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Abstract

Small decentralized water supply systems are often sensitive to local pollution and require
a clear understanding of recharge conditions and the hydrodynamics within the water re-
source catchment. This study develops a conceptual hydrogeological model for the Smarna
Gora area based on geological mapping, long-term monitoring of chemical parameters,
and stable isotope analyses (5'80, §?H) of precipitation and groundwater. The study was
initiated in response to rising pollutant concentrations in the drinking water. Estimates of
transit time (TT) and mean residence time (MRT) were used to characterize recharge, mixing
processes, and differences between the SG and ZAVRH wells, the existing and alternative
water supply wells. Isotope data show that the aquifer is predominantly recharged during
colder periods and that Mediterranean air masses have become an increasingly important
source of precipitation, suggesting a shift in precipitation patterns. The results indicate
that SG has longer TT (6-8 months) and MRT (up to 1-2 years). In contrast, ZAVRH shows
shorter TT and MRT (46 months), and lower pollutant concentrations. The hydrogeologi-
cal regime in the catchment of the ZAVRH well is characterized by a dynamic, fast-flowing
system with limited storage and more intensive dilution of contaminants by infiltrating
water, whereas the catchment of the SG well functions as a deeper and more buffered
aquifer with prolonged groundwater residence and a more direct hydraulic linkage to the
contaminant source. The findings distinguish two hydrogeological regimes and provide a
basis for planning water supply solutions and protection measures.

Keywords: stable isotopes; groundwater recharge; mean residence time; transit time;
precipitation pattern change; dolomite aquifer; decentralized water supply

1. Introduction

Carbonate aquifers are an important source of drinking water, supplying nearly
10% of the global population [1]. Compared to karstified limestone aquifers, dolomitic
aquifers generally constitute a smaller proportion of carbonate aquifer systems. In Slovenia,
carbonate rocks cover nearly half of the national territory [2], while dolomite outcrops
account for approximately 8% of the surface area [3]. Despite their relatively limited extent,
dolomite aquifers play an important role in water supply, primarily due to their more stable
discharge regimes, longer groundwater residence times, and higher storage capacity [4,5].
These characteristics make dolomitic formations a more drought-resilient and sustainable
water resource [6].
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Stable isotopes of oxygen (5!80) and hydrogen (§?H) are widely applied natural tracers
in hydrogeological investigations of karst and carbonate aquifers. The isotopic composition
of groundwater primarily reflects the isotopic signal of precipitation, which is governed
by climatic factors such as temperature, altitude, seasonality, and moisture source [7-9].
In karst environments, §'80 and §2H are particularly valuable for characterizing recharge
conditions, identifying recharge areas, and estimating groundwater residence times [10-12].
Due to their largely conservative behavior during underground flow, stable isotopes enable
the assessment of groundwater mixing processes and the differentiation between rapid
conduit flow and slower diffuse infiltration, which are key features of karst aquifer dy-
namics [12,13]. Moreover, the application of stable isotopes contributes significantly to
the evaluation of aquifer vulnerability and the sustainable management of drinking water
resources, especially in small and sensitive water supply systems [11,13].

Ensuring a safe and reliable drinking water supply is a complex task that depends on
technology, the historic development of settlements, socioeconomic conditions, and local
environmental conditions, particularly hydrogeological conditions [14]. The evolution of
water infrastructure has been shaped by urbanization and industrialization, leading to a
predominant reliance on centralized drinking water supply systems. Centralized systems
offer important benefits, including economies of scale, standardized water quality control,
professional operation and monitoring, and improved redundancy through interconnected
distribution networks [15]. However, in sparsely populated regions, remote settlements,
and small communities, centralized supply may be economically inefficient or technically
infeasible due to high capital costs for transmission infrastructure and maintenance burdens.
In such cases, decentralized water supply systems can provide viable alternatives, offering
advantages such as shorter distribution routes, local operational flexibility, and reduced
infrastructure demands [16,17]. These systems, however, often face limitations linked to
inadequate community-based capacities, ineffective system operation, and their increased
exposure to external pressures such as climatic events [15,18]. Effective decision-making
for decentralized water supply solutions therefore requires not only technological and
economic assessment but also robust environmental and hydrogeological evaluation. Infor-
mation on groundwater vulnerability, recharge characteristics, anthropogenic pressures,
and contaminant pathways is essential for determining the long-term sustainability of
small water systems and for selecting appropriate protection measures [19].

Smarna Gora is the smallest public water supply system in the Municipality of Ljubl-
jana, situated at one of its highest elevations. Due to challenges in maintaining compliance
with drinking water standards at the Smarna Gora (SG) well, alternative solutions are being
considered, including replacing the SG well with the ZAVRH well or extending the central
water supply network to this area.

This study aims to determine the recharge area of the SG well, the dynamics of
groundwater, and the residence time of rainwater or potential contaminants from the
surface at the top of Smarna Gora to reach the SG and ZAVRH wells. The study is a
synthesis of geological mapping and hydrogeological data interpretation, with a focus on
stable isotope analysis. Isotope-based indicators are used to identify recharge conditions,
evaluate groundwater mixing, and assess differences in transit time and mean residence
time between the two wells. This integrated approach supports the identification of distinct
groundwater flow regimes, assessment of aquifer vulnerability, and assurance of water
supply sustainability.
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2. Materials and Methods
2.1. Study Area

Smarna Gora is a hill near Ljubljana, the capital of Slovenia (Figure 1). It is a popular
hiking destination with a restaurant, a church and a few houses at the summit. Tourism
and agriculture are the main economic activities in the area. The drinking water supply
system on Smarna Gora was put into operation in 2008. Three boreholes were drilled with
the aim of supplying drinking water (Figure 2). The main borehole characteristics provided
by VO-KA SNAGA—Water Supply Public Utility Company are summarized in Table 1.
Based on the borehole logs, all three wells (S5G, ZAVRH, and V-1) were drilled entirely
within dolomite.

Figure 1. Study area indicated by the black rectangle.
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Figure 2. The 3D geological model of the Smarna Gora area showing lithological units, the interpreted
thrust plane (after Celarc, 2020 [20]), and the locations of wells SG, ZAVRH, and V-1.
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Table 1. Borehole specifications.
Borehole Name Elevation Depth (m) Screened Depth Interval
(m a.s.l) (m)
5G 569 313 286-304
ZAVRH 380 200 140-150, 160-170, 180-190
V-1 365 150 75-120

The water supply system consists of a production well with a submersible pump,
a disinfection unit, a water reservoir and an additional pumping station for supplying
drinking water from the reservoir to the top of the hill. A telemetry system enables remote
operation and monitoring. The water supply network is 800 m long, and the annual
pumping volume averages 1600 m>. The main user of drinking water is the restaurant at
the top of the hill. Before the construction of the drinking water system, water supply relied
on rainwater collected from roofs and on tanker deliveries. The main threat to drinking
water quality is wastewater from the restaurant. The small wastewater treatment plant at
the top of Smarna Gora provides partial treatment, and the effluent is discharged into the
subsurface. Activities initiated at the end of 2021 resulted in a system upgrade, leading to
improved nitrogen and phosphorus removal and the implementation of UV disinfection of
the treated effluent.

Geological Setting

Smarna Gora is a solitary hill, 669 m high, in the central part of the Ljubljana Basin,
where the flat terrain lies at an elevation of approximately 300 m above sea level, corre-
sponding to the level of the Sava River in this area. Detailed geological mapping [20] has
revealed that the lower parts of its southern and eastern slopes consist of soft Paleozoic
rocks, which result in gentle slopes (Figure 2). The higher slopes are steeper due to their
dolomite composition. A thrust fault separates the overlying block from the underlying one.
The position of the thrust contact between the upper and the lower thrust units of the hill
can only be interpreted from surface contacts, as no borehole has reached the contact and
no geophysical investigations have been conducted. The thrust plane dips approximately
20 degrees northward [20]. The underlying block is composed of claystone, sandstones,
and conglomerates from the Permo-Carboniferous (P, C) and Groden (P,2) formations. The
overlying block is composed of Triassic and Cretaceous dolomites and limestone, with
an erosional unconformity between the Triassic and Cretaceous units. These layers dip
to the west and west-northwest. Fracture zones within the dolomite have a predominant
northeast-southwest orientation.

Groundwater levels in wells SG and ZAVRH, approximately 500 m apart, were con-
tinuously monitored for approximately six years (Figure 3). For borehole V-1, only one
measurement was recorded on 28 February 2020, indicating a groundwater level elevation
of 314 m a.s.l. The groundwater-level measurements at well ZAVRH were unavailable
during this period due to monitoring technical limitations. Pumping rates from both wells
were relatively constant over the observed period, averaging 4.47 m> day ! at well SG and
40.47 m3 day ! at well ZAVRH. These relatively low and stable pumping rates do not show
an evident influence on groundwater level fluctuations, which are primarily controlled by
hydrological conditions driven by precipitation dynamics (Figure 3).
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Figure 3. Groundwater levels in wells SG and ZAVRH, with average monthly pumping rates (Q) and
cumulative monthly precipitation (P) from the Sentvid meteorological station.

2.2. Groundwater Sampling and Analysis

Chemical-parameter monitoring was carried out in accordance with the provisions of
the national Drinking Water Regulation [21]. The chemical parameters of the water at well
SG have been monitored monthly, and data are available for the period of 2010-2025 [22].
Water temperature was measured together with electrical conductivity in pumped ground-
water during chemical sampling. During this period, chemical-parameter measurements
were also performed at the ZAVRH well, although the sampling frequency and data set are
more limited compared with the SG well.

To evaluate temporal trends in selected chemical parameters, a non-parametric Mann—
Kendall trend test was applied. To reduce the influence of uneven sampling frequency and
potential serial correlation, the analysis was performed on annual median values. Where
changes in trend behavior were suggested by the data, the Mann-Kendall test was applied
separately to selected sub-periods. Trend magnitude was estimated using Sen’s slope, and
statistical significance was evaluated at a significance level of « = 0.05.

Qualitative analysis of volatile and semi-volatile organic compounds, conducted in
2019 using passive sampling, liquid-liquid extraction, gas chromatography, and mass
spectrometry, confirmed the presence of trace compounds characteristic of urban environ-
ments. These included plasticizers, cosmetics and fragrances, UV absorbers, dyes, and

antimicrobials [21].

2.3. Stable Isotope Analyses

Rainwater and groundwater samples for stable isotope analyses (580 and §*H) were
collected over a four-year period (2021-2024). Groundwater samples were collected using
a submersible pump, while rainwater samples were collected with a precipitation collector
installed near the wellhead of the SG well (Figure 2). In total, 81 rainwater samples
and 86 groundwater samples from the SG well were collected at approximately monthly
intervals. At the ZAVRH well, sampling began later (in April 2022), and 50 samples were
collected in total. To estimate cumulative rainfall height, daily precipitation data from the
nearest meteorological station (Sentvid) of the national monitoring network [23] were used.

Groundwater and rainwater samples were analyzed in the Slovenian Geological
Survey laboratory using the Picarro L2130-i laser isotope analyzer (Picarro, Santa Clara,
CA, USA) [24], which applies wavelength-scanned cavity ring-down spectroscopy (WS-
CRDS) to determine the isotopic composition of §'80 and §?H in water samples. The
results are expressed as & values (%o), representing the relative difference in isotopic
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composition between the sample and the reference standard. The measurements were
normalized using reference materials USGS45 and USGS47, which have defined isotopic
compositions. To independently verify measurement repeatability and assess potential
memory effects, the laboratory reference material W-998, calibrated to the VSMOW-SLAP
scale, was used. Each water sample was measured six times; however, the first four
measurements were discarded due to the memory effect. The final isotopic composition of
each sample was therefore calculated as the mean of the fifth and the sixth measurements.
Statistical analyses of stable isotope and hydrochemical data were performed using the
R 4.6.0 programming environment [25]. Lag-correlation analysis was applied to evaluate
and verify the calculated transit time (TT) and mean residence time (MRT) by analyzing
the temporal relationship between precipitation events and chloride concentrations in
groundwater. The local meteoric water line (LMWL) was determined using three linear
regression approaches, including two recommended by the IAEA: ordinary least squares
regression (OLSR) and reduced major axis (RMA) regression. In addition, a precipitation-
weighted least squares regression (PWLSR) method, which incorporates precipitation
amounts into the calculation [26], was applied.
The deuterium excess (d-excess) was calculated for each sample according to the
Dansgaard formula [8]:
d-excess (°/o0) = 87H — 8 §180. (1)

The observed seasonal and interannual groundwater-level responses (Figure 3) to
precipitation and recharge events imply active groundwater circulation and limited storage
of very old water. In aquifers with residence times exceeding several years, hydraulic
signals are typically strongly attenuated due to mixing and large storage volumes, which
was not observed in this case. The method described by Kralik (2015) [27] was applied
to calculate the groundwater mean residence time (MRT). Because precipitation showed
clear seasonal isotope patterns (e.g., heavier isotopes in summer, lighter in winter), the
amplitudes of these variations were compared between precipitation and groundwater.
Over time, as recharge water moves through the unsaturated and saturated zones, mixing
reduces the amplitude of the seasonal signal in groundwater. The MRT is calculated using
the ratio of the seasonal amplitude in groundwater (b) to that in precipitation (a) over
several years, applying the formula:

MRT = (1/2 1) x /(1 /(b/a)?) — 1 (years). 2)

However, transit time (TT) and MRT are related but not identical. TT refers to the
travel time distribution of individual water parcels from recharge to discharge, while
MRT is the average of all those transit times. In simple flow systems, they can be similar,
but in systems with strong mixing, MRT may differ significantly from the dominant TT.
TT was also estimated from seasonal variations in stable isotopes in precipitation and
groundwater. The amplitude of the isotope signal in groundwater (b) is compared to that
in precipitation (a) to determine the damping effect caused by mixing and dispersion along
the flow path [27,28]. For a well-mixed (exponential) model, TT is given by

TT = Vw /((b/a)?) — 1, 3)

where w = 27 yr~!, corresponding to an annual cycle [28].
For systems influenced by dispersion, the dispersion model was applied, incorporating
a Péclet number (Pe) to account for longitudinal dispersion. This model relates b/a to TT
through
b/a=exp (Pe/2 (1 — /(v/(1 + (4wTT/Pe)? + 1)/2))). 4)
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3. Results and Discussion
3.1. Physicochemical Parameters

Drinking water parameters measured between 1 January 2010 and 1 May 2025 re-
mained within regulatory limits. However, an increasing trend was observed in the SG well

for several basic parameters, including nitrate and chloride concentrations and electrical
conductivity (Figure 4a—c).
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Figure 4. Concentrations of (a) nitrate and (b) chloride, (c) electrical conductivity, and (d) temperature
measured in wells SG (gray circles) and ZAVRH (orange squares).

Nitrate concentrations at SG generally increased until 2019, with a statistically signif-
icant upward trend and a Sen’s slope of +0.9 mg/L yr~! (Figure 4a). After 2019, nitrate
concentrations began to decrease, although no statistically significant monotonic trend was
detected for this later period. This temporary decrease may be related to reduced visitor
activity and restaurant closure during the COVID-19 pandemic, as well as upgrades to the
wastewater treatment plant and improved nitrogen removal efficiency. Despite concentra-
tions remaining well below the drinking water limit of 50 mg/L [21], the observed trends
indicate potential anthropogenic influence and increasing pollutant input. Measurements
at ZAVRH are less frequent but consistently lower, by approximately 4 mg/L, and show a
similar general temporal pattern with a non-significant decreasing tendency in recent years
(Sen’s slope ~ —0.6 mg/L yr~1).

Chloride concentrations at SG also showed a statistically significant long-term in-
creasing trend, despite temporal fluctuations, reaching values close to 9 mg/L in 2024
(Figure 4b), with a Sen’s slope of approximately +0.3 mg/L yr~!. In contrast, chloride
concentrations at ZAVRH remained below 2 mg/L throughout the observation period,
indicating a high degree of dilution of wastewater effluent and no clear temporal trend.

Electrical conductivity at SG showed a statistically significant long-term increase, with
values generally rising toward 470 puS/cm in recent years (Figure 4c) and a Sen’s slope
of approximately +1.6 uS/cm yr—!. Measurements at ZAVRH between 2020 and 2025
were on average around 30 uS/cm lower than those at SG. Although a weak increasing
tendency is visible, the available data set is too limited to confirm a statistically significant
monotonic trend.

Temperature values remained relatively stable at both wells. The median groundwater
temperature at SG was approximately 11.5 °C and at ZAVRH around 10.0 °C (Figure 4d).
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The apparent temperature difference between the wells may indicate longer groundwater
residence time at SG. However, because temperature measurements were taken at the well
outlet and groundwater travel time to the surface differs between the deeper SG well and
the shallower ZAVRH well, the available data do not allow a firm interpretation.

During the observation period, the concentrations of calcium and magnesium at SG
remained stable, averaging 57 mg/L and 32 mg/L, respectively, with no systematic trends
visible [22]. The median pH at SG showed a slight decrease, from 7.7 in 2011 to 7.6 in 2024,
while at ZAVRH, the median pH in 2024 was slightly lower, at 7.4.

3.2. Stable Isotopes

Measured stable isotope 5'80 values for precipitation varied from —1.94 to —15.49%o,
with a mean value of —8.13%.. 5°H values for precipitation varied from —13.5 to —155.6%o,
with a mean value of —53.2%o [29]. The lowest values are measured during the cold periods,
while more positive values are measured in warm periods. The measured stable isotope
§'80 and §%H values were also weighted by the amount of accumulated precipitation since
the last sampling, revealing differences. These weighted 5'80 values varied from —4.44%.
to —26.3%o0 with a mean value of —8.62 %o, while weighted 52H ranged from —15.5%o to
—115.6%0 with a mean value of —56.3%o.

Figure 5 shows the calculated LMWLs for the monitored period, based on 81 samples
and using different calculation approaches:

-53.0
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-59.0

O%H (*/o,)
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-63.0

—PWLSR
-65.0 T T T T T T T
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Figure 5. Isotopic composition of groundwater in wells SG and ZAVRH and the local meteoric
water lines, determined using ordinary least squares regression (OLSR), reduced major axis (RMA)
regression, and precipitation-weighted least squares regression (PWLSR).

OLSR §H = (7.66 + 0.13) 5'80 + (9.06 + 1.16).

RMA 5°H = (7.75 £ 0.13) 5'80 + (9.82 & 1.15).

PWLSR 5%H = (7.89 & 0.11) 5'80 + (11.68 + 1.03).

The slopes of all three lines are similar, with LMWLpworsr having a slightly steeper
slope and a higher intercept. The first two LMWLs (LMWLoisg and LMWLRpma) are
close to that of the Ljubljana Reaktor line [30]. The d-excess indicates the influence of
Atlantic air masses. Nevertheless, the influence of Mediterranean air masses in the study
area was observed during the autumn and winter months (Figure 6). Precipitation from
Mediterranean air masses is characterized by a higher d-excess compared to that from
Atlantic air masses. In addition, weighted values are higher than non-weighted ones.
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Generally, based on the lines from Vreca et al. [30,31], the d-excess is higher. There are
several reasons for this: the Smarna Gora rain sampler is located at a higher altitude
than the rain sampler at Reaktor and, potentially more importantly, previous regional
studies have suggested changes in dominant precipitation patterns and moisture source
contributions over time [32,33]. Increased influence of Mediterranean-derived air masses in
the continental part has been reported, particularly during colder periods when northern
and western air masses would typically prevail [32,33]. Our observations are consistent
with these reported regional tendencies. This change in atmospheric patterns could serve
as a useful basis for determining the mean residence time (MRT) and transit time (TT) of
the monitored groundwater.
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Figure 6. Distribution of d-excess in groundwater samples from wells SG (gray circles) and ZAVRH
(orange squares).

In Figure 6, a separation can be observed between the measured isotope values in
groundwater at wells SG and ZAVRH. The ZAVRH values are slightly more positive,
while the SG values are more negative, indicating differences in TT and MRT. Measured
stable isotope 830 values for SG varied from —8.33 to —9.30 %o, with a mean value of
—9.00%o. 52H values for precipitation varied from —55.5 to —60.7 %o, with a mean value of
—59.0%0 [29]. At ZAVRH, §'80 values varied from —8.37 to —8.91 %o, with a mean value of
—8.64%0 and 5%H values varied from —55.0 to —58.1%o, with a mean value of —56.5 %o [29].

During the monitored period, the d-excess values at well ZAVRH consistently ex-
ceeded 11 (Figure 6), indicating that aquifer recharge predominantly occurs during colder
periods. A similar pattern is observed in groundwater samples from well SG, confirming
the influence of winter and early spring precipitation on groundwater recharge. However,
slightly lower d-excess values are observed at SG compared to ZAVRH on two occasions
in winter.

Comparing d-excess with §*H and §'80 values, locations share similar recharge
conditions and moisture sources, but differ in subsurface processes. The more depleted
isotopic composition and dispersed d-excess at SG indicate a greater contribution of older or
seasonally influenced recharge and enhanced mixing along longer flow paths. In contrast,
the less negative and more stable isotopic values and d-excess at ZAVRH reflect faster
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groundwater circulation and a more direct response to recent precipitation, with limited
mixing effects, reflecting less interaction between waters of different ages.

The calculated TT and MRT values further support the isotopic interpretation and
highlight differences between the two sites. At ZAVRH, both TT and MRT are estimated be-
tween 4 and 6 months, indicating a faster groundwater response and a strong connection to
recent precipitation, which is also reflected in the higher variability of electrical conductivity.
The shorter residence time suggests rapid flow through shallow subsurface pathways, with
minimal isotopic mixing or delay. These results are consistent with the higher d-excess
values and the isotopic composition, which closely reflects recent meteoric input.

At SG, the TT ranges from 6 to 8 months, while the MRT extends up to 1-2 years,
indicating a slower and more complex groundwater system. The longer residence times
and enhanced mixing of flow components result in a more homogenized isotopic signal.
The lower d-excess values observed at this site support this interpretation, reflecting a
greater contribution of older and mixed groundwater.

To further verify groundwater residence characteristics, a lag-correlation analysis was
performed between precipitation and groundwater chloride concentrations. Chloride was
used as a conservative tracer because its variations primarily reflect recharge and transport
processes rather than chemical reactions. SG showed the highest positive correlations
at intermediate lag times (5-6 months), indicating delayed recharge response, slower
groundwater turnover, and longer residence times (Figure 7). In contrast, ZAVRH exhibited
greater temporal variability and stronger fluctuations in correlation values, reflecting a
more dynamic recharge regime and faster groundwater flow processes. These findings
are consistent with the isotope-based TT and MRT estimates and indicate two contrasting
hydrogeological regimes: a deeper and more buffered aquifer system at SG, and a more
dynamic system with limited storage at ZAVRH. Results reveal two distinct hydrogeological
regimes: ZAVRH represents a dynamic, fast-flowing system with limited storage, whereas
SG functions as a deeper, more buffered aquifer with prolonged groundwater residence
and stronger mixing processes.
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Figure 7. Lag-correlation between precipitation amount and groundwater chloride concentrations.
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3.3. Hydrogeological Conceptual Model

The hydrogeological characteristics of the Smarna gora area are controlled by the
structural setting and the lithological properties of the rocks. The carbonate rocks of the
overthrust block, composed predominantly of massive dolomite (Schlern Formation), form
a fissured aquifer. In the underlying block, low-permeability clastic rocks (P-C formations)
form the aquifer basement. The thrust, which represents the lower boundary of the aquifer,
dips northwards at an angle of approximately 20°. Fracture zones within the dolomite
have a predominant northeast-southwest orientation and may locally act as barriers to
groundwater flow.

Groundwater recharge occurs through the infiltration of precipitation, which then
flows through a network of fissures into the deeper parts of the dolomitic aquifer. The
density of these fissures is higher in the shallower parts, which are more susceptible to
weathering. It is assumed that during intense rainfall, the transmissivity of fissures in the
deeper part of the aquifer may be exceeded, leading to overflow of infiltrating water that
emerges as springs above the groundwater level. Springs are more common in the southern
part of the hill. The water in the permanent springs mainly originates from the carbonate
aquifer. Numerous occasional small springs, which occur after rainfall, are fed by surface
and near-surface flows in the Permian and Permo-Carboniferous rocks.

In the central part of the study area, the groundwater level is approximately 250 m
beneath the surface. The predominant direction of groundwater flow in the carbonate
aquifer is to the west. The hydraulic gradient is approximately 3 %.. However, this estimate
is uncertain due to the limited number and accuracy of available measurements. The
elevation and natural fluctuation of the groundwater level in the SG and ZAVRH wells are
almost identical (Figure 3), which confirms that they belong to the same aquifer.

4. Conclusions

The hydrogeological setting and observed trends in groundwater chemical parameters
indicate that the wastewater treatment plant at the summit of Smarna Gora is the most
probable source of contamination affecting the SG and ZAVRH wells. The temporal
evolution of nitrate concentrations, together with similar but less pronounced changes in
electrical conductivity, supports this interpretation. Contaminant concentrations at the
ZAVRH well have historically been lower than at SG. The results of this study suggest
that this favorable situation is primarily due to the hydrogeological position of the wells,
as the groundwater flow paths do not directly link the identified contaminant source
with the ZAVRH well. Isotope analyses further suggest a more dynamic and fast-flowing
groundwater system within the ZAVRH well catchment. More intensive recharge and
the associated dilution may therefore contribute to the lower concentrations of chemical
parameters (e.g., nitrate and chloride) observed in the ZAVRH well. However, faster
groundwater circulation also implies increased vulnerability, as contaminants introduced
at the surface may reach the well rapidly with limited attenuation.

For the ZAVRH well to become a viable alternative and long-term source for the local
drinking water supply, a reduction in contaminant inputs from existing sources, together
with effective protection of its recharge area from new pressures, is required. In this context,
the establishment of drinking water protection zones is recommended as a preventive
measure to reduce the risk of contamination.
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