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1 Department of Environmental Sciences, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia;
tjasa.kanduc@ijs.si (T.K.); polona.vreca@ijs.si (P.V.)

2 Jožef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia
3 JP VOKA SNAGA d.o.o., Vodovodna cesta 90, 1000 Ljubljana, Slovenia;

branka.bracic.zeleznik@vokasnaga.si (B.B.Ž.); brigita.jamnik@vokasnaga.si (B.J.)
* Correspondence: klara.nagode@ijs.si; Tel.: +386-1-588-5238

Abstract: Urban water supply systems (WSS) are complex and challenging to manage since the
properties of water in the WSS change from source to the end user over time. However, understanding
these changes requires a more profound knowledge of the WSS. This study describes the urban water
cycle within the WSS of Ljubljana, Slovenia, where different water parameters such as temperature,
electrical conductivity, total alkalinity, δ2H, δ18O, and δ13CDIC were monitored from September
to November 2018. Altogether 108 samples were collected, including from the source (3) and at
different levels of the WSS: wells (41), joint exits from water pumping stations (7), reservoirs (22),
water treatment locations (2), drinking fountains (13), taps (19) and wastewater system (1). The data
show that although the ranges of δ2H and δ18O values were small, each well is represented by a
unique fingerprint when considering additional parameters. A statistically significant difference
was observed between sampling months, and temperature and most parameters showed higher
variability within the wells than across the WSS, suggesting a more unified WSS. Finally, based on
δ13CDIC values, a distinction could be made between river/groundwater interactions within the WSS
and between shallower and deeper wells and their distance from the river bank.

Keywords: urban water supply system; stable isotopes; hydrogen; oxygen; carbon; Ljubljana;
Slovenia

1. Introduction

Urban water supply systems (WSS) are complex and dynamic and are composed
of multiple interdependent components, i.e., water resources, storage units, pumping
stations, reservoirs, transfer lines, and channels and, like any other system, they are prone
to physical disruption and pollution [1]. Rapid growth in populations and urbanization
has resulted in a dramatic increase in water usage, putting considerable strain on existing
WSS, which cannot adequately adapt to accommodate the new level of demand [2]. As a
result, in many countries, WSS might become deficient and poorly understood [1]. The
allocation and management of water sources are also increasingly challenging due to
environmental factors such as pollution and climate change [3,4]. Therefore, what is needed
is a multidisciplinary approach to address such issues. In this respect, stable isotopes
can be used to complement other hydro-chemical information about the system [5]. The
application of water isotopes (δ18O and δ2H) is based on the assumption that the isotopic
signature of water is present with unique values that change with time and space [6,7]. This
conservative behavior allows new insights into the mechanisms, pathways, and interactions
of water bodies in urban systems [4,8]. Moreover, the isotopic composition of carbon in
dissolved inorganic carbon (δ13CDIC) is important in deciphering the origin of carbon in
the water system since HCO3

− is the primary species leaching from carbonate rocks [9].
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Applying the stable isotope approach in urban water settings has increased in recent
years and, as a consequence, yielded promising results. For example, stable isotope values
of tap water were used to identify and quantitatively characterize the water sources, water
management practices, and structure of different WSS and quantify the effects of climate
variability [3,4,8,10,11]. In addition, Leslie and others [12] used the stable isotope values
in municipal water to delineate the residence time of water in a WSS based on the lag
between precipitation and residential tap water over time. In most cases, these systems
are investigated by sampling sources and tap water, and so far, only Sánchez-Murillo
et al. [11] have investigated other engineering features, i.e., storage units or tanks, transfer
lines/pumping units, over a short period (over 2–3 days).

The provision of water for domestic supply in urban areas is complex and usually
involves many sources (i.e., precipitation, surface water, and groundwater). The WSS
for Ljubljana, the capital city of Slovenia, is no exception and is still in use today despite
being designed more than 100 years ago. The main source of drinking water for the city
is the groundwater from the Ljubljansko polje aquifer, although some of it derives from
the Ljubljansko barje aquifer in the southern part of Ljubljana [13]. So far, only short−term
investigations of the WSS have been performed that focus on groundwater dynamics, mod-
eling [14,15] and chemical and isotope investigations to characterize the aquifers, sources,
and water interactions for the aquifers’ water supply [14,16–20]. Despite the usefulness
of stable isotopes (H, O, C) for managing water resources, Slovenian regulation does not
require the analysis of stable isotopes in drinking water. Consequently, as concluded by
a thorough review of past investigations [19], no systematic investigation of the isotope
composition of drinking water in Ljubljana from “source to tap” has been performed.

In this paper, the results of a short, preliminary investigation of Ljubljana’s WSS from
well to tap are presented. The aim was to perform a systematic assessment of the use of
stable isotopes and other physicochemical properties to evaluate water sources, pathways,
and interactions to improve water supply management. More specifically, the paper
addresses the following research questions: Can isotopic signatures characterize different
urban water cycle components? Can the unique isotopic signatures be used to define
better the sources, pathways, and interactions between water bodies (e.g., groundwater
and river water) in urban environments and WSS? The data provided also represents an
initial database for future comparison of the WSS.

2. Materials and Methods
2.1. Site Description

Sampling was performed in two sections of the Ljubljana basin: the Ljubljansko
polje (LP), an unconfined alluvial aquifer in the northern part of the and the Ljubljansko
barje (LB), a confined aquifer in the southern part of the basin (Figure 1) [15]. A detailed
description of the aquifers is given in [19,21]. The aquifers are separated by the hills Golovec,
Grajski hrib and Rožnik. The hills and the bedrock of the LP are composed of impermeable
Permian and Carboniferous schist, claystone, and sandstone [22]. It was formed by tectonic
subsidence and filled with Pleistocene and Holocene alluvial sediments of up to 120 m in
thickness. The aquifer is generally recharged from infiltration of precipitation, the River
Sava (north-western part) and via lateral inflow from the Ljubljansko barje multi-aquifer
system [15]. The Ljubljansko barje is a depression formed by tectonic subsidence and filled
by alluvial and lacustrine sediments during the Pleistocene and Holocene epochs. The
heterogeneity of sediments means that the hydrogeological conditions in the LB are more
complicated than in the LP [16,22].
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Figure 1. Sampling locations for the different water supply areas (WSA) and type of sampling site
(TSS). Zoom locations represent the distribution of wells in the respective wellfields. VD = well,
ZV = joint exit from the water pumping station, VH = reservoir, PV = water treatment location,
PIT = drinking water fountain, PJ = tap in a public building, PP = tap in a private building,
CČN = water treatment plant, R = river; A = Kleče, C = Brest, D = Jarški prod, E = Šentvid,
F = Hrastje/Jarški prod, G = Kleče/Brest, H = Kleče/Hrastje/Jarški prod, I2 = Kleče/Hrastje/Brest.

The largest water company in Slovenia in terms of users is the Public Water Utility JP
VOKA SNAGA d.o.o. Drinking water has been supplied to users in Ljubljana since 1890.
Currently, the majority of the groundwater is extracted from the Kleče (A) wellfield at LP,
while the contribution of other wellfields at LP; Hrastje (B), Jarški prod (D) and Šentvid
(E) and from LB from Brest (C) is lower (Figure 1). Water is pumped from 44 wells and is
distributed through more than 1100 km of supply network [23], and it takes a few hours
for water from the wellfield to reach the end-user. Well depths typically range from 30 to
105 m below the surface, with pumping rates from 15 to 92 L/s. The perforated screens
in the pumping wells vary at LP from 200 to 290 m a.s.l. Their elevation is between 281.4
and 310.0 m a.s.l. In the LB, the screens are located between 290 m and 270 m a.s.l. for
shallow wells and 270 to 195 m a.s.l. for deeper wells (e.g., Brest 2a and Brest 4a). Their
elevation is between 299.5 and 301.9 m a.s.l. (Supplementary Figure S1). In the central
system, certain settlements are continuously supplied with drinking water from a single
wellfield (A, C, D, and E), while others are supplied from two or more wellfields: F, G, H,
and I2 (Figure 1) [20]. In Ljubljana, WSS also includes other components: joint exits from
water pumping stations (ZV), reservoirs (VH), water treatment locations (PV), drinking
water fountains (PIT) and taps in public buildings (PJ) and private buildings (PP).

2.2. Selection of Sampling Sites and Sampling

Based on the knowledge of the JP VOKA SNAGA d.o.o. personnel and previous
investigations of the WSS, 97 sampling sites, which are used for the regular monitoring of
drinking water, were selected for investigation (Figure 1). Sampling sites were selected
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according to (a) the type of sampling site (TSS) in the WSS and (b) the type of water supply
area (WSA). Based on TSS, the initial selection included wells (VD, 44 samples), joint exits
from water pumping stations (ZV; 7 samples), reservoirs (VH; 23 samples), water treatment
locations (PV; 2 samples), drinking water fountains (PIT; 13 samples) and taps in public
(PJ; 10 samples) and private buildings (PP; 8 samples). The sampling of the WSA initially
included 4 main wellfields: Kleče (A; N = 35), Brest (C; N = 22), Jarški prod (D; N = 10) and
Šentvid (E; N = 11) and four areas where water is mixed from two or three different WSA:
Hrastje/Jarški prod (F; N = 5), Kleče/Brest (G; N = 5), Kleče/Hrastje/Jarški prod (H; N = 3)
and Kleče/Hrastje/Brest (I2; N = 6). Wells from the Hrastje wellfield (B; N = 10) were also
included, although it does not represent a unique WSA.

In order to cover the whole WSS, an additional three locations along the River Sava
(R; locations Brod, Črnuče and Šentjakob) and at the outflow from a wastewater treat-
ment plant (CČN) were selected. Data collection focused on a 3-month period between
6 September 2018 and 29 November 2018. Altogether, 8, 10 and 12 sampling campaigns
were performed in September, October and November 2018, respectively. Samples at four
sites were not collected, and one site (PJ) was sampled twice. The final collection of samples
included sampling in VD (41), ZV (7), VH (22), PV (2), PIT (13), PJ (11) and PP (8). In
total, 104 samples were collected at 103 locations. The majority of well samples (41) were
collected in September, while eight samples from Kleče and six from Brest were collected
in October and November 2018. In the field, temperature (T) and electrical conductivity
(EC) measurements were collected, while pH, total alkalinity (TA), isotope composition
of hydrogen (δ2H), oxygen (δ18O) and carbon in the dissolved inorganic carbon (δ13CDIC)
were measured in the laboratory. Metadata and results are presented in [24]. Water samples
from the various components of the WSS (93 sites in the WSS and at the outflow of CČN)
were collected by JP VOKA SNAGA d.o.o., while the JSI team members and volunteers
performed sampling at PP and two locations at PJ. From 2016 to 2018, daily air temperature
and precipitation data were obtained from the Environmental Agency of the Republic of
Slovenia for the station at Ljubljana–Bežigrad [25]. In addition, monthly composite precipi-
tation samples were collected at Ljubljana-Reactor, where monitoring has been performed
since 1981 [26–28].

2.3. In-Situ Measurements

Temperature (T) and electrical conductivity (EC) were determined together in-situ
using an Ultrameter IITM 6PFCE (MIRON L Company, Carlsbad, CA, USA). The measure-
ment accuracy was ±0.1 ◦C for T and ±1% for EC. However, T and EC were not measured
for all tap water samples (10). Samples were collected using the following protocol: taps
were opened for 5 min [11] before sampling to avoid stagnant water.

2.4. Analytical Procedures
2.4.1. Determination of Total Alkalinity (TA)

To determine the TA, each sample was passed through a 0.45 µm nylon filter into an
HDPE bottle and kept refrigerated until analyzed. First, the pH was measured (SevenCom-
pactTM pH/Ion S220, Mettler-Toledo 8603 Schwanzenbach, Switzerland, Rating 9–12 V,
made by Mettler Toledo group). The TA was then measured by Gran titration [29] with a
precision of ±1%. Sample repeatability was ±0.1 mM.

2.4.2. Determination of δ2H, δ18O and d-Excess

δ2H and δ18O values were determined according to [20]. The results are expressed
using the standard δ notation (in‰):

δsample (‰) = (Rsample/Rstandard − 1) × 1000 (1)

Rsample and Rstandard are the isotope ratios (2H/1H and 18O/16O) of a heavy isotope
to a light isotope in a sample measured against an international standard. Materials
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used for normalization and reference materials are described in [20]. The average sample
repeatability was 0.3‰ for δ2H and 0.02‰ for δ18O. Deuterium excess (d-excess) was
calculated as d-excess [‰] = δ2H − 8 × δ18O [30]. The overall uncertainties were estimated
to be less than 1‰, 0.05‰ and 1.01‰ for δ2H, δ18O and d-excess, respectively.

2.4.3. Determination of δ13CDIC

A Europa Scientific isotope ratio mass spectrometer (Sercon Limited, Crewe, UK)
coupled with a TG − preparation module was used to measure the amount of carbon
in dissolved inorganic carbon (δ13CDIC). In brief, phosphoric acid (100%) was added
(100−200 µL) to a septum tube and purged with pure He. A water sample (5 mL) was
then injected into the tube, and CO2 was measured directly from the headspace. One-point
normalization to Carlo Erba was performed. The δ13CDIC of the dissolved CO2 was directly
measured from the headspace. A standard solution of Na2CO3 (Carlo Erba) with a known
δ13CDIC value of −10.8‰ ± 0.2 was used for calibration [31,32]. The average sample
repeatability for δ13CDIC was 0.1‰. The results are expressed in the standard δ notation as
reported in Section 2.4.2.

2.5. Data Evaluation

Metadata and data were deposited in the Pangea database [24]. Descriptive statis-
tics were used for the determination of the median (Me), standard deviation (SD), min-
imum (min), maximum (max) and range. The distribution of δ2H versus δ18O data
was compared to the global meteoric water line (GMWL), identified by Craig [33] as
δ2H = 8 × δ18O + 10. A local meteoric water line (LMWL) for Ljubljana was calculated
from the amount-weighted reduced major axis (PWRMA; 2016–2018) [34] using the python
code deposited in GitHub [35]. In addition, we used the LMWL for the Kredarica station
(46.378784, 13.848628, 2514 m a.s.l.) for further evaluation [26]. Spearman’s correlation
analysis was used to identify correlations between determined parameters and the whole
WSS, wells in LB and LP and other components of the WSS, respectively. The significance
level was p < 0.05. Statistical differences between groups (different parameters, components
of the WSS and WSA) were assessed using the non-parametric Kruskal-Wallis test followed
by a Dunn post hoc test with Hochberg-Benjamin adjustment of the p-values for multiple
comparisons. All statistical analyses and visualization of the results were performed using
RStudio version 3.6.0 (RStudio Team, 2018) using the stats package (R Core Team, Vienna,
Austria, 2019) and OriginPro 2021 software (OriginLab, Northampton, PA, USA).

3. Results and Discussion
3.1. Meteorology and Hydrology

The Ljubljana basin has a Subcontinental climate [36], with a mean annual precipitation
of 1362 mm and an annual mean temperature of 10.9 ◦C for the period 1981 to 2010 [37].
The driest and wettest months are January (69 mm) and October and November (147 mm),
respectively, while the lowest and the highest temperatures recorded are in January (0.03 ◦C)
and in July (average: 21.2 ◦C).

In Slovenia, the average air temperature in 2018 was the second-highest compared to
1981–2010, with a mean annual temperature of 1.5 ◦C above the national average [38]. In
September, October, and November 2018, the average temperatures were 1.6 ◦C, 1.9 ◦C,
and 2.6 ◦C above the long−term normal (1981–2010). In addition, only 85% (126 mm), 85%
(125 mm) and 84% (109 mm) of precipitation fell, respectively, compared to the average
for the same months during 1981–2010 [39–41]. In the spring and summer seasons prior to
sampling (March–May and June–August), the average precipitation exceeded the average
for the previous three years during the same period. In contrast, the average precipitation
amount was lower during the sampling period (September–November) than the same
period during the previous three years. The same trend is also observed for December–
February (Table 1). However, the temperature difference is not that significant when
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comparing 2018 to the previous three-year period except for December–February, where
the average difference was 0.5 ◦C (Table 1).

Table 1. Mean precipitation (mm), mean air temperature (◦C), and mean isotope composition of
precipitation for the three-month periods during 2016–18 and 2018, respectively.

Year Parameters December–February March–May June–August September–November

2016–2018

P [mm] 98.2 104.8 119.8 146.7
T [◦C] 1.8 12.5 22.0 11.9

δ18O [‰] −10.91 −7.93 −5.60 −8.27
δ2H [‰] −76.5 −53.8 −35.6 −53.0

2018

P [mm] 72.5 118.6 148.0 119.8
T [◦C] 2.3 12.6 22.0 13.0

δ18O [‰] −10.88 −7.18 −5.95 −7.20
δ2H [‰] −76.2 −47.8 −38.7 −44.3

The water flow in the River Sava varied between 28 m3/s to 907 m3/s from 2016 to
2018 and from 30 m3/s to 741 m3/s from September–November, 2018 [42]. As observed
for precipitation, the average monthly river discharges in September 2018 were about 40%
lower than during the so-called long-term period between 1981 and 2010. Only one sizeable
precipitation event occurred in September 2018; however, it did not cause a significant
increase in water flow. In October 2018, the river had a small discharge, which increased
due to many precipitation events at the end of the month (Figure 2). In November 2018,
the discharge slowly decreased, with an additional increase through the end of the month.
Again, the average monthly discharge was lower than during the long-term period.

Figure 2. Monthly precipitation totals (mm), average monthly air temperature (◦C), water flow
(m3/s), water temperature (◦C) and δ2H, δ18O in precipitation during 2016–2018. The sampling
period September–November 2018 is marked with black lines.

3.2. Isotope Composition of Precipitation

Values of δ2H, δ18O (Figure 2), and d-excess for precipitation ranged between −107.2‰
and −20.0‰, between −14.79‰ and −3.75‰ and between 4.7 to 14.9‰ for the period
2016–2018, respectively. The most positive isotope signature is characteristic for warmer
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summer months and a more negative signature for colder winter months (Table 1). When
comparing seasonal differences during 2018 to the previous three-year averages (Table 1),
we observe the highest difference for September–November 2018, i.e., the more positive δ2H
and δ18O values, which can be attributed to the higher average air temperature in 2018. The
local water meteoric water lines (LMWL) for Ljubljana and Kredarica in the period 2016–2018
were calculated using PWRMA [26,35] and are: δ2H = (7.82 ± 0.16) × δ18O + (9.61 ± 1.37)
(r2 = 0.99; N = 35) and δ2H = (8.42 ± 0.19) × δ18O + (18.98 ± 2.09) (r2 = 0.99; N = 34)
(Figure 3). The LMWL for the Ljubljana plot is parallel to the GMWL, while the LMWL for
Kredarica is plotted above the LMWL for Ljubljana, suggesting different moisture sources
in the upper River Sava drainage area than in Ljubljana.

Figure 3. Dual isotope plot of the whole water supply system samples compared to the global meteoric
water line (GMWL) and local meteoric water line (LMWL) from Ljubljana (2016–2018) and Kredarica
(2016–2018). A = Kleče, B = Hrastje, C = Brest, D = Jarški prod, E = Šentvid, F = Hrastje/Jarški prod,
G = Kleče/Brest, H = Kleče/Hrastje/Jarški prod and I2 = Kleče/Hrastje/Brest.

3.3. The Whole Urban Water Supply System

The sample data set of T, EC, pH, TA, δ2H, δ18O, d-excess and δ13CDIC, is presented
in [24]. Their median (Me), standard deviation (SD), minimum (min), maximum (max) and
ranges are presented in Table 2, while the WSA and TSS averages are presented in [43]. In
addition, Table 2 also contains data for CČN and the three sampling locations along the
River Sava (Šentjakob, Črnuče and Brod).

Table 2. Basic statistic parameters for temperature (◦C), electrical conductivity (µS/cm), pH, total
alkalinity (mM), and isotope composition of oxygen (δ18O) and hydrogen (δ2H), d-excess and isotopic
composition of carbon in dissolved inorganic carbon (δ13CDIC) for all components in the system and
the actual values for CČN and locations at the River Sava.

T (◦C) EC (µS/cm) pH TA (mM) δ2H (‰) δ18O (‰) d (‰) δ13CDIC (‰)

Median 12.7 508.55 7.7 4.9 −61.2 −9.16 12.3 −12.9
Standard deviation 1.5 58.1 0.2 0.7 1.1 0.15 0.5 1.0

Minimum 10.3 365.2 7.2 3.4 −63.6 −9.53 11.0 −15.3
Maximum 17.4 660 8.4 7.4 −57.8 −8.76 14.3 −9.4

Range 7.1 294.8 1.2 4.0 5.8 0.77 3.3 5.9

Sava 1–Šentjakob 15.0 345 8.17 3.3 −63.0 −9.40 12.2 −8.0
Sava 2–Črnuče 15.1 345 8.23 3.4 −62.4 −9.39 12.7 −9.2

Sava 3–Brod 15.1 343 8.24 3.3 −63.3 −9.45 12.3 −7.7

CČN 21.7 1086 9.9 5.9 −58.2 −8.68 11.2 −11.9



Water 2022, 14, 2064 8 of 16

The outflow from CČN had the highest values of T, EC, pH, and TA, while the values
of δ2H, δ18O and δ13CDIC were lower compared to the median values for the whole system
(Table 2). Similarly, T and pH values are higher at the three sampling locations along
the River Sava, while EC and TA values are lower than the median values for the whole
system. Distinct differences could be observed between more enriched δ2H and δ18O values
for the whole system compared to more depleted surface water resulting from different
system processes. In addition, other processes (i.e., mixing surface water with precipitation)
can cause more positive values observed in other components of the WSS. The average
d-excess of the River Sava is 12.3‰ reflecting the contribution of precipitation of the mixed
Atlantic−Mediterranean origin [44]. The δ13CDIC values of surface water and wastewater
effluent from the CČN treatment plant are more positive than the median values of the
whole system. Data for surface water (three locations) and from the CČN were omitted in
further evaluation.

The highest water temperature in the WSS was observed for samples collected in
September 2018, corresponding to the highest daily air temperature for that month. The
highest EC and pH values were also measured in September 2018, with median values
of 508.6 µS/cm and 7.7, respectively. Isotopic signatures were positive during September
2018, with mean values of −60.3‰, −9.10‰, and −12.4‰ for δ2H, δ18O, and δ13CDIC,
respectively. In contrast, the most negative isotopic compositions were determined in
November 2018 with −61.3‰, −9.21‰, and −13.1‰, respectively. A strong positive
correlation (≥0.7; p ≤ 0.001) was observed between EC and TA and δ2H and δ18O, while
a strong negative correlation (≥−0.6; p ≤ 0.001) was observed between TA and δ13CDIC
(Figure 4a). Associations between sampling months and δ2H and δ18O values were tested.
However, differences were only statistically significant for δ2H. A statistically significant
correlation was observed between sampling months and δ13CDIC. Total alkalinity ranged
from 3.4 mM to 7.4 mM. The highest alkalinity is observed at Brest wellfields, while lower
alkalinity is observed at the Hrastje wellfields. In this study, the δ13CDIC values ranged
from −15.3‰ (Brest-9) to −9.4‰ (VD-Kleče 7) with a median of −12.9 ± 1‰. The lowest
δ13CDIC values were recorded at Brest wellfield, while the highest δ13CDIC was observed
at Kleče wellfield (Figure 5b). The total alkalinity (Table 2) is much lower in river water
samples (3.3 mM to 3.4 mM) than in groundwater samples (3.4 mM to 7.4 mM). The δ13CDIC
values in river water (9.2 to −7.7‰) are higher than in groundwater (–15.3 to −9.4‰) due
to the equilibration of CO2 with the atmosphere [45].

Plotting δ2H and δ18O data from all sampling locations in the dual-isotope space
(Figure 3) revealed slight differences between different WSA; however, the differences were
significant for δ2H and δ18O between some WSA (p ≤ 0.001). The most enriched values
were observed for samples from the WSA Šentvid. Samples collected from this WSA are
statistically significantly different from other WSA except for Hrastje WSA (Figure 5a). The
highest range is observed for samples collected at WSA Brest (0.52‰) with the most nega-
tive values of δ18O and δ2H. All samples plot below the LMWL-Kredarica [26], representing
the upper part of the River Sava recharge area and above GMWL and LMWL-Ljubljana
(Figure 3). However, we observed no statistically significant difference between compo-
nents and δ2H, δ18O or δ13CDIC, while a statistically significant difference (p ≤ 0.05) was
observed between d-excess and different components in the WSS.
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Figure 4. Spearman correlation matrix between determined parameters and (a) the whole urban water
supply system (N = 104); wells at (b) Ljubljansko barje and Ljubljansko polje (N = 41); (c) Ljubljansko
polje (N = 30); (d) Ljubljansko barje (N = 11). * p ≤ 0.05. H, O and C represent δ2H, δ18O and
δ13CDIC, respectively.

Figure 5. Distribution of (a) δ18O and (b) δ13CDIC regarding different WSA for the whole system
(N = 97). For the explanation of the abbreviations, see Section 2.2.

3.3.1. Characteristics of the Groundwater from Wells

An objective of this research was to sample all 44 active wells in the WSS from
both aquifers. However, water samples were only collected from 41 wells. The isotopic
composition ranged from −63.6‰ to −57.8‰, from −9.53‰ to −8.75‰ and from 11.7 to



Water 2022, 14, 2064 10 of 16

14.3 for δ2H, δ18O and d, respectively. The groundwater is scattered along the LMWL. The
same median d-excess of 12‰ was observed for the LP aquifer and the River Sava at all
three locations observed in the investigation [14]. Again, the most positive δ18O value can
be observed for the Šentvid wellfield (E), followed by the Hrastje wellfield (B) (Figure 6a);
moreover, this can also be observed when the median values of wells regarding WSA are
plotted (Figure 6a). The most negative values were observed from the deeper wells in Brest:
Brest 2a and Brest 4a (S1) [24], which were observed by [17] and attributed to the recharge
from higher altitudes.

Figure 6. (a) Dual isotope plot of wells compared to GMWL. The small picture presents medians of
wells regarding the respective wellfield. (b) δ18O vs. T for wells from different wellfields. Different
sized symbols represent different sampling months. A = Kleče, B = Hrastje, C = Brest, D = Jarški prod
and E = Šentvid.

In the Hrastje, Jarški prod and Šentvid wellfields, more positive isotopes values
correlate with distance from the River Sava and EC. Conversely, in the Kleče wellfield, no
such trend can be observed where in general, δ18O is decreasing from the outer wells to
the central part (Kleče-7) (S1). The outermost well, Kleče-12, presents an exception in this
trend with a more negative value. The same trend can be observed for EC values, which
decrease with distance from the central part of the wellfield. Again, the Kleče-12 stands out
with a more negative δ18O value than the other outer wells. This finding is related to water
extraction from the deeper parts of the aquifer (60–100 m). In the northern part of the Kleče
wellfield, δ18O and EC values decrease with the distance from the River Sava (S1) [24].

When δ18O is plotted against temperature, the highest temperatures were recorded for
those wells sampled in September 2018 from the Hrastje wellfield. In addition, high temper-
atures were also recorded at Brest-1, Brest-2, and Brest-3 in November 2018 (Figure 6b). The
reason can be that these wells are shallower (S1). Also, the δ13CDIC values in groundwater
ranged from −15.3‰ to −9.4‰ (Figure 7), specifically, from −14.1‰ to −9.4‰ in the LP
and −15.3‰ to −10.6‰ in LB.

The Kleče wellfield is the most important tap water source in the LP and is annually
monitored for major cations, anions, organic pollutants, and microbiological parameters.
Basic physical and chemical parameters (EC, concentrations of Ca2+, Mg2+, HCO3

− and
pH) indicate that the fundamental properties of groundwater in the area (S1) depend on
the location of the well inside the wellfield [46]. Monitoring results [46] also show that the
lowest pH and EC values occur in the central part (Kleče-4); the same low value was also
observed in the present study, where δ13CDIC values were −11.6‰ at Kleče-4 (Figure 7a).
In the central part of the wellfield, higher δ13CDIC values are likely due to equilibration with
river water. At Kleče-3, higher EC levels and δ13CDIC values of −12.6‰ (measured in this
study) are due to only a few meters of filter section in the saturated zone [46], indicating a
higher soil CO2 contribution. Kleče-12 deviates from other wells and covers aquifers from
a depth of 60 to 100 m (S1) with a δ13CDIC value of −11.7‰. Kleče-17 has a similar recharge
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area as Kleče-11 and 10 and has a similar chemical composition [46]. This observation is
also reflected in more negative δ13CDIC values determined in the present study [24]. In
the Hrastje well field, the δ13CDIC values of groundwater are, due to longer residence time
of the surface water, more homogeneous in comparison to the Kleče wellfield where the
δ13CDIC values are more scattered (−13.6 to −9.4‰).

Figure 7. Relation between δ13CDIC and TA for samples collected from wells (N = 41) (a) other
components of the WSS system (N = 63) (b). A = Kleče, B = Hrastje, C = Brest, D = Jarški
prod, E = Šentvid, F = Hrastje/Jarški prod, G = Kleče/Brest, H = Kleče/Hrastje/Jarški prod and
I2 = Kleče/Hrastje/Brest.

At LB, higher EC and TA (Figure 7a) values were detected in Brest-8 (608.2 µS/cm, 8.33)
and Brest-9 (660 µS/cm, 7.22) that capture water from the shallow aquifer. The most positive
δ13CDIC (−10.6‰) was observed at Brest-2a (Figure 7a). Brest-4a captures groundwater
from depths of 30.3 to 99.3 m (S1) and represents a much broader area than Brest-2a. As
a consequence, Brest-4a had lower pH (7.63) and δ13CDIC (−11.9‰) values compared to
Brest-2a (7.82 and −10.6‰, respectively). Brest-9 had the most negative δ13CDIC value
(−15.3‰), indicating the highest level of soil CO2. Also, long-term monitoring (2011–2019)
revealed that Ca2+, Mg2+, and HCO3

− were higher in shallower wells than in deeper wells,
while the trend was the opposite for pH values. Basic hydro-chemical properties of drinking
water in the Holocene aquifer in Brest, especially in shallower wells, are influenced by
the Iška River and vary depending on the distance from the river [47]. Therefore, the
effect of river water was most apparent in Brest-1 with a δ13CDIC value of −13.5‰ [48].
Unfortunately, the δ13CDIC value in the River Iška was not measured.

The Šentvid wellfield has δ13CDIC values from −11.7 to −11.2‰, while a broader range
of values is observed at Jarški prod (−12.1 to −10.0‰). The lowest EC was measured at
the Jarški prod WSS. The WSS at Šentvid has higher EC values than the WSS at Kleče since
the WSS at Šentvid is positioned outside the main groundwater flow at LP [48]. Higher
δ13CDIC values were also observed at Jarški prod-1, 2 and 3 due to their distance from the
river water. A higher δ13CDIC value (−10.0‰) was also observed at Jarški prod–1 (closer to
the River Sava), while at Jarški prod–3, δ13CDIC values were more negative due mainly to
recharge from precipitation being comparable to δ13CDIC values from wells located at the
Šentvid wellfield [48].

The δ13CDIC values in the River Sava (Table 2) were more positive (−9.2‰ to −7.7‰)
than those in wells in LP and LB, suggesting that δ13CDIC values in groundwater are
influenced by water-soil-rock interactions, i.e., degradation of organic matter and carbonate
dissolution [49]. At the same time, in river water, equilibration of CO2 occurs [45].

In the present study, a significant (r > 0.6) positive correlation between well parameters
was observed between T and EC, δ18O and δ2H, EC and TA, δ18O and δ2H, pH and δ13CDIC
and between δ18O and δ2H. Strong (>−0.7) statistically significant negative correlation
was observed between δ13CDIC and EC and TA and between δ18O and d, with Spearman’s
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rank coefficients (rs) (p ≤ 0.005; Figure 4b). When we compare parameters only for LP
and LB aquifers (Figure 4c,d), the correlation results change more for LB. The LB aquifer is
presented by a strong significant positive correlation between TA and EC and δ18O and
δ2H. Also, a strong significant negative correlation is observed between pH and T, δ18O
and δ2H, and between δ13CDIC and δ18O and δ2H (Figure 4d). A statistically significant
difference is also observed between LP and LB (p ≤ 0.05) regarding TA, δ18O and d-excess
(Figure 8a).

Figure 8. (a) Observed statistically significant differences for TA, δ18O, and d-excess between wells
presented at Ljubljansko polje (LP; N = 30) and Ljubljansko barje (LB; N = 11). (b) Observed
statistically significant differences in T, d-excess, and δ13CDIC between wells (N = 41) and other
components in the WSS (N = 63).

Associations were also tested between the wellfields and T, EC, δ18O, δ2H and δ13CDIC.
Statistically significant differences were observed for T, EC, TA, δ18O, δ2H, d-excess, and
δ13CDIC (p ≤ 0.05), but not between all locations. The highest median T and EC were
observed for wells in Hrastje, while the median TA and d were the lowest. The wells in
Hrastje, T, pH, TA, and d-excess all showed the smallest range of values. Small ranges
in values are also observed for δ18O, δ2H, and δ13CDIC in wells from Hrastje, Jarški prod,
and Šentvid. Except for Kleče and Brest, which were collected over three months, all other
samples were collected during the same month.

Samples collected in October and November from the wells in Kleče and Brest wells
were excluded from the dataset for further evaluation to see if such associations changed.
In September 2018, 7, 9, 5, 3, and 3, water samples were collected from wells in Kleče,
Hrastje, Brest, Jarški prod, and Šentvid, respectively. In addition to T, EC, TA, δ18O, δ2H,
d-excess, and δ13CDIC, there are also significant differences in pH (p ≤ 0.05). Again, a high
range of δ18O, δ2H, and δ13CDIC values were observed in Kleče and Brest, suggesting that
the well water from each wellfield is compositionally different. In the Brest wellfield, this
is likely a consequence of water extraction at different depths [17]. In addition, the well’s
position defines the unique properties of the groundwater, which can also be seen using
other in-situ parameters (T, EC). Moreover, in the Kleče and Brest wellfields, differences
can result from different proportions of the source water in each well [14].

3.3.2. Characteristics of Other Components in the Water Supply System

After the water is pumped from the wells, it is distributed to the end users through
the WSS. Other components sampled included joint exits from the water pumping station,
reservoirs, water treatment locations, water fountains, and water taps. The observed
median temperature was 13.5 ◦C and is statistically different from the wells (1.7 ◦C higher;
Figure 8b), while the median EC and TA values were lower than the well values, although
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the differences were insignificant. In addition, δ18O, δ2H, and d-excess values ranged from
−9.34‰ to −8.76‰, from −62.5‰ to −58.1‰, and from 11.0 to 13.7, respectively. The
observed ranges are smaller than those in the wells, indicating a more homogenous drinking
water composition. The median values were more positive for samples collected at LP than
LB in all components. Likewise, the differences between LP and LB are also statistically
significant. This comparison did not include samples collected at the water treatment
locations since they were sampled only at LB. Also, no statistically significant difference in
δ18O and δ2H values between other WSS components and wells were observed.

The δ13CDIC values of other components in the system were between −15.0‰ and
−11.6‰ (Figure 7b), a range smaller than that observed in the wells. The only statistically
significant differences were found between LB and LP, with more negative δ13CDIC values
recorded at LB due to the influence of organic matter degradation in Brest-9 and other
shallow wells in the Brest well field: Brest-1-8 [9]. The samples collected at LB also have
high TA values (Figure 8a). The δ13CDIC from water taps ranged from −14.6 to −11.9‰
(Figure 7b) with an average value of −12.9‰, indicating a more significant contribution
from the soil. However, carbonate precipitation within the WSS could have a prominent
effect on enrichment with 12C [50]. Water fountains had δ13CDIC from −13.7 to −12.1‰,
with more negative δ13CDIC vales observed for Brest and more positive values from Kleče.
The δ13CDIC values in the reservoirs ranged from −14.4 to −11.6‰ depending on the water
supply well, e.g., the Kleče, Šentvid, and Jarški prod wellfields. Among all wellfields, Brest
has the most negative δ13CDIC (Figure 7a).

In addition to T, a statistically significant difference is observed between wells and
other components in the WSS for d-excess and δ13CDIC (Figure 8b), while no statistically
significant differences for the other parameters were observed. A strong significant positive
correlation (≥0.7; p ≤ 0.001) was observed between EC and TA and δ2H and δ18O, while a
strong negative correlation (≥−0.6; p ≤ 0.001) was observed between TA and δ13CDIC. A
higher temperature range in all components in the system is observed, meaning that the
temperature in wells is more stable and not affected by the outside temperature. Moreover,
the highest temperature was observed in the Hrastje wellfield but is the most variable in
the Brest wellfield [24].

4. Conclusions

This study presents the first stable isotope (H, O, and C) investigation of water in the
whole urban WSS in Ljubljana, Slovenia, from source to tap. Sampling was performed
mainly by JP VOKA SNAGA d.o.o. staff, JSI team members, and volunteers over three
months. The results show changes in meteorological and hydrological conditions that
could influence the isotope composition of water collected at different locations across the
WSS, from well to tap at the end user. The study is important for consumers and water
supply managers.

This investigation combines in-situ (i.e., T and EC), stable isotope (i.e., δ18O, δ2H,
and δ13CDIC), and total alkalinity data in order to evaluate whether different components
(i.e., water treatment location, reservoirs, water taps, preparation of water, drinking wa-
ter collector, drinking water fountains) to characterize the urban water cycle. Sampling
included a collection of 104 water samples from 103 locations from wells, joint exits from
the water pumping station, reservoirs, water treatment locations, drinking water fountains,
and taps. Sampling was performed at almost all active wells (41 of 44) included in the WSS
for the first time. In addition, sampling was also performed at the Sava River, wastewater
treatment plant, and precipitation.

The smallest temperature ranges were observed for wells compared to other com-
ponents of WSS. This suggests that the system itself is more susceptible to the outside
temperature. All other observed parameters show higher variability within the wells than
the WSS, which suggests that the water is more unified within the WSS. The δ18O and
δ2H signatures of precipitation are seasonal, but no such observation could be determined
in the WSS due to the limited three-month sampling period. In addition, very little or
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no effect of meteorological and hydrological changes can be observed. The results show
that the isotope composition at LP depends on the location of the well as the fraction of
the precipitation and the River Sava is different. The latter was observed at the Hrastje,
Jarški prod, and Šentvid wellfields that show increasing δ18O values with distance from
the River Sava.

Higher alkalinity and more negative δ13CDIC were observed at the Brest wellfield.
Both parameters (TA and δ13CDIC) are negatively correlated. In all investigated wellfields,
both processes: degradation of organic matter and dissolution of carbonates, influence to
δ13CDIC value. In addition, precipitation of carbonates within WSS could not be excluded.
These phenomena shift the δ13CDIC values in groundwater to values that are more negative.
δ13CDIC values are a powerful tool for distinguishing between river/groundwater inter-
actions within a WSS and between shallower and deeper wells, including their distance
from river water. The interpretation of δ13CDIC in WSS at LB and LP also depends on other
factors such as the depth of filters, pumping rates, and the well’s location.

To understand better the possible changes within the system, sampling from source
to tap should be performed simultaneously, with samples being collected for additional
parameters. Also, additional observations would be advisable due to possible changes in
the River Sava (gaining or losing stream) to the LP and the sensitivity of the LP and LB
aquifer to climate changes. This preliminary investigation presents a basic understanding
of the differences between different groundwater and the WSS and provides baseline
information for future investigations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14132064/s1. Figure S1: The locations of the active wells at
Ljubljansko polje and Ljubljansko barje (Atlas okolja (gov.si) and depth of perforated screens in wells
(JP VOKA SNAGA d.o.o.).
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