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Abstract: Effective management of Water Supply Systems (WSSs) is crucial for ensuring safe drinking
water. The WSS of Varaždin County is a complex network involving three groundwater sources:
Bartolovec and Vinokovščak wellfields (alluvial aquifers) and Bela karstic spring. To achieve a
comprehensive characterization of WSSs, routine laboratory data was integrated with stable isotopes
and geochemical modeling. Within this study, all measured parameters remain below the Maximum
Contaminant Level (MCL), ensuring water safety for human consumption. The Piper diagram
identified variations in water sources based on their chemical composition, providing a simplified
overview of mixing patterns within WSSs. Among the modeling approaches, inverse modeling (IM)
was found to be more reliable than forward modeling (FM) and mass balance modeling (MB). Despite
the limited capacity of δ18O to provide accurate mixing results, it was revealed that the reservoir
water was in equilibrium with the air (no evaporation effects), indicating well-sealed reservoirs.
Mixing modeling showed that the western, southwestern, and northern parts of the WSS mixed all
three sources, whereas the eastern and southeastern areas primarily relied on the deeper aquifer
of the Bartolovec source, indicating potential vulnerability. Strict validation criteria ensured the
reliability of results, demonstrating the effectiveness and applicability of geochemical modeling in
water security management plans.
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1. Introduction

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

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

The application of stable isotopes (δ18O, δ2H) and geochemical parameters have been
widely used as natural tracers in delineating the hydrological cycle of water to better
understand the hydrogeological systems [8–12]. In recent studies, the application of stable
isotopes and geochemical parameters was used to determine the status of WSSs because
they are methodologically very straightforward and allow data to be uniquely connected
to the consumer [13–16]. These parameters were shown to be more reliable compared to
simplified deterministic or probabilistic network analyses [3,7]. Furthermore, various types
of modeling, including mixing models and both forward and inverse geochemical models
utilizing isotopic and geochemical parameters, have been used to obtain information about
leaks in the water supply network, sewage permeability, and even correlations with a
socioeconomic indicator such as population size and income [13].

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

The aim of this paper is to employ a multi-proxy approach that integrates geochemical
parameters (major ion chemical data and in-situ physiochemical data), stable isotopes (δ18O,
δ2H), and different types of mixing models to analyze water flow paths within the network
and to determine the origin of water in different sections of the network. In addition,
this study compares different mixing models and provides recommendations on which
model is best suited for complex systems such as in the Varaždin area. The major novelty
of this work is demonstrating that simple tools, specifically geochemical parameters that
are routinely measured in water supply laboratories, combined with modeling and stable
isotopes, can be useful tools for the management of water supply networks, not just on
a local but also on a global scale. Furthermore, this study introduces a novel method for
validating mixing models, enhancing the reliability of their results.

2. Materials and Methods
2.1. Study Area

This study focuses on the Varaždin area in NW Croatia, where potable water is
distributed by the public water supplier Varkom d.o.o. (Figure 1). The main source of
potable water is groundwater extracted from the Varaždin aquifer at two wellfield sites,
Bartolovec and Vinokovščak, as well as a spring in Belski dol situated at the foothill of Mt.
Ivanščica. Water from these three sources is, after disinfection with chlorine, transported to
consumers via a 1670 km long distribution network.
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Table 1. Sampling points coordinates and technical data.

Mark on Map
(Figure 1) Code Description Longitude (E)

(HTRS96/TM)
Latitude (N)

(HTRS96/TM)
Elevation
(m a.s.l.)

Well
Depth (m)

Filter
(m)

1 H1 Hydrant AGM 487,061 5,130,938 172.24
2 H2 Hydrant Perivoj M.Culeja 486,712 5,129,729 171.72
3 H3 Hydrant, S. Vukovića 487,617 5,128,649 170.00
4 H4 Hydrant Drava 488,490 5,131,493 170.50
5 H5 Hydrant Sračinec 483,780 5,131,782 175.12
6 H6 Hydrant Ludbreg 509,239 5,123,187 153.50
7 H7 Hydrant Varaždinske Toplice 494,099 5,118,929 189.72
8 PT1 Public tap AGM 487,061 5,130,938 172.24
9 PT2 Public tap Perivoj M.Culeja 486,712 5,129,729 171.72

10 PT3 Public tap S. Vukovića 487,609 5,128,958 171.54
11 PT4 Public tap Drava 488,490 5,131,493 170.50
12 PT5 Public tap Sračinec 483,780 5,131,782 153.50
13 PT6 Public tap Ludbreg 509,239 5,123,187 175.12
14 PT7 Public tap Varaždinske Toplice 494,156 5,118,958 192.23
15 R1 Reservoir Briška 483,631 5,121,191 331.48
16 R2 Reservoir Bolfan 513,429 5,118,567 258.52
17 R3 Reservoir Breznički Hum 483,103 5,107,850 240.00
18 R4 Reservoir Doljan 487,150 5,122,584 223.13
19 R5 Reservoir Donja Voća 470,694 5,130,305 275.30
20 R6 Reservoir Lepoglava 465,054 5,119,159 285.98
21 R7 Reservoir Ludbreg 508,931 5,122,285 207.58
22 R8 Reservoir Lužan 489,003 5,119,909 305.41
23 R9 Reservoir Pintarići 465,842 5,128,636 432.18
24 R10 Reservoir Šćepanje 482,649 5,109,059 336.34
25 R11 Reservoir Tonimir 492,999 5,120,354 258.81
26 R12 Reservoir Topličica 483,721 5,114,068 358.96
27 R13 Reservoir Vinica 472,327 5,132,738 259.86
28 B1 Well B-1, Bartolovec well field

(BWF), SA 494,829 5,127,376 161.56 32 15–25
29 Zd-4 Well Zd-4, BWF, DA 494,858 5,127,550 162.50 105 62–102
30 Zp-7 Well Zp-7, BWF, SA 495,036 5,127,384 161.35 45 15–42
31 Zp-9 Well Zp-9, BWF, SA 494,671 5,127,620 162.14 45 15–42
32 E1 Exit Varaždin, BWF 494,880 5,127,604 162.13
33 E2 Exit Ludbreg, BWF 494,880 5,127,604 162.13
34 E3 Exit Novakovec, BWF 494,978 5,127,382 162.13
35 E4 Exit Doljan, BWF 494,832 5,127,378 162.13
36 ZV4 Well ZV4, Vinokovščak well field 485,842 5,133,689 174.80 45 10–40
37 Bela Bela spring 480,891 5,117,696 218.54
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The Bartolovec wellfield site, situated approximately 7 km east of Varaždin town in
the village of Bartolovec, serves as the primary water source for the majority of consumers
in Varaždin County, meeting around 70% of the water needs for human consumption in
the regional WSS. The annual average rate of pumped water is 264 L/s (data for 2022) from
9 wells (B1-B9), of which 5 capture water from the upper aquifer (depth up to 45 m) and 4
from the lower aquifer (depth up to 120 m). The Quaternary-age alluvial aquifer in this
area is divided by a 5 m thick silty-clay aquitard between the shallow aquifer (SA) and the
deeper aquifer (DA) [27]. This aquitard protects the DA from pollution from the surface
due to its poor permeability. Pumped groundwater from wells is disinfected and mixed in a
ring-shaped pipeline system with five exits designated for distribution: Varaždin, Ludbreg,
Novakovec, Doljan, and Tonimir (Figure 1). Because water mixes in a ring-shaped pipeline,
it is hard to know the specific source and quantity of water distributed in each direction.
This information is especially important in case of incidents when potential deterioration
of water quality in the water supply network could occur.

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

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

2.2. Water Sampling

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

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

2.3. Water Analyses

Field measurements of electrical conductivity (EC), water temperature (T), pH, and
dissolved oxygen content (DO) were conducted using a calibrated portable WTW instru-
ment. Measured DO values for wells were excluded from consideration because they were
affected by pumping. Total alkalinity was determined in the field by titration with 1.6 N
H2SO4 using phenolphthalein and bromocresol green-methyl red as indicators. Major
cations and anions were analyzed using the ion chromatography technique on a Dionex
ICS-6000 DC at the Hydrochemical Laboratory of the Croatian Geological Survey. The
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analytical precision of cation and anion measurements, indicated by the ionic balance error
(IBE), was computed on the basis of ions expressed in meq/l. The IBE value was observed
to be within a limit of ±5% [29,30].

The δ18O and δ2H were determined using the Picarro L2130i (Santa, Clara, USA) in
the Hydrochemical Laboratory of the Croatian Geological Survey. The instrument uses
CRDS (Cavity Ring-Down Spectroscopy) technology [31]. All measurements were checked
against USGS standards (USGS48 −2.224 ± 0.012‰ δ18O; −2.0 ± 0.4‰ δ2H; USGS46a
−30.09 ± 0.05‰ δ18O; −235.6 ± 0.7‰ δ2H), which were checked periodically against the
International Atomic Energy Agency (IAEA) standards: Vienna Standard Mean Ocean
Water 2 (VSMOW2) and Standard Light Antarctic Precipitation 2 (SLAP2). Measurement
precision was ±0.2‰ for δ18O and ±1‰ for δ2H. It is generally known that all isotopic
results are expressed as per the international measurement standard, VSMOW2 [32,33].

2.4. Modeling

This study employed three approaches to calculate water mixing ratios: the mixing
models. The first approach involves the application of mass balance calculations (MB), a
commonly used method [34–36] where proportions of two-end members in the observed
sample can be calculated using simple formulas based on conservative tracers Cl− and δ18O.

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

fS1 =
Cl−sample−Cl−s2

Cl−s1−Cl−s2
(1)

fS1 =
δ18Osample−δ18Os2

δ18Os1−δ18Os2
(2)

where fS1 represents the fraction (between 0 and 1) of source water 1 estimated in a sample
of mixed origin. The Cl−sample and δ18Osample represent concentrations in waters from
reservoirs, public taps, exits, and hydrants; Cl−s1, δ18Os1, Cl−s2, and δ18Os2 represent
concentrations in different groundwater sources.

The other two models were conducted using geochemical modeling software, which
uses geochemical parameters to infer the physical and chemical processes that control water
chemistry along flow paths, specifically within the water supply network (pipeline, reser-
voirs), and to quantify reactions occurring within this network. The inverse geochemical
modeling (IM) was performed using the PHREEQC software, version 3-A [37]. It is based
on a geochemical mole-balance program that calculates the phase mole transfers (the moles
of minerals and gases that enter or leave a solution) to account for the differences observed
between initial and final water composition along the flow path, in our case, within the
network. The third approach involved using the NETPATH-WIN software for forward
geochemical modeling (FM) [38,39]. In all three models, EC, Cl−, NO3

−, and δ18O were
used as constraints. Each of them has its advantages and disadvantages, which will be
explained in more detail in the Results and Discussion chapter. The accuracy of the results
was controlled according to the saturation index data for calcite and dolomite, which were
compared with the actual values.

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

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

3. Results and Discussion

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

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

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

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

Geochemical differences between SA and DA were also visible in their Ca2+, Mg2+,
SO4

2−, Na+, K+, HCO3
−, and F− concentrations. In SA, these parameters are higher, with

average values of 94.3 mg/L, 17.3 mg/L, 31.7 mg/L, 14.1 mg/L, 4.24 mg/L, 336.7 mg/L,
and 0.39 mg/L, respectively, compared to DA, where the corresponding averages are
73.9 mg/L, 13.8 mg/L, 6.94 mg/L, 5.21 mg/L, 1.31 mg/L, 304.8 mg/L, and 0.30 mg/L
(Table S1). According to the Piper diagram (Figure 3), both waters belong to the CaMg-
HCO3

− hydrochemical type, which is a consequence of the dissolution of carbonate and
silicate minerals that form the aquifer [27,42,43]. However, even on this diagram, differences
between waters are visible.
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and grey: ZV-4).

In addition to the aforementioned parameters, monthly measurements of stable oxygen
and hydrogen isotopes in water also revealed differences between SA and DA, especially in
the warmer part of the year (Figure 4). In SA, δ18O values range from −10.69 to −9.55 ‰
and δ2H from −74.5 to −67.8 ‰, while in DA, they range from δ18O −10.69 to −10.1 ‰
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for δ18O and from −73.6 to −70.6 ‰ for δ2H (Figure 4, Table S1). Variations between
wells B-1 and Zp-7, although they capture the same aquifer, mirror the patterns observed
with temperature, chloride, and nitrate concentrations. This phenomenon underscores the
heterogeneous nature of SA. All these differences provide valuable insights for developing
mixing models.
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3.1.2. Vinokovščak

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

The concentrations of major ions (Ca2+, Mg2+, SO4
2−, Na+, K+, and HCO3

−) also did
not show significant oscillation, with measured average values of 98.5 mg/L, 19.3 mg/L,
29.2 mg/L, 4.14 mg/L, 1.52 mg/L, and 357 mg/L, respectively. According to the Piper
diagram (Figure 3), monitored waters belong to the CaMg-HCO3

− hydrochemical type, at-
tributed to the dissolution of carbonate and silicate minerals that build the aquifer [27,42,43].
Interestingly, these waters have a similar Ca2+/Mg2+ ratio as waters from deep well Zd-4
of the Bartolovec wellfield, but chloride and sulfate concentrations are higher, reflecting
different geochemical conditions within the aquifer (Figure 3).

On the contrary, measured stable oxygen and hydrogen values closely resemble those
of the Bartolovec wellfield (Figure 6). It was observed that δ18O oscillated within the
range of ±0.2 ‰, consistent with the measurement error. Similarly, δ2H varied around
measurement error of ±1 ‰. This initial observation was the first hint that δ18O would
not be the most suitable parameter for mixing modeling. Furthermore, some values are
plotted above the LMWL in the δ18O–δ2H diagram, especially wells DA and ZV-4, which is
explained in detail in [11].
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3.1.3. Bela

All measured hydrochemical parameters at this groundwater source are a consequence
of the long transient time of the groundwater [44]. The measured water temperature ranged
from 11.1 to 11.3 ◦C, while the pH values ranged from 7.4 to 7.6 (Table S1). The same behav-
ior is observed in EC values, ranging from 495 to 501 µS/cm (Figure 7). Higher oscillations
were observed in chloride, nitrate, and sulfate concentrations (Figure 7, Table S1), which is
attributable to the influence of surface water. The spring is situated along the Varaždin–
Podrute road, and it is divided by road by stream. During the high-water periods, surface
runoff into the spring occurs.
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Compared to the other two groundwater sources, the spring water contains high
concentrations of Mg2+ (22.9–25.6 mg/L) due to the dolomite dissolution in the catchment
area of the spring. Measured average values of other major ions Ca2+, Na+, K+, and HCO3

−

are 62.5 mg/L, 1.16 mg/L, 0,49 mg/L, and 314.4 mg/L, respectively. According to the
Piper diagram, spring water belongs to the CaMg-HCO3

− hydrochemical type (Figure 3),
noticeably different compared to the other two sources.

The measured δ18O values range from −10.67 to −10.29 ‰, and the δ2H ranged from
−72.20 to −70.80 ‰ (Table S1). These values are the most negative of all investigated
groundwater sources and are shifted from the LMWL for Varaždin (Figure 6). This discrep-
ancy can be attributed to several factors. Firstly, the catchment area of the spring is situated
at a higher elevation (averaging about 700 m a.s.l.) with the highest peak exceeding 1000 m
a.s.l., resulting in higher, more negative δ18O values in spring water. Secondly, the transit
time in such aquifer types is long, over 50 years [44]. During this period, the winters were
colder, with high amounts of snow [45] serving as the major source of recharge.

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

According to the measured data for reservoirs, pH values ranged from 7.3 to 8.2,
temperatures from 11 to 21 ◦C, DO from 0.8 to 10.4 mg/L, EC from 486 to 683 µS/cm,
and HCO3

− from 295 to 360 mg/L. In reservoir water, high oscillation of basic cations
and anions was observed due to the mixing of different groundwater sources. An im-
portant finding was that none of the measured concentrations exceeded those measured
in the groundwater source, indicating no significant impact (contamination) within the
network. Measured values ranged as follows: Ca2+ from 61.3 to 96.8 mg/L; Mg2+ from
13.7 to 26.8 mg/L; Na+ from 1.3 to 14.9 mg/L; K+ from 0.4 to 4.47 mg/L; Cl− from 2.94 to
22.4 mg/L; SO4

2− from 8.86 to 32.4 mg/L; and NO3
− from 2.5 to 22.4 mg/L. The measured

stable isotope values for δ18O varied from −10.67 to −9.81 ‰, and for δ2H from −71.9 to
−69.3 ‰.

3.2.2. Public Taps and Hydrants

Similar to the reservoirs, the geochemical parameters of sampled waters from public
taps and hydrants showed variability, but concentrations did not exceed the maximum
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values of groundwater sources. The measured pH values ranged from 7.28 to 7.69, EC from
483 to 676 µS/cm, temperature from 8.3 to 23.1 ◦C, DO from 0.8 to 8.9 mg/L, and HCO3

−

from 302 to 366 mg/L. The concentrations of major ions were as follows: Ca2+ from 71.8
to 98.2 mg/L; Mg2+ from 13.8 to 19.0 mg/L; Na+ from 4.0 to 15.0 mg/L, K+ from 1.4 to
4.5 mg/L; Cl− from 4.5 to 22.8 mg/L; SO4

2− from 7.9 to 16.6 mg/L; and NO3
− from 5.20 to

22.0 mg/L.
The measured stable isotope values for δ18O ranged from −10.22 to −9.81 ‰, and

for δ2H from −71.3 to −69.3 ‰. Preliminary stable isotope results for reservoirs, public
taps, and hydrants were plotted against LMWL (Figure 8). It was observed that the
summer sampling campaign for reservoirs and public taps differs from the winter sampling
(reservoirs and hydrants). This discrepancy can be attributed to different factors such as
water temperature variations, fractionations within pipes, different pumping regimes, etc.
Regardless of all these influences, it was observed that values are distributed within the
elliptical shapes, which represent their origin. Moreover, one reservoir in both sampling
campaigns showed the same origin (reservoir R1 and the Bela source). Consistent with the
geochemical parameters, there were no outliers observed, confirming no contamination
within the water supply network.
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Figure 8. The relationship between δ2H and δ18O in drinking water supply network, plotted alongside
the LMWL (according to Marković et al., 2020 [11]). The range of measured stable isotopes for
groundwater sources is illustrated in the form of elliptical shapes, with each color representing a
different source: blue—Bela; red—Vinokovščak; purple—DA Bartolovec; grey—SA Bartolovec.

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

In the Bartolovec wellfield, mixing modeling was conducted on four of the five exits,
as exit Tonimir exclusively receives water from well B-1 (SA). Also, it was observed that
modeling with δ18O as constraints did not show satisfactory matches in most calculations,
so these results were not considered. Chloride emerged as the most effective constraint in
the majority of MB model calculations, with a generally better fit observed in the IM and
FM models compared to MB models (Table 2).
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Table 2. Results of MB, FM, and IM modeling evaluated against measured values at all exits. Red color—not good matching; yellow color—poor matching; green
color—excelent matching.

exit
Doljan

MB model 1 MB model 2 MB model 3 FM model IM model Measured Calculated
MB1

Calculated
MB2

Calculated
MB3

Calculated
FM

Calculated
IM

Calculated
MB 1

Calculated
MB 2

Calculated
MB 3

Calculated
FM

Calculated
IM

DA SA DA SA DA SA DA SA DA SA SO4
2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L) deviation deviation deviation deviation deviation

Dec-21 78% 22% 71% 29% 73% 27% 71% 29% 72% 28% 12.4 11.6 13.3 12.8 13.3 13.0 0.17 1.04 0.52 1.05 0.70
Jan-22 80% 20% 76% 24% 69% 31% 76% 24% 77% 23% 15.2 14.4 15.5 17.3 15.5 15.2 0.16 0.35 2.55 0.38 0.06
Feb-22 77% 23% 73% 27% 70% 30% 73% 27% 74% 26% 16.2 15.6 16.7 17.4 16.7 16.4 0.13 0.61 1.45 0.63 0.28
Mar-22 77% 23% 75% 25% 74% 26% 75% 25% 75% 25% 13.1 13.1 13.6 14.0 13.6 13.7 0.00 0.63 1.04 0.61 0.73
Apr-22 78% 22% 76% 24% 79% 21% 76% 24% 76% 24% 13.5 13.1 13.7 12.9 13.7 13.7 0.08 0.30 0.13 0.30 0.20
May-22 67% 33% 58% 42% 85% 15% 58% 42% 59% 41% 15.7 12.8 14.6 9.1 14.6 14.4 0.61 0.23 1.36 0.24 0.28
Jun-22 70% 30% 59% 41% 85% 15% 59% 41% 61% 39% 16.0 12.7 14.8 9.7 14.8 14.5 0.69 0.25 1.31 0.25 0.32
Jul-22 69% 31% 60% 40% 79% 21% 60% 40% 60% 40% 16.9 13.9 16.1 11.7 16.2 16.2 0.61 0.16 1.07 0.15 0.14

Aug-22 80% 20% 67% 33% 79% 21% 69% 31% 71% 29% 14.1 11.2 14.4 11.5 13.9 13.5 0.60 0.36 0.55 0.04 0.13
Sep-22 79% 21% 67% 33% 78% 22% 70% 30% 71% 29% 14.0 11.7 14.7 12.0 13.9 13.7 0.47 0.84 0.41 0.03 0.07
Oct-22 64% 36% 61% 39% 74% 26% 55% 45% 58% 42% 17.5 15.0 15.7 12.6 17.2 16.5 0.51 0.37 1.02 0.07 0.20
Nov-22 65% 35% 59% 41% 75% 25% 56% 44% 59% 41% 16.5 14.5 15.8 12.1 16.6 15.9 0.42 0.14 0.92 0.13 0.11
Dec-22 75% 25% 62% 38% 62% 38% 64% 36% 65% 35% 14.7 12.2 15.5 15.3 15.0 14.7 0.51 0.93 0.77 0.37 0.01

std 0.74 0.30 0.61 0.29 0.23

exit
Ludbreg

MB model 1 MB model 2 MB model 3 FM model IM model Measured Calculated
MB1

Calculated
MB2

Calculated
MB3

Calculated
FM

Calculated
IM

Calculated
MB 1

Calculated
MB 2

Calculated
MB 3

Calculated
FM

Calculated
IM

DA SA DA SA DA SA DA SA DA SA SO4
2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L) deviation deviation deviation deviation deviation

Dec-21 99% 1% 93% 7% 99% 1% 93% 7% 99% 1% 7.2 6.3 7.8 6.4 7.8 6.4 0.18 0.75 0.17 0.75 0.16
Jan-22 100% 0% 99% 1% 98% 2% 99% 1% 98% 2% 9.1 9.2 9.5 9.8 9.4 9.8 0.11 0.38 0.76 0.36 0.74
Feb-22 100% 0% 97% 3% 99% 1% 97% 3% 99% 1% 9.6 9.6 10.4 9.9 10.4 9.9 0.02 0.93 0.29 0.94 0.34
Mar-22 99% 1% 98% 2% 105% −5% 98% 2% 100% 0% 7.1 7.5 7.6 6.0 7.6 7.2 0.46 0.62 0.23 0.61 0.11
Apr-22 100% 0% 98% 2% 100% 0% 98% 2% 100% 0% 7.2 7.3 7.7 7.2 7.7 7.3 0.10 0.58 0.01 0.61 0.10
May-22 100% 0% 99% 1% 100% 0% 100% 1% 100% 0% 5.4 6.0 6.1 5.9 6.1 6.0 0.71 0.86 0.60 0.84 0.71
Jun-22 71% 29% 98% 2% 100% 0% 98% 2% 100% 0% 5.3 12.4 6.9 6.5 7.0 6.5 8.52 1.98 1.40 2.01 1.47
Jul-22 71% 29% 100% 0% 100% 0% 100% 0% 100% 0% 6.7 13.7 6.5 6.4 6.5 6.5 8.45 0.03 0.06 0.03 0.04

Aug-22 100% 0% 100% 0% 99% 1% 100% 0% 99% 1% 6.7 6.5 6.5 6.6 6.5 6.7 0.04 0.04 0.01 0.04 0.05
Sep-22 100% 0% 99% 1% 99% 1% 99% 1% 99% 1% 6.3 6.8 7.1 7.0 7.1 7.0 0.60 0.98 0.79 0.94 0.89
Oct-22 100% 0% 95% 5% 99% 1% 94% 6% 97% 3% 6.5 6.2 7.4 6.5 7.6 6.9 0.06 1.11 0.04 1.34 0.53
Nov-22 100% 0% 97% 3% 100% 0% 97% 3% 100% 0% 5.0 5.9 6.6 5.9 6.6 5.9 1.09 1.91 1.09 1.97 1.09
Dec-22 100% 0% 99% 1% 92% 8% 99% 1% 94% 6% 6.3 6.2 6.5 8.2 6.5 7.7 0.02 0.26 2.33 0.24 1.63

std 3.09 0.46 0.69 0.44 0.50
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Table 2. Cont.

exit
Varaždin

MB model 1 MB model 2 MB model 3 FM model IM model Measured Calculated
MB1

Calculated
MB2

Calculated
MB3

Calculated
FM

Calculated
IM

Calculated
MB 1

Calculated
MB 2

Calculated
MB 3

Calculated
FM

Calculated
IM

DA SA DA SA DA SA DA SA DA SA SO4
2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L) deviation deviation deviation deviation deviation

Dec-21 100% 0% 100% 0% 71% 29% 99% 1% 99% 1% 8.2 6.2 6.1 13.3 6.4 6.4 0.41 0.44 6.19 0.36 0.36
Jan-22 100% 0% 94% 6% 70% 30% 94% 6% 95% 5% 10.7 9.2 10.8 17.2 10.8 10.5 0.30 0.11 7.79 0.09 0.03
Feb-22 100% 0% 93% 7% 62% 38% 93% 7% 93% 7% 10.7 9.6 11.5 19.6 11.5 11.5 0.22 0.99 10.79 0.99 0.92
Mar-22 99% 1% 94% 6% 62% 38% 94% 6% 94% 6% 8.5 7.4 8.9 17.1 8.9 8.8 0.23 0.48 10.34 0.48 0.34
Apr-22 100% 0% 93% 7% 49% 51% 93% 7% 93% 7% 8.7 7.3 9.0 20.7 9.1 9.2 0.29 0.37 14.47 0.39 0.52
May-22 73% 27% 31% 69% 92% 8% 31% 69% 31% 69% 21.9 11.6 20.1 7.7 20.1 20.1 2.14 0.37 2.94 0.37 0.38
Jun-22 100% 0% 31% 69% 90% 10% 31% 69% 32% 68% 22.8 6.5 20.7 8.6 20.7 20.4 3.37 0.44 2.95 0.44 0.50
Jul-22 100% 0% 31% 69% 87% 13% 31% 69% 33% 67% 24.8 6.5 23.4 9.7 23.4 22.8 3.80 0.30 3.12 0.30 0.41

Aug-22 87% 13% 63% 37% 78% 22% 66% 34% 63% 37% 15.6 9.6 15.3 11.9 14.7 15.4 1.23 0.06 0.77 0.18 0.05
Sep-22 85% 15% 62% 38% 75% 25% 66% 34% 62% 38% 15.6 10.3 15.8 12.8 14.8 15.8 1.11 0.22 0.58 0.16 0.25
Oct-22 65% 35% 27% 73% 82% 18% 16% 84% 28% 72% 25.5 14.8 24.1 10.6 26.9 23.9 2.22 0.28 3.10 1.68 0.33
Nov-22 84% 16% 67% 33% 81% 19% 64% 36% 67% 33% 15.0 9.8 14.1 10.6 14.7 14.0 1.07 0.19 0.90 0.06 0.21
Dec-22 84% 16% 61% 39% 63% 37% 63% 37% 65% 35% 14.6 10.1 15.6 15.2 15.2 14.7 0.93 1.24 0.69 0.67 0.08

std 1.20 0.34 4.56 0.44 0.24

exit No-
vakovec

MB model 1 MB model 2 MB model 3 FM model IM model Measured Calculated
MB1

Calculated
MB2

Calculated
MB3

Calculated
FM

Calculated
IM

Calculated
MB 1

Calculated
MB 2

Calculated
MB 3

Calculated
FM

Calculated
IM

DA SA DA SA DA SA DA SA DA SA SO4
2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L)
SO4

2−

(mg/L) deviation deviation deviation deviation deviation

Dec-21 1% 99% 7% 93% 0% 100% 65% 35% 31% 69% 29.8 30.2 28.6 30.4 34.5 22.9 0.42 0.24 0.72 5.62 1.43
Jan-22 1% 99% 5% 95% 0% 100% 39% 61% 16% 84% 35.2 35.1 34.1 35.4 39.0 31.2 0.02 0.24 0.24 4.58 0.83
Feb-22 0% 100% 6% 94% 0% 100% 53% 47% 11% 89% 35.0 35.8 34.4 35.8 40.9 32.9 0.97 0.13 0.97 7.14 0.43
Mar-22 0% 100% 9% 91% 0% 100% 100% 0% 6% 94% 33.1 33.2 30.8 33.2 40.4 31.6 0.12 0.48 0.12 8.82 0.30
Apr-22 0% 100% 4% 96% 20% 80% 57% 44% 4% 96% 33.6 33.8 32.7 28.5 37.9 32.7 0.24 0.18 1.06 5.23 0.18
May-22 0% 100% 3% 97% 0% 100% 64% 36% 33% 67% 28.1 26.4 25.8 26.4 30.2 19.7 0.35 0.48 0.35 2.55 1.75
Jun-22 0% 100% 6% 94% 0% 100% 74% 26% 21% 79% 29.5 26.9 25.7 26.9 31.7 22.6 0.54 0.78 0.54 2.67 1.42
Jul-22 2% 98% 6% 94% 0% 100% 6% 94% 9% 91% 30.9 30.5 29.4 30.9 31.3 28.7 0.08 0.32 0.00 0.48 0.46

Aug-22 8% 92% 12% 88% 0% 100% 12% 88% 10% 90% 30.6 28.5 27.6 30.5 31.3 28.1 0.44 0.62 0.02 0.82 0.52
Sep-22 7% 93% 10% 90% 0% 100% 83% 17% 8% 92% 30.5 28.8 28.2 30.5 36.1 28.6 0.35 0.48 0.00 6.78 0.39
Oct-22 13% 87% 11% 89% 0% 100% 0% 100% 10% 90% 30.4 27.6 28.1 30.8 30.8 28.3 0.58 0.48 0.48 0.48 0.43
Dec-22 12% 88% 9% 91% 0% 100% 2% 98% 9% 91% 30.2 27.4 28.3 30.4 30.5 28.2 0.58 0.40 0.24 0.39 0.41

std 0.26 0.19 0.37 2.96 0.50
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Nevertheless, all three models showed that at exit Doljan, depending on the pumping
regime, more than 50% and up to 77% of water is pumped from the DA and distributed
towards the southern part of the network. On the other hand, exit Ludbreg primarily
supplies the eastern part of the network with DA water, ranging from 92 to 100% (Table 2).
At the exit Varaždin, up until April 2022, water was mainly pumped from the DA, between
93 to 99% of the supply. After that, the regime of pumping changed, favoring SA water from
62 to 72%, before reverting back to dominantly DA water (Table 2). At the exit, Novakovec
primarily supplies the eastern part of the network with the SA water, ranging from 92 to
100% (Table 2).

3.3.2. Reservoirs, Public Taps and Hydrants

Similar to the exits, the best fitting obtained by MB models is achieved using chloride
as constraints, and generally, the IM and FM models display a better fit than MB. After
validation, it was observed that IM models yielded the best results, which are discussed
further in the text. Despite slightly more difficulties appearing here, given that most of the
results showed a good match, it is evident that this modeling approach needs to be further
elaborated. The differences exist due to the varied chemical and isotopic composition of
many wells, which are alternately integrated into the water supply. It is likely that more
accurate results would be obtained by sampling all wells at the water pumping stations
rather than just their representatives. In addition, the chemical composition of water
changes while standing in reservoirs. During the warm months with higher temperatures,
evaporation occurs, which affects the composition of δ18O, while stagnant water leads to
precipitation of carbonates, which changes the EC. Moreover, the amount of free chlorine
decreases, and the number of bacteria that can affect nitrification processes increases.
Chlorination, albeit to a minor extent, affects chloride concentration, thereby potentially
influencing the results. It is possible that each of these processes can affect the modeling
result. In addition, by introducing additional indicators of water quality (anions, cations),
the accuracy of the models can be increased, as well as by expanding the sampling locations.

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

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

In a time when water scarcity is an issue not just in developing countries but also in all
countries over the globe due to climate change’s impact on groundwater recharge, under-
standing the water supply network is the key to good water supply management. By using
hydrochemical parameters, such as basic anions and physical-chemical properties of water,
which are measured in everyday routine in water supplier laboratories, combined with wa-
ter stable isotopes, extended anion and cation analysis, and geochemical modeling (MB, IM,
FM), the water within the water supply network could be comprehensively characterized
as shown in this paper. In the Varaždin WSS, all measured parameters are below Maximum
Contaminant Level (MCL) values, ensuring the safety of water for human consumption.
The differences between water sources were observed based on basic chemical composition.
Furthermore, the Piper diagram provided a simplified overview of mixing patterns within
the water supply network. Although all three modeling approaches showed satisfactory
results, IM results were more reliable than FM and BM. Mixing modeling demonstrated
the mixing of all three sources at the western, southwestern, and northern parts of the
water supply network. Conversely, the eastern and southeastern parts of the network
depend primarily on the DA water from the Bartolovec groundwater source, suggesting
that these parts of the network are very vulnerable in the event of an emergency at that
source. That should be additionally taken into account during the risk assessment of the
water supply system and the establishment of control measures that will further increase
the safety of the water supply (enabling the supply of water from other existing sources
and increasing the water storage capacity in the threatened area; short-term measure:
supplying water by mobile water tanks). Although δ18O did not provide good mixing
results due to fractionation in pipelines, it revealed that water in reservoirs is in equilibrium
with air (no evaporation effects), indicating well-sealed and impermeable reservoirs. The
results showed that geochemical modeling could be effectively applied in water security
management plans. The proposed methodology can be applied globally in a variety of
water supply system settings, especially where tremendous water losses are present, e.g.,
due to leaking pipes, etc.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/su16219558/s1, Table S1: Results of hydrochemical analysis of
sampled groundwater sources; Table S2: Results of hydrochemical analysis of public taps, hydrant,
and reservoirs.
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Kovač); visualization T.M. and I.K. (Igor Karlović). All authors have read and agreed to the published
version of the manuscript.

Funding: The research was financially supported by the Croatian Scientific Foundation (HRZZ)
under grant number HRZZ-IP-2016-06-5365 and the European Regional Development Fund under
grant KK.01.1.1.04.0006 (OS-Mi project).

Institutional Review Board Statement: Not applicate.

Informed Consent Statement: Not applicate.

Data Availability Statement: Data are in Supplementary materials.

Acknowledgments: The authors would like to thank the Varaždin Utility Company (VARKOM) and
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41. Karlović, I.; Marković, T.; Šparica Miko, M.; Maldini, K. Geochemical Characteristics of Alluvial Aquifer in the Varaždin Region.
Water 2021, 13, 1508. [CrossRef]
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