities: Kleče (A), Hrastje 

(B), Brest (C), Jarški prod (D) and Šentvid (E) wellfields (Figure 1.5). Except Hrastje 
wellfield, all other wellfields represent its own water supply area (WSA). Initially, the WSS 
was divided into nine water supply areas (Figure 1.5), namely Kleče (A), Hrastje (B), Brest 
(C), Jarški prod (D), Šentvid (E), Hrastje/Jarški prod (F), Kleče/Brest (G), 
Kleče/Hrastje/Jarški prod (H), Kleče/Hrastje/Brest (I2). Later, in 2020 this division 
changed resulting in one additional water supply area and changes in the existing water 
supply areas (i.e. different area sizes). Newly established areas include ten water supply 
areas (Figure 1.5): Kleče (A1), Hrastje (B1), Brest (C1), Jarški prod (D1), Šentvid (E1), 
Hrastje/Kleče (F1), Kleče/Brest (G1), Kleče/Hrastje (H1), Kleče/Brest/Hrastje (I3) and 
Kleče/Jarški prod (DA). 

Wellfields Kleče, Hrastje, Jarški prod and Šentvid are situated at the Ljubljansko polje 
aquifer, while the Brest wellfield is located in the Ljubljansko barje aquifer (Figures 1.3 
and 1.5). Positioned south of the city of Ljubljana, the Brest wellfield, has been part of the 
water supply system since 1987, contributing approximately 10 % of the city´s drinking 
water. Primary water supply network consists of reservoirs, re-pumping stations and water 
pipelines of large diameters that run from water supply facilities. Further on, small 
diameters pipeline lead from the primary network in the direction of the consumers. 
Drinking water goes to the network without any technical water preparation, however it 
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is only occasionally chlorinated. Water is in the central WSS distributed to the consumers 
via 1,100 km long water supply network, with distribution of 115-150 L of drinking water 
per day/person. Altogether is the water distributed to 330,000 users through 42,000 
connections. Some water supply areas are continuously supplied with water from a single 
water supply facility, while some with two or more water supply facilities, depending on 
water consumption and pressure condition in the system. Wellfields are strategically 
located within protected zones, restricting direct access to a pumping station to authorized 
personnel only. Once the water enters the system, it is kept in the networks no more than 
a few hours. In the water supply system, eleven re-pumping stations pumps are included 
into the network that pump water into reservoirs. From there water is released into the 
system using also pressure regulators, when needed (JP VOKA SNAGA, 2013). 

 

 

 

Figure 1.5: Water supply areas within Ljubljana’s distribution system. The upper figure 
shows the nine WSA areas before 2020, while the lower figure shows the ten WSA areas 
after 2020. The wellfields are named Kleče, Brest, Hrastje, Jarški prod, and Šentvid.   
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1.3.3 Meteorological and hydrological conditions during the study 
period 

The study, conducted between 2018 and 2021, reveals a noticeable increasing trend in 
temperatures. These years coincided with global records, as the years 2018-2021 ranked 
four warmest years on record (WMO, 2021a).  

In Ljubljana, temperatures during this period were consistently above the long-term 
average (1981-2010), with anomalies of 1.7 °C, 1.8 °C, 1.4 °C and 0.7 °C, respectively 
(Table 1.1) (ARSO METEO, 2024). However, the temperature anomaly for the period 
1991-2020 was comparatively lower (Figure 1.6). Rarely did the average monthly 
temperature fall below the long-term average, with May standing out as the month with 
the most pronounced deviation from the norm. Notably, the most significant temperature 
differences occurred during the first six months, with a less pronounced variance observed 
in the latter half of the year (Figure 1.6). Projections indicate that Slovenia will experience 
significant temperature changes across all seasons, with winter experiencing slightly 
enhanced warming. Warming will be the least pronounced in spring (Bertalanič et al., 
2019). Additionally, Ljubljana is expected to experience even more significant temperature 
increases due to the UHI effect, where urban areas temperature increase more compared to 
the surrounding rural land (Liu et al., 2022). 

 
1981-2010 1991-2020 

Mean air temperature anomaly 

  
Monthly precipitation anomaly 

  

Figure 1.6: Mean air temperature and precipitation amount anomaly for period 2018, 2019, 
2020 and 2021 based on long term averages 1981-2010 (left figures) and 1991-2020 (right 
figures). 

 
Annual precipitation generally remained within the usual variability compared to the 

long-term means (1981-2010 and 1991-2020), with the exception of 2020, which recorded a 
lower amount of precipitation (92 %) compared to the long-term average (1991-2020). 
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While monthly precipitation fluctuations were most pronounced, the total annual amount 
did not vary substantially compared to long-term means (Table 1.2, Figure 1.6).  

In contrast to temperature projections, predictions regarding changes in precipitation 
are less reliable due to Slovenia’s location in the transition zone between northern and 
southern Europe. The signal of change in precipitation amount is slightly more pronounced 
seasonally. The most significant increase, by up to 40 %, is projected for winter under a 
moderately optimistic scenario. However, changes in summer precipitation are uncertain, 
with possible fluctuations in both directions (Bertalanič et al., 2019). 

During the years 2018-2021, discharge levels at Sava Šentjakob were higher compared 
to long-term trends. The most significant deviations occurred during months with elevated 
discharge levels relative to the long-term averages. In contrast, deviations during months 
with lower discharge levels were more subtle (Figure 1.7). Additionally, the average yearly 
water temperatures at this location were higher for 1.6 °C, 1.4 °C, 1.3 °C and 1.1 °C, 
respectively compared to the long-term average (1981-2010).  

At the Iška river at the Iška vas station (Figure 1.7), systematic measurements of 
discharge and temperature began only in 2001. In contrast, the discharge at Iška during 
the study period was lower compared to the long-term average (2001-2021) and was higher 
only 11 times during the four-year study period. The highest deviations were observed 
during spring time. Additionally, the average yearly water temperatures at this location 
were higher by 1.2 °C, 1.0 °C, 1.0 °C and 0.5 °C, respectively compared to the long-term 
average (2001-2021).  

 
Sava at Šentjakob Iška at Iška vas 

Mean surface water temperature anomaly 

  
Monthly discharge anomaly 

  

Figure 1.7: Mean surface water temperature and monthly discarge anomaly for period 
2018, 2019, 2020 and 2021 based on long term average 1981-2010 for Sava River (left 
figures) and long term average 2001-2021 for the Iška River (right figures). 
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1.4 Sampling and Analytical Procedures 
These sections provide an overview of the methodology, sampling techniques and analyses 
conducted in the study. A summary of the previous investigations performed in the study 
area is presented as a review paper in Chapter 3.1. Specific applications of methods to the 
individual field sites and information on the subsequent data processing can be found in 
Chapters 3.2 to 3.5. 

1.4.1 Sampling 
In this work, water samples were collected from precipitation, surface water, groundwater 
and different parts of water supply system (wells, joint exits from water pumping stations, 
reservoirs, water treatment locations, drinking fountains and taps) to determine their 
isotopic composition. The workflow of the sampling is presented in Figure 1.8.  
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Tap water sampling 
- Sampling in spring 2019, autumn and winter 2021 
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24-hour sampling 
- Sampling performed in April 2019, May and December 
2020, and May 2021 

 

Figure 1.8: Conceptual graphic of the sampling campaigns and experiments. 
 
 The investigation of the Ljubljana water supply system started in 2018, after the review 

of previous isotope results. Sampling sites were selected based on the expertise of personnel 
from JP VOKA SNAGA d.o.o. The selection process considered both the type of the 
sampling site (TSS) (e.g., well, water treatment location, reservoirs, taps) and the type of 
water supply area (WSA) (e.g., Kleče, Hrastje, Šentvid). To ensure comprehensive coverage 
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of the entire WSS, additional three locations were selected along the River Sava and at the 
outflow from a wastewater treatment plant (CČN). For more detailed information, please 
refer to Chapter 3.2. 

Following the initial screening of the system, a two-year monitoring program was 
conducted, during which samples from precipitation, surface water, and groundwater were 
collected between 2020 and 2021. Grab samples from surface water were taken directly 
from streams at three locations: Brod and Šentjakob on the Sava River and Iška vas on 
the Iška River (Figure 1.9). Groundwater samples were collected from five wellfields: Kleče, 
Brest, Hrastje, Jarški prod and Šentvid (Figure 1.10). Various experiments were conducted 
within the water supply system, including 24-hour sampling and tap water sampling. 
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Figure 1.9: Sampling locations of the Sava River at a) Brod, b) Šentjakob and c) the Iška 
River at Iška vas.  

 

 

Figure 1.10: Wellfields Jarški prod and Šentvid in Ljubljana from outside and inside, 
respectively.  
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1.4.1.1 Tap water experiments 

Tap water sampling was performed three times in the Municipality of Ljubljana (MOL). 
The first sampling occurred in March 2019, representing the spring season, while the 
subsequent samplings in September and December 2021 represented autumn and winter. 
The investigation focused on collecting tap water (TW) samples. 

1.4.1.2 24-hour sampling experiment 

The first 24-hour sampling aimed to investigate hourly variability in water samples 
collected from 9 am on April 24th until 9 am on April 25th 2019, from a tap at the Jožef 
Stefan Institute (JSI) (Figure 1.10). At this location, water was mixed from Kleče and 
Brest wellfields. The experiment involved collecting the first sample after running the tap 
for 60 seconds (1 minute). For more detailed information, please refer to Chapter 3.5. 
Sampling was then repeated three times, in May and December 2020, and May 2021. 
During this period, the water came only from the Kleče wellfield, so no mixing of sources 
was observer.   

1.4.2 Measurements 

1.4.2.1 Determination of stable isotope composition of oxygen and hydrogen 

All water samples were collected in 30- or 60-ml HDPE bottles. The isotope composition 
of oxygen and hydrogen was determined according to the modified IAEA Technical 
procedure note no. 43 (Tanweer, Gröning, Van Duren, Jaklitsch, & Pöltenstein, 2009) using 
the CO2-H2O (Avak & Brand, 1995; Epstein & Mayeda, 1953) and H2-H2O (Coplen, 
Wildman, & Chen, 1991) equilibration techniques. All analyses were performed at the Jožef 
Stefan Institute using a dual inlet isotope ratio mass spectrometer (DI-IRMS, Finnigan 
MAT DELTA plus Finnigan MAT GmbH, Bremen, Germany) with an automated H2-H2O 
and CO2-H2O equilibrator HDOeq48 Equilibration Unit (custom built by M. Jaklitsch) and 
water bath temperature at 18 °C. The equilibration of H2-H2O and CO2-H2O lasted for 2 
and 6 hours, respectively.  

All measurements were performed together with routinely measured samples and 
laboratory reference materials (LRMs) calibrated periodically against IAEA calibration 
standards on the VSMOW/SLAP scale. This standards are stored in stainless steel 
containers under N2 gas pressure for long-term water storage (Gröning, 2018). The results 
were normalized to VSMOW/SLAP using a Laboratory Information Management System 
for Light Stable Isotopes (LIMS) program (Coplen, 2017). For normalisation (N) and 
independent quality control (QC), we used LRMs with defined isotope values and estimated 
measurement uncertainty calculated by Kragten method (Carter & Barwick, 2011) (Table 
1.3) and commercial LRM provided by the USGS (Nigro, Žagar, & Vreča, 2024). 

1.4.2.2 Other analytical methods 

Other methods were performed to complement the hydrometric and isotopic data. In the 
field, temperature (T), pH and electrical conductivity (EC) were measured. In the 
laboratories of the Departments of Environmental Sciences (IJS), additional parameters 
were analzed; namely stable isotope composition of carbon in dissolved inorganic carbon 
(δ13CDIC), elemental composition (Ca, Na, K, Mg, Ag, Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, 
K, Li, Mn, Mo, Ni, Pb, Rb, Sb, Se, Sr, U, V, Zn) and the 87Sr/86Sr isotope ratio. A detail 
explanation of the methods is presented in Chapter 3.2 to Chapter 3.5.  
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Table 1.3: δ2H and δ18O defined values of JSI laboratory reference materials with their 
associated combined standard uncertainties. N stands for normalization, QC for quality 
control (Nigro et al., 2024).  

JSI code Material  δ2H [‰] δ18O [‰] Comment  
W-3869 Distilled see water +2.9 ± 0.9  +0.36 ± 0.04 N, defined 
W-3871 Snow water Kranjska 

gora 
−147.9 ± 0.6 −19.73 ± 0.02 N, defined 

W-54 Snow water Kanin −140.4 ± 0.7 −18.91 ± 0.03 N, defined 
W-45 Milli-Q tap water 

Reaktor 
−59.7 ± 0.7 −9.12 ± 0.03 QC, defined 

W-53 Snow water Kanin −140.4 ± 0.7 −18.91 ± 0.03 QC, defined 
W-45 Milli-Q tap water 

Reaktor 
−59.9 ± 0.7 −9.13 ± 0.03 QC, measured 

1.5 Data Evaluation 
Data was evaluated using various methods and software tools. Microsoft® office Excel 2016 
was used to calculate basic descriptive statistical parameters. Statistical analyses, including 
Spearman correlation coefficient, hierarchical cluster analysis, and principal component 
analysis, were performed using OriginPro 2021 (OriginLab, Northampton, PA, USA). 
RStudio version 3.6.0 (RStudio Team, 2018) was used for the Kruskal-Wallis test followed 
by a Dunn post hoc test with Hochberg-Benjamin adjustment for multiple comparisons. 
For data visualization, both OriginPro 2021 and RStudio were used. The local meteoric 
water lines (LMWL) were calculated using the Python code available on GitHub (Pavšek 
& Vreča, 2022). Spatial data visualization was performed using QGIS Standalone Installer 
Version 3.4.  
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2 Aims and Hypotheses 

Previous isotopic investigations in the Ljubljana aquifers have been conducted in an 
unsystematic and short-term manner, providing information about the aquifer 
characterization, water sources and interactions. These data have helped improve 
conceptual models of the Ljubljana aquifer (Janža, 2009, 2022). Regular monitoring of the 
isotope composition of precipitation has been conducted since 1981 in Ljubljana, (Pezdič, 
1999, 2003; Vreča, Bronić, Leis, & Brenčič, 2008; Vreča, Pavšek, & Kocman, 2022) but 
studies of other water cycle components, such us surface water and groundwater have been 
limited and sporadic. Additionally, no comprehensive isotopic investigation of both water 
sources and the water supply system has been carried out, leading to gaps in understanding 
water circulation, flow paths and storage in urban areas.  

 
To address these gaps, this dissertation aims to use stable water isotopes (δ2H and 

δ18O), in combination with other physico-chemical parameters to investigate different 
components of urban water cycle in Ljubljana, from source to tap. Samples will be collected 
from multiple points within the water supply system, including wells, joint exits from water 
pumping stations, water treatment locations, reservoirs, drinking fountains and taps. 
Additionally, monthly sampling of surface water (the Sava and the Iška Rivers) and 
groundwater (Kleče, Hrastje, Brod, Jarški prod and Šentvid wellfields) will be conducted.  

 
The general hypothesis is that the properties of water change from the source (wellfield) 

to end-user due to interplay of natural and anthropogenic processes in the aquifer, its 
recharge area, and the water supply system. These changes, reflected in the isotope 
composition and other physico-chemical properties, can be used to better understand water 
sources, evaluate changes and mixing within a complex water supply system, and assess 
the impact of anthropogenic activities and climate change on freshwater resources. 
Moreover, this dissertation also addresses three sub-hypotheses, namely: 

 Stable water isotopes can be used in the urban water supply systems and assess 
changes in the water cycle. 

 Changes in the source contribution can be observed in the study area by 
determining the isotopic composition and other hydro-chemical parameters. 

 The observed changes in the isotopic composition of water sources in the study 
area are correlated with climatic variations and trends. 

The dissertation addresses the following questions:  
1.) Can the different components of the urban water cycle be characterized by their 
different isotopic signatures?  
2.) Can the unique isotope signatures be used to better define sources, pathways and 
interactions of water supply areas in the urban environments? 
3.) Can we use stable water isotopes of specific tap water to link the primary source and 
water supply area? 
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The specific goals of this dissertation are:  
 To synthesis and critically assess previous isotope investigations in the Ljubljana 

area, with emphasis on the use of δ2H and δ18O until 2019; identifying both good 
practices and main gaps (Chapter 3.1).  

 To improve the assessment of freshwater resources for domestic supply using 
water isotopes and other physico-chemical measurements to better characterise 
sources and pathways in urban environments (Chapter 3.3). 

 To gain insights into seasonal variations in source and changes in flow paths in 
urban area and the potential impact of climate change (Chapters 3.3 and 3.4). 

 To determine the isotope composition of water within the water supply system 
and at the end-users (Chapters 3.2, 3.4 and 3.5). 

 To create an isotopic database for future use (Chapter 3.6).  
 To develop best-practice guidelines for integrating water isotopes to assist water 

managers in planning, designing and managing freshwater resources for domestic 
supply in urban environments (Chapter 3.7).  
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3 Publications  

The dissertation comprises five publications: four that have been published and one that 
has been submitted. The final two sections include a data map and best practice guidelines 
designed for stakeholders. The publications are listed in such a way that their consecutive 
appearances follow the general hypotheses and objectives of the thesis.  

The first publication provides a synthesis and critical assessment of previous isotope 
investigations in the Ljubljana area (Chapter 3.1). Based on the literature review and 
insights from employees of the public utility JP VOKA SNAGA regarding the water supply 
system, a preliminary investigation of the system was proposed and performed in 2018. 
The results of this investigation are detailed in Chapter 3.2. Following this initial screening, 
a two-year sampling study was proposed, involving monthly sampling of all sources 
contributing to the groundwater and, consequently to the drinking water in Ljubljana. The 
sources included precipitation, surface water and groundwater from all wellfields at 
Ljubljansko polje and Ljubljansko barje. The findings of the study are presented in Chapter 
3.3.  

Chapters 3.4 and 3.5. present two types of experiments where tap water was sampled 
and analysed. First, tap water from across Ljubljana was collected during three sampling 
campaigns, with 273 samples collected using a citizen science approach (Chapter 3.4). 
Chapter 3.5. describes a 24-hour sampling experiment in which tap water was sampled 
every hour over a 24-hour period.  

In all manuscripts, samples were collected to determine isotope composition of hydrogen 
(δ2H) and oxygen (δ18O) and were analysed using dual inlet isotope ratio mass spectrometry 
(DI-IRMS). Additional parameters investigated included temperature, electrical 
conductivity, total alkalinity, isotopic composition of carbon in dissolved inorganic carbon 
(δ13CDIC), elemental composition and 87Sr/86Sr isotope ratios.  

The work presented in the thesis is based on the Coordinated Research Project (CRP 
F33024) entitled “Use of Isotope Techniques for the Evaluation of Water Sources for 
Domestic Supply in Urban Areas” implemented by the IAEA Isotope Hydrology Section 
from 2018 to 2023. This five-year global assessment included representative urban studies 
in Canada, the USA, Costa Rica, Ecuador, Argentina, Ethiopia, Morocco, South Africa, 
Italy, Slovenia, Romania, Ukraine, India, Nepal, Vietnam, and China. 
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3.1 Manuscript: Synthesis of Past Isotope Hydrology 
Investigations in the Area of Ljubljana, Slovenia 
This section presents a review paper authored by K. Nagode, T. Kanduč, S. Lojen, B. 
Bračič Železnik, B. Jamnik and P. Vreča published in Geologija in 2020. It examines 102 
studies conducted in the area of Ljubljana aquifers between 1976 and 2019, with a specific 
focus in 41 papers that provided detailed data on stable isotopes of hydrogen, oxygen and 
carbon in groundwater, surface water and precipitation.  

While numerous investigations have been conducted in the study area in the past, the 
results have been sporadic and often lacked important metadata (e.g., location of sampling, 
sampling date, measured parameters). Therefore, the primary goal of the manuscript was 
to summarize the methodologies used and the results obtained from these studies. We 
identified main gaps in the previous research, including the lack of long-term data sets, 
and large-scale isotopic data. Most investigations focused on samples collected for the 
determination of δ2H and δ18O, while δ13CDIC was rarely reported. Isotope investigations of 
the Ljubljansko barje began in 1976, while groundwater and surface water investigations 
of the Ljubljansko polje and along the Sava River began as late as 1997. We also 
emphasized the importance of presenting numerical data with exact coordinates, as this is 
important for comparing newly gathered data with previous investigation.  

The paper aims to improve the understanding of water circulation dynamics in 
Ljubljana’s urban environment, which is crucial for effective water resource management. 
For the future investigations we recommend long-term and systematic monitoring, the 
expansion of isotopic studies, sharing of numerical data and enhanced collaboration and 
coordination.  

I was responsible for updating the preselected references and summarizing the available 
literature. I also prepared the manuscript, including the creation of tables and figures.   
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3.2 Manuscript: Multi-Isotope Characterization of Water in 
the Water Supply System of the City of Ljubljana, Slovenia 
In this section, we present a paper authored by K. Nagode, T. Kanduč, B. Bračič Železnik, 
B. Jamnik, and P. Vreča published in the Water in 2022.  

This study marks the first comprehensive stable isotope (H, O, and C) investigation of 
Ljubljana’s urban water supply system (WSS), from source to tap. Sampling was conducted 
between September and November 2018 by JP VOKA SNAGA d.o.o. staff, JSI team 
members, and volunteers. The investigations focused on changes in temperature, electrical 
conductivity, total alkalinity, δ2H, δ18O, and δ13CDIC values. A total of 108 samples were 
collected from different points in the WSS, including wells, joint exits from water pumping 
stations, reservoirs, water treatment locations, drinking water fountains, taps and the 
wastewater system. 

The results revealed that the ranges of δ2H and δ18O values were small, each well 
exhibited a unique fingerprint when additional parameters were considered. Statistically 
significant differences were observed between sampling months. The smallest temperature 
ranges were observed in wells compared to other WSS components, suggesting the system's 
susceptibility to external temperature changes. Other observed parameters showed higher 
variability within the wells than within the WSS, further indicating a more unified water 
system. Although precipitation’s δ2H, δ18O signatures were seasonal, no such seasonal 
variation was observed within the WSS during the three-month sampling period. This 
limited timeframe also meant that the influence of meteorological and hydrological changes 
was minimal. 

The isotope composition of groundwater at Ljubljansko polje depended on the well's 
location and the contribution of precipitation and River Sava water. This was particularly 
evident in the Hrastje, Jarški prod, and Šentvid wellfields, which showed more positive 
δ18O values with distance from the River Sava. Higher alkalinity and more negative δ13CDIC 
values were noted at the Brest wellfield, with both parameters showing a negative 
correlation. δ13CDIC values enabled a distinction between river/groundwater interactions 
within the WSS and between shallower and deeper wells, as well as their distance from the 
riverbank.  

To gain a better understanding of potential changes within the system, simultaneous 
sampling from source to tap is recommended, along with additional parameter 
measurements. Further observations are necessary to account for possible changes in the 
River Sava and the sensitivity of the aquifers to climate change. This preliminary study 
provides a foundational understanding of the differences between various groundwater 
sources and the WSS, offering baseline data for future research. In this study, also As was 
measured. Most results were below the detection limit, with measurable levels only 
observed in samples from the WSA Brest. Consequently, As concentration was 
subsequently used in the 24-hour experiment (Chapter 3.5). 

The data gathered during this study have been published in an open repository 
Pangaea, titled “Multi-isotope characterization of water resources for domestic supply in 
Ljubljana, Slovenia.” (Vreča et al., 2020) 

In this paper I contributed with the sampling, performed the measurements for the 
determination of δ2H and δ18O using DI-IRMS, data evaluation, and writing the 
manuscript, including preparation of figures and tables. In addition, I was responsible for 
the preparation of the data and its submission. 
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3.3 Manuscript: Unravelling the Sources Contributing to the 
Urban Water Supply: An Isotope Perspective from Ljubljana, 
Slovenia 
In this section, we present a paper authored by K. Žagar, L. Ortega, B. Jamnik, B. Bračič 
Železnik and P. Vreča published in the Journal of Hydrology in 2024. The paper addresses 
the isotopic investigation of the main sources contributing to the drinking water in 
Ljubljana. Monthly sampling was conducted from precipitation, surface water and 
groundwater, between 2020 and 2021. Groundwater sampling included all five wellfields 
(Kleče, Hrastje, Brest, Jarški prod and Šentvid) that supply drinking water to the city. 
Additionally, two surface water sampling locations at the Sava River and one location and 
the Iška River were selected, while precipitation was collected at Ljubljana Reaktor.  

During the study period, we observed significant temperature changes that aligned with 
climate projections, along with variations in precipitation patterns that influenced the 
isotope composition. Surface water characteristics indicated influence from upper 
catchment recharge, with the Sava River and precipitation monthly variability 
contributing to groundwater sources in the Ljubljansko polje aquifer. On the other hand, 
the isotope data suggest precipitation is a major recharge source of shallow wells at the 
Brest wellfield. 

One important finding was also the significantly longer mean residence time of surface 
water as previously reported, with an estimated duration of three to four years. This 
extended residence time has implications for understanding the sustainability and 
replenishment rates of the aquifer. Additionally, the investigations revealed that the 
contributions of surface water and local precipitation to groundwater have changed over 
time, indicating a dynamic interaction between these sources and the aquifer system. 
Understanding these dynamics is essential for sustainable water resource management, 
especially in urban areas where human activities affect groundwater recharge and water 
quality.  

The results reported in this paper can be used by water managers to improve the 
understanding of water dynamics in urban areas. In addition, these findings have 
implications for national strategic planning including water infrastructure construction, 
such as dams and wellfields. Future urban development and population growth will also 
place additional pressure on water sources.  

The data gathered during this study have been published in an open repository 
Pangaea. The surface water sampling dataset is titled “Isotopic characterisation of the 
Sava and Iška River at Ljubljansko polje and Ljubljansko barje, Slovenia, during 2020-
2021 sampling campaign” (Žagar et al., 2022b). The groundwater data sampling dataset is 
titled “Isotopic characterisation of groundwater at Ljubljansko polje and Ljubljansko barje, 
Slovenia, during 2020-2021 sampling campaign” (Žagar et al., 2022a).  

In this paper I contributed to developing the research question, performed monthly 
surface water sampling, accompanied the technical personnel four times for groundwater 
sampling in protected wellfields, performed measurements for δ2H and δ18O determination 
using DI-IRMS, evaluated the data, and prepared the manuscript, including the figures 
and tables.   
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3.4 Manuscript: Hydrogen and Oxygen Isotopes in Tap 
Water: Insights into Urban Water Supply Structure and 
Management 
This section represents an important research, currently under review in Science of The 
Total Environment. The paper is authored by K. Žagar, L. Ortega, J. van Rooyen and P. 
Vreča.    

This study investigates the spatiotemporal isotopic composition of tap water in 
Ljubljana, using a citizen science approach to enhance urban water management strategies. 
The primary aims were to test the feasibility of the sampling protocol, characterize isotopic 
variations in tap water, and explore the boundaries of water sources within the city. δ2H 
and δ18O values serve as tracers, revealing distinct water supply areas and reflecting varied 
water management practices. Through the involvement of 145 participants, 273 samples 
were collected across three different seasons (spring, autumn and winter). The isotopic 
analysis showed coherent patterns that indicate low residence times and rapid water 
movement through the system. Significant differences in isotopic compositions were 
observed between water supply areas and seasons, suggesting that water source mixing and 
management practices influence tap water isotopic signatures. 

Comparisons with previous studies showed an increase in isotopic values over time, 
which may correlate with climate trends, change in the recharge dynamics and water 
management changes. The research confirms that isotope data can provide insights into 
water supply boundaries and the dynamics of urban water systems, which are not fixed 
and can change based on demand and system conditions. 

This study contributes valuable data on urban water supply dynamics and 
demonstrates the effectiveness of a citizen science approach for extensive and efficient data 
collection. The results advocate for longer-term monitoring of tap water isotopic 
composition to better understand and manage the impacts of climate change and human 
activities on water resources, ultimately aiding in sustainable urban water management 
practices. 

In this paper I contributed to finding the participants, preparing all sampling materials 
and paperwork, gathering samples, evaluating the data, performing measurements for δ2H 
and δ18O determination using DI-IRMS, preparing the manuscript, including the figures 
and tables.   
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3.5 Manuscript: Daily Fluctuations in the Isotope and 
Elemental Composition of Tap Water in Ljubljana, Slovenia 
In this section, we present a paper authored by K. Nagode, T. Kanduč, T. Zuliani, B. 
Bračič Železnik, B. Jamnik, and P. Vreča published in the Water in 2021.  

Until 2018, no studies had investigated the Ljubljana WSS or attempted to explain 
possible isotopic and elemental compositional changes in water during its journey from 
source to tap. This study used a multi-tracer approach to investigate the daily variability 
in the isotope and elemental composition of tap water at one location. It is the first study 
in Slovenia to specifically address water isotopes, building on the 2018 preliminary 
investigation. Samples were collected from a tap at Jožef Stefan Institute where water was 
mixing from two aquifers with different recharge areas and geochemical facies. Samples 
were collected for determination of pH, δ2H, δ18O, d-excess, δ13CDIC, and 87Sr/86Sr ratios and 
major and trace elements at hourly intervals over a 24 h period. The study aims to provide 
information to water managers about the origins of drinking water and the contribution of 
different wellfields based on evaluated parameters. The information is important to ensure 
a safe water supply as it helps managers effectively plan and implement changes in the 
water distribution system and mitigate any adverse effects. 

The results of this experiment showed that, stable isotopes of water alone cannot be 
used due to similarity in isotope signatures between the two source waters. However, the 
concentrations of certain elements, though low, provided more detailed information. Based 
on temporal differences, four distinct groups were identified: one with higher values at the 
beginning and end of the day and lower values in between, another with lower values at 
the beginning and end and higher values in between, a third with higher values at the 
beginning of the experiment, and a final group with no specific pattern. δ2H and δ18O 
showed a significant correlations with Ca, K, As, Li, Ni, and U. Higher contributions from 
Kleče were noted at the beginning and end of the experiment, while Brest contributed more 
between 12:00 and 18:00. This variability confirmed the assumptions of water managers 
about the mixing of water in the investigated area. The study demonstrated that elements 
such as Na, Cr, and As could serve as proxies for determining the mixing ratios of water 
from the two wellfields.  

The experiment was repeated three times afterwards, first during the COVID-19 
pandemic when the provisions and the distribution changed due to the closure of public 
buildings in Ljubljana. During this period, water was distributed to this location only from 
the Kleče wellfield.  

 In this publication I prepared sampling design, performed 24-hour sampling, analyse 
sampling for the determination of δ2H and δ18O using DI-IRMS, evaluated the data and 
prepared the manuscript, including the figures and tables.   
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Chapter 4 

4 Data and Resource Management 

Databases play a crucial role in organizing and managing large volumes of data, making it 
easier to store, access, and analyse information. In research, they support collaboration by 
scientists to share data efficiently, improving the reproducibility of experiments and 
speeding up discoveries. By integrating different types of data, databases allow researchers 
to perform different analyses that would be difficult with scattered information. They also 
help ensure data integrity and security, making them indispensable tools for handling the 
complexities of modern data and driving innovation (Pauli et al., 2017). Different 
stakeholders from academia, industry, funding agencies and scholarly publishers have 
endorsed a set of principles names FAIR Data Principles (Findability, Accessibility, 
Interoperability, and Reusability). The aim is for these principles to serve as a guide for 
individuals seeking to improve the reusability of their data collections, applying not only 
to conventional 'data' but also to the algorithms, tools, and workflows used to generate 
that data (Wilkinson et al., 2016). Different databases have been initiated in the field of 
isotope investigations i.e. Global Network of Isotopes in Precipitation (‘GNIP’, 2019), 
Global Network of Isotopes in Rivers, IsoBank (‘IsoBank’), (‘GNIR’, 2019), and SLONIP 
(Vreča et al., 2022).  

During our investigations in the frame of CRP, various reports (Nagode & Vreča, 2022b, 
2022a; Nagode, Vreča, Kanduč, & Zuliani, 2021; Nagode et al., 2022; Nagode, Vreča, 
Kanduč, Zuliani, et al., 2021; Vreča, Nagode, Kanduč, Zuliani, & Žigon, 2019; Vreča, 
Nagode, Kanduč, et al., 2019, 2019) were created. To ensure broader accessibility and 
usability of our data, we published several databases through the Pangaea Data Publisher 
for Earth & Environmental Science (Vreča et al., 2020; Žagar et al., 2022a, 2022b). 
Additionally, two databases were included as a supplementary material in a research 
publication, further enhancing transparency and reproducibility. Moreover, a map of 
sampling locations titled “Isotope sampling from source to tap” was prepared to assist 
other researchers and potential users (retrieved from: https://shorturl.at/tWlHW). This 
map identifies the points where sampling was conducted providing possibilities for future 
studies and comparative analyses. Alongside the map, metadata was prepared, providing 
basic information about the sampling locations and details on where the databases and 
publications are published.  
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Figure 4.1: Water sampling locations in Ljubljana area, providing visual context for the 
geographical distribution of our data collection efforts. The metadata offers detailed 
information on each sampling site, including coordinates, site descriptions, and references 
to the associated databases and publications. 
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Chapter 5 

5 Guidelines 

In the frame of the CRP a manuscript was prepared by the participants and submitted to 
Hydrological Processes titled: “Tracing urban drinking water sources: global state of the 
art and insights from an IAEA-Coordinated Research Project”. In the manuscript, we 
presented the current research trends and introduce new methodologies for better assessing 
and managing urban water resources. Different case studies from cities in Canada, the 
USA, Costa Rica, Ecuador, Morocco, Botswana, Romania, Slovenia, India and Nepal were 
presented on how isotopic techniques can reveal seasonal and temporal variations in water 
sources. The findings showed that urban areas rely on a mix of mountain recharge, 
groundwater extraction, and water transfer from river basins. High-resolution monitoring 
revealed significant diurnal variations in tropical regions and more uniform variations in 
areas dependent on groundwater. The study emphasized the potential for isotopic data to 
improve drinking water treatment and urban water management in response to climate 
change. 

Altogether, these resources not only support the findings presented in this thesis but 
also contribute to the broader scientific community by offering accessible, well-documented 
data for further research. Based on the outputs of this study, the guidelines will be prepared 
for the Slovenian public utility and others interested in the field of the water management 
using stable water isotopes.
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6 Conclusions 

In urban environments, the heterogenous dynamics of water fluxes, along with the 
interactions between natural and engineered components of water cycle are often not well 
understood (Gessner et al., 2014; Pataki et al., 2011). With population growth, urban 
extensions and climate change, challenges related to water distribution are expected to 
intensify. Therefore, a deeper comprehension of urban water circulation and the 
development of adaptive water management strategies are crucial for meeting demand in 
a sustainable way (Howard & Israfilov, 2002; McGrane, 2016). One promising approach for 
enhancing the assessment of water sources and flow paths in urban areas is the use of 
isotope tracers (Ehleringer et al., 2016; Jameel et al., 2016; Kuhlemann et al., 2020). The 
provision of water for domestic supply usually involves many source (i.e. groundwater 
surface water) with different isotopic signals. Despite the potential of this method, the 
number of studies employing isotopes in urban contexts is limited, making it a significant 
frontier in research (Ehleringer et al., 2016; Kuhlemann et al., 2020).  

To address this research gap, this thesis uses stable isotopes of water, in addition to 
other physico-chemical properties, meteorological data and hydrological data, to evaluate 
and understand the water sources for domestic supply in urban areas. The study focusses 
on two aquifers in Ljubljana: Ljubljansko polje and Ljubljansko barje between 2019 and 
2021. We started with summary of previous investigations of water source in the Ljubljana 
area (Chapter 3.1). It includes a preliminary investigation tracing water from source to tap 
(Chapter 3.2), an analysis of the dynamics and partitioning of water sources (Chapter 3.3), 
and an examination of tap water samples collected from various locations around Ljubljana 
across three different seasons (Chapter 3.4). Additionally, a 24-hour experiment was 
conducted to gain further insights (Chapter 3.5) and data and resource management 
strategies are discussed (Chapter 3.6). At the end (Chapter 3.7), guidelines are presented. 
This research complements the activities performed under the IAEA CRP F33024.  

The review of previous isotope investigations of the Ljubljansko polje and Ljubljansko 
barje aquifers showed that sampling was performed at multiple sites capturing spatial and 
temporal variations. However, many studies were short-term and intermittent, highlighting 
the need for continuous, long-term monitoring programs. The sampling network, 
particularly in wellfields and other parts of water supply system, was insufficient. One of 
the main gaps identified is also lacking of detailed information on sampling times, locations, 
and methods, making reproducibility and data comparison difficult. Therefore, the study 
design was prepared in order to answer the specific goals and hypotheses of this 
dissertation. 

The conclusions drawn from this research confirm that the properties of water can 
change significantly from the source (precipitation and surface water) to the end-user. This 
change is driven by a combination of natural processes in the aquifer and its recharge area 
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and anthropogenic influences within the water supply system. These changes are evident 
in the isotopic composition of hydrogen and oxygen and physico-chemical properties of the 
water (temperature, pH, electrical conductivity), providing valuable insights into the 
behaviour of water sources, the dynamics within a complex water supply system, and the 
impacts of human activities and climate change on freshwater resources. 

 
The dissertation also validated three sub-hypotheses.  
1.) Stable water isotopes can be used in the urban water supply systems and 

assess changes in the water cycle. 
The use of stable water isotopes in urban water supply systems has been proven to be 

an effective method for tracing urban water dynamics and assessing changes in the water 
cycle. In our study, this approach involved collecting samples over large temporal and 
spatial scales to gain an understanding of city-wide water fluxes. In the case of Ljubljana, 
a relatively small city, the isotope composition from different sources exhibited a narrow 
range. Despite this, some statistical significance was observed. The δ2H and δ18O signatures 
of precipitation showed seasonal variation, but such seasonality was not evident in the 
water supply system (WSS). Surface water sampling points revealed a strongly dampened 
isotope signal with almost no observed seasonality. At the Ljubljansko polje, the 
groundwater isotope signals varied depending on the well's location and the contributions 
from precipitation and the Sava River. In contrast, at the Ljubljansko barje, deeper wells 
exhibited more negative isotope signals with no observed seasonality compared to shallower 
wells. This signal further diminished when entering the water supply system. The isotopic 
signal range of tap water was narrow; however, variations were observed, i.e. more positive 
signals in the Šentvid water supply area and more negative signals in the Brest WSA.  

One major limitation observed during the study was the small range of isotope signals 
of sources and therefore also from various objects of the water supply system. This is due 
to the limited size of the Ljubljana catchment, highlighting the need for measurements of 
additional parameters. Similarly, monthly sampling can obscure temporal variability; thus, 
higher-resolution sampling over more extended periods would likely reveal more complex 
dynamics. For example, water temperature data collected within the water supply system 
showed the smallest temperature range for wells compared to other objects within the 
WSS. 

 
2.) Changes in the source contribution can be observed in the study area by 

determining the isotopic composition and other hydro-chemical 
parameters 

The study demonstrates that changes in the source contributions to groundwater can 
be effectively monitored by determining the isotopic composition and other hydro-chemical 
parameters. The variations in isotopic signals across different wells and aquifers provide 
valuable insights into the recharge dynamics and the relative contributions of surface water 
and local precipitation. In the Kleče wellfield, the contribution of the Sava River to 
groundwater recharge has increased compared to precipitation. The largest differences were 
observed in wells of Kleče wellfield K-8a (38 %) and K-11 (33 %), both centrally located 
within the wellfield. In well H-3 (wellfield Hrastje), the contribution of surface water 
increased significantly by 47 %, while in other wells like H-1a, the increase was slight. On 
other hand, surface water contribution decreased in wells Š-2a (−10 %) (wellfield Šentvid) 
and Jp-3 (−18 %), with no change observed in Jp-1(wellfield Jarški prod). These findings 
align with previous studies indicating the Sava River's role in supplying and draining the 
Lp aquifer.  
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In addition, the isotopic composition in the Brest wellfield and the Iška River indicates 
that riverbed surface infiltration is a crucial recharge component for the shallower Lb 
aquifer. However, the more positive isotope signals in shallow wells suggest that 
precipitation contributes more to groundwater recharge than surface water. The most 
positive isotope values were observed during the winter months in well B-8, corresponding 
to the more positive isotope signal of surface water and precipitation during warmer 
months. The most negative values were observed in deeper wells with minimal temporal 
variability. 

 
3.) The observed changes in the isotopic composition of water sources in the 

study area are correlated with climatic variations and trends. 
The study supports the hypothesis that climatic variations and trends significantly 

influence the isotopic composition of water sources in the study area. The Alpine region's 
contributing to the recharge of the Sava River, projected above-average warming and 
changing climate patterns (e.g., shorter periods with reduced snow cover, increased winter 
precipitation, and higher intensity of extreme events) are likely to impact future recharge 
rates, thus affecting the isotopic composition of the river. Based on the precipitation and 
surface water, the mean residence time of surface water was determined at the Sava River. 
The mean residence times of 4.1 and 3.5 years at Brod and Šentjakob were estimated, 
respectively, suggesting a minimal influence of young water from recent precipitation. The 
observed longer MRT, likely resulting from sampling during low and semi-low flow 
conditions, suggests that similar conditions will become more common in the future, also 
due to projections of higher temperatures. The longer MRT implies that the surface water 
age estimates derive from older groundwater reservoirs, with ages exceeding the stable 
isotope discernment limit of four years. 

The hypotheses can also be confirmed based on the Iška River, recharging the 
Ljubljansko polje aquifer. The Iška River's smaller size makes it more vulnerable to warm 
and dry climatic conditions, as reflected in the positive δ18O values and lower d-excess 
observed during the study period, indicating surface evaporation. 

When comparing the tap water data gathered during our sampling with the previous 
investigations in 2014, showed more negative isotopic values, highlighting the impact of 
climatic conditions on isotopic composition.  

 
Lastly, we emphasize the importance of publishing databases and accompanying 

metadata. Accessible and well-documented data sets are crucial for ensuring transparency, 
reproducibility, and collaboration in scientific research. They enable other researchers to 
verify findings, build upon the existing work, and apply similar methodologies to different 
contexts or regions. 
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