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Abstract: The Alps represent an area where many deep groundwater circulations occur as thermal
springs. In the Bled case study, the thermal water temperature, at it is discharged to the surface,
is between 19-23 °C. In order to determine the extent (e.g., geometry) and the origin of the pronounced
deep circulation system in the Bled area, chemical and isotopic measurements of waters from different
hydrogeological systems were performed (e.g., surface water, thermal water, fresh groundwater).
Hydrogeochemical methods were used to tie together the above-mentioned parameters. The results
have shown that thermal outflow in Bled is determined by the presence of a deep-water circulation
system, where the dissolution of carbonates minerals is the main hydrogeochemical process affecting
chemical components of natural water flow. The correlation of the major ions suggests that the
recharge area is represented by both limestone and dolomite rocks. Moreover, the results of 580
and 6?H of all samples indicate that the recharge is mainly meteoric precipitation. The recharge
altitude was estimated for two sampled fresh groundwater springs. The isotopic compositions of
those two springs suggest the range from 680 = —8.68%o, 6*H = —57.4%. at an elevation of 629 m to
6180 = —9.30%o0, *H = —60.1%o at an elevation of 1216 m. The isotopic analysis has confirmed that
the thermal water recharges from altitudes of 1282-1620 m a.s.L.

Keywords: thermal spring; groundwater; hydrogeochemical characteristics; stable isotopes;
Julian Alps

1. Introduction

It is well known that the thermal flow regime in regional groundwater systems is affected by
local as well as regional hydrogeological conditions, hydraulics, geology, geomorphology, topography,
and recharge area characteristics [1-3]. The convective low temperature geothermal systems are
characterized by high porosity, high permeability, and by deep natural circulation of the working
fluid related to meteoric infiltration [4]. These systems are also classified as a warm spring system
and can often be found in foothill regions of mountainous terrain, even within mountain valleys [5].
The Alpine mountain range is one of the major areas in Europe where many such systems occur
as thermal springs [6]. Those are usually driven by topography-induced differences in hydraulic
potential. Knowledge about the spatial extent (geometry) and intensity (flow velocity/flow rate) of
deep circulation systems is essential for decision making in the development and protection of such
thermal water resources [7]. Higher temperature in such systems is not due to the existence of a heat
flow anomaly [8] but results from deep flow through permeable faults or subvertical strata [9-12].
The outflow of thermal fluid is limited by specific hydrogeological conditions (e.g., the presence of
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a fault zone), which indicates the typical free and forced derived convection flow. When the water
is uprising due to convection, it is very likely that the mixing processes between the deep thermal
component and cold shallow groundwater are established. Two cases are possible: (1) Mixing with
fresh groundwater from the shallower zone of a karstic-fissured aquifer; and (2) mixing with fresh
groundwater from a porous shallow aquifer. Thermal water discharges inside the Quaternary shallow
porous deposits, forming a thermal plume, which is not noticeable without boreholes.

In Slovenia, three types of low temperature geothermal systems prevail: (1) Geothermal systems
with aquifers in the basement of sedimentary basins and with fissured porosity; (2) geothermal systems
with aquifers in sedimentary basins and of intergranular porosity; and (3) geothermal systems with
warm springs and fissure porosity [13]. The occurrence of the latter is indicated by thermal springs
which are mainly recharged by carbonate rocks resulting in only moderate mineralization of thermal
water [13,14]. Such systems can be found in the Julian Alps, but only two locations are known, Bled and
Zatolmin [13,15-17]. In this paper, we focused on the Bled case study, which is a most prominent case
of the pronounced geothermal system with warm springs in Slovenia.

Hydrogeochemical methods are an important way within the geothermal resources assessment
to obtain information, such as geothermal fluid origin, circulation paths, residence time, mixing
processes, water-rock interactions, reservoir rock characteristics, and reservoir temperature [18-20].
Natural and anthropogenic tracers have been extensively used to determine both local and regional
water flow patterns [21,22]. In carbonate reservoirs, the main chemical parameters that describe
the groundwater carbonate equilibrium are calcium (Ca?*), magnesium (Mg?*), their molar ratio
(Ca?*/Mg?"), and hydrogen carbonate (HCO;™). In addition, chloride (CI~), boron (B**), barium
(Ba%*), and strontium (Sr?*) display conservative behavior and can therefore also be used as tracers,
also in geothermal systems [23,24]. Besides chemical parameters, stable isotopes of oxygen (6'0) and
hydrogen (§*H) in water can also provide information about the recharge areas [25,26], while tritium
activity provides information about an average groundwater retention time. A combination of chemical,
stable, and radioactive isotope data has often been used for hydrogeological research of thermal and
mineral waters, and the same techniques have also been applied in Slovenia [24,27,28]. More and more
often, new parameters are being enchanted such as 8/Sr/%6Sr and 6'!'B [29]. Although there have been
several regional hydrogeochemical investigations of groundwater performed in the last decade also
focused on carbonates [30-34], the published analyses of thermal water are rather sparse. A general
overview of Slovenian thermal waters’ chemical composition was published in [14].

In Bled, the first systematic research was performed in the second half of the 20th century when
intensive drilling activities took place. There were 16 boreholes drilled in the thermal spring area,
but today (in 2020) only 5 of them exist, including the latest well VB-2/04, which was drilled in 2004.
The deepest reaching depth was 587.6 m. Those reports are not published but are archived at the
Geological Survey of Slovenia. After the exploitation site got water concession in 2015 for the use
of thermal water from two wells and one thermal spring, intended for the heating and bathing of
Sava Hotels Bled, operational monitoring was established, providing hourly water level, temperature,
and discharge data, as well as annual chemical and isotopic composition of waters. Hydrogeochemical
information on the surroundings were focused mostly on the characterization of the Radovna River
and its springs [33,35].

In order to understand the dynamics of Alpine low-temperature geothermal systems, it is necessary
to develop a conceptual model. In this paper we focused on the hydrogeochemical characterization of
thermal water with discussion about its origin, e.g., recharge area, mixing processes with cold water,
and other physically derived flow patterns in the study area of Bled, Slovenia.
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2. Study Area Settings

2.1. Geographical Settings

The investigated area is located in NW Slovenia, in the Eastern Julian Alps (Figure 1). It is
surrounded by three alpine karstic plateaus—]Jelovica (south), Pokljuka (west), and MeZakla (north).
The altitude of the Jelovica plateau is between 900 and 1411 m. The altitude of the Pokljuka plateau
is between 852 and 1630 m, while in the north-western part of the plateau, the altitudes in the
surrounding terrain rise to 2200 m [35,36]. The MeZakla plateau has altitudes between 776 and 1593 m.
All three plateaus are covered with forest and surrounded by steep slopes, up to a few 100 m high.
The mountainous plateaus were sculped by glaciers in the Pleistocene and formed two alpine valleys
in between the Bohinj Valley and the Radovna River valley. At the observation area there is glacial lake
named Lake Bled. The depth of the lake is up to approx. 30 m. The main outflow from the lake is the
Jezernica Stream, which flows into Sava Bohinjka. The only town is Bled, while other surrounding
settlements are villages. The alpine plateaus represent an important part of the watershed area, for both
Sava Bohinjka and Radovna River. Both are typical alpine rivers, discharging into the Sava River.
The thermal water outflow is located at the eastern side of the Lake Bled, where it is exploited for
heating and bathing.
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Figure 1. Observation area and sampling locations.

In Bled’s meteorological station (longitude = 14.10° E, latitude = 46.36° N, 482 m a.s.l.) only daily
precipitation is measured. Other meteorological parameters (e.g., air temperature) are available at the
meteorological station in Lesce (longitude = 14.17° E, latitude = 46.37° N, 515 m a.s.1.). The average
annual precipitation for standard 10-year (period of 2001-2010) in Bled is 1505 and in Lesce 1393 mm [37].
The annual average air temperature for this standard period in Lesce is 9.1 °C.
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2.2. Geological Settings

The investigated area is composed of carbonate and clastic rocks of Permian, Triassic, and Lower
Jurassic ages, often covered by Oligocene-age sediment (marine clay) and Quaternary sediment (till,
fluvio-glacial sediment, and slope sediment) deposits (Figure 1). The stratigraphy of the area was
originally described by [38—40] and latter supplemented by [41,42]. The tectonic unit forming most of
the highest mountains of the Julian Alps was in general defined as the Julian Nappe [43]. The oldest
rocks considered are Permian Neoschwagerine limestones. Those rocks are outcropping only south
from Bled Lake. Outcrops of mixed clastic and carbonate rocks of the Early Triassic (Werfen formation)
are rare but are important horizons for understanding regional geological structure. At the beginning
of the Middle Triassic, in the Anisian, only dolomites and limestones were formed. Anisian dolomites
formed the surrounding hills of Bled lake. Ladinian rocks are positioned in the eastern part of Pokljuka
and Mezakla, represented as light and brownish gray platy and stratified micritic limestone with cherts
named the Zatrnik limestone [41]. These deeper water sediments were formed in the Bled Basin from
the early Ladinian up to the Rhetium stage. At the same time, a complex trench-platform sedimentary
environment resulted in a shallow slope and shelf water sediment environment; dolomites, dolomite
breccia, rocks of Buchenstein formation, and upper Triassic bedded limestone and dolomite.

In the Late Triassic, the tectonic activities were accompanied by volcanism resulting in magmatic
rocks which present the footwall of Ladinian carbonates. Numerous patches of volcanic rock are
present on the Pokljuka, MeZakla, and Jelovica plateaus; however, their frequency is higher in the east
than in the west. In the Oligocene, thick layers of marine clay were deposited and can be found on the
eastern and east-northern parts of the area in the valleys of Sava and Radovna rivers. The events in the
Quaternary had a particularly strong impact on geomorphology. Valley glaciers extended along the
Alpine valleys. The most important glaciers influencing the geomorphology of Bled were the Bohinj
glacier and the Radovna glacier [44,45]. Some remains from the glacier (moraines) can be also found at
the Pokljuka plateau. The glacial activity and postglacial fluvial processes resulted in deposition of
up to few 10 m of Quaternary sediments. By Bled Lake, clayed sediments can be found which were
deposited due to different extents of the lake, which was varying during glacial and interglacial periods.

2.3. Hydrogeological and Thermal Settings

Thermal water with 20-23 °C is exploited by two wells and the spring. Bled’s geothermal system
is classified as a low-temperature warm spring system [5]. In the past, before the modern pumping
infrastructure was established, there were several thermal springs, but today only a spring named
Toplice exists, with an average discharge of 5.5 L/s. Water discharges from fractures in the Triassic
dolomite, covered by moraine and lake sediments. The dolomite represents the primary geothermal
aquifer with fissured porosity, which is also exploited by well T-9/68 (screens on the interval 547-568 m).
Based on the temperature log in well T-9/68, the geothermal gradient was estimated on 1 °C/100 m [46],
which means that thermal water is ascending from depths greater than 1000 m. Moreover, it is assumed
that the water is outflowing to the surface, either because of the presence of a fault zone or at the
lithological contact between dolomite and Oligocene marine clay. N and NE from the Toplice spring,
the thermal water is discharging from dolomite into the “secondary” geothermal aquifer represented
by sandy—gravely sediments of Quaternary age. The secondary thermal aquifer is exploited by
well VB-2/04 (exploitation depth = 47-71 m). The fresh groundwater flow in the shallow aquifer is
generally in the E-W direction. In addition, Lake Bled also represents the hydraulic boundary for
groundwater flow, however the nature of the connection between Lake Bled and shallow groundwater
is still unknown.
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3. Methods

3.1. Data Acquisition

Active water circulation in the area can be divided into four specific systems represented by
(1) surface waters, (2) a Quaternary intergranular aquifer, (3) a Mesozoic shallow karstic-fissured aquifer,
and (4) a deeper Mesozoic geothermal aquifer with fissured porosity (Figure 2). Each of them is defined
with specific hydrogeological conditions, e.g., infiltration rate, hydraulic conductivity, characteristic
water temperature, and electrical conductivity. In order to identify the relationship between thermal
water and potential recharge areas, hydrogeochemical data of shallow fresh groundwater were obtained
at 17 springs and wells (Table 1). Each spring/well was classified according to prevailing lithology in the
recharge area (e.g., dolomite, limestone, Quaternary sediments). In addition, to satisfy the boundary
conditions, hydrogeochemical data from rivers Sava Bohinjka (SB-1), Radovna (R-3), and Jezernica (J-1)
were also taken into account.

Recharge area

ShalloWw sy

Deep system

Figure 2. Conceptual approximation of hydrogeological systems in Bled area: (1) surface waters,
(2) intergranular aquifer, (3) shallow karstic-fissured aquifer, and (4) deep geothermal aquifer.

The hydrogeochemical analyses included field parameters like groundwater temperature (T),
pH, electrical conductivity (EC), major ions (Na*, K, Ca%*,NO;~, Mg2+, HCO;~, SO42~ and C1),
and some microelements (Sr>*, B3*, Ba*). Moreover, tritium activity and stable isotopes of oxygen
and hydrogen in water (5'80 and 6*H) were taken into account.

Annually, the hydrogeochemical data of thermal water are obtained at three locations: One thermal
spring (Toplice) and two wells (VB-2/04 and T-9/68) which hold a water concession. These waters are
sampled and analyzed by the accredited Slovenian National Laboratory of Health, Environment and
Food in accordance with their methods. Sampling of waters for isotope analyses was performed by
Geological Survey of Slovenia. No water treatment was performed, samples for stable isotopes were
stored in 50 mL HDPE (high density polyethylene) bottles and for tritium in 1 L bottles. These samples
were analyzed at the JoZef Stefan Institute (JSI) in Ljubljana, Slovenia. Analyses were performed using
Mass spectrometer Isoprime (CV Instruments). Analytical errors of the method were £0.10%o for 5180
and +1.0%o for 6°H, respectively. Groundwater samples for radioactive isotope tritium (*H) were
analyzed by Hydrosys laboratory from Budapest using the electrolytic enrichment method. Tritium
concentrations were expressed as tritium units (TU), where 1 TU equals to the activity of 0.118 Bq/kg of
water [47]. Besides these analyses, we used archive data from several wells: Object D-1 (only 6'80
and 6%H) [32]; objects ZM-1, Z-1, M-1, CR-1, and R-3 [35]; objects Ble-1, D-1 (only chemical analysis),
J-1, and BO-1 [48].

The majority of new water samples were gathered in 2018 and 2019. The latest chemical and isotope
sampling campaign was carried out in January 2019 during low to medium hydrological conditions.
Ten water samples were collected for major ions, microelements, stable isotopes, and tritium. Water
samples collected for major ions and microelements were sampled and analyzed by the accredited
Slovenian National Laboratory of Health, Environment and Food in accordance with their methods.
The stable isotopes 680 and 6°H were sampled and analyzed by Geological Survey of Slovenia.
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No water treatment was performed, samples for stable isotopes were stored in 50 mL HDPE bottles
and analyzed using Picarro L2130-1 instrument with a method Laser Cavity Ring-Down Spectroscopy
(CRDS). In addition, three thermal water samples (in all three objects, T-9, VB-2, and T-9) were analyzed
at the Jozef Stefan Institute (JSI). Methodology was the same as for regular annual monitoring. The same
can be stated for tritium (*H) analyses.

Table 1. Sampled objects and their characteristics.

Object ID Object Type Hydrogeol. System Prevailing Lithology Chemical Analysis Isotopic Analysis
Major Micro 5'%0, 5°H 3H
Sava . "
SB-1 Bohinjka River SW 18
R-3 Radovna River SW 9%
J-1 Jezernica Stream SW 4* 3
Ble-1 Ble-1/13 Piezometer SI Quaternary sediments 2%
D-1 Dobravca Spring SI Quaternary sediments 13* 1*
V-VP V-VP Piezometer SI Quaternary sediments 1 1 3 1
V-M V-M Piezometer SI Quaternary sediments 1 1 3 1
V-FD V-FD Piezometer SI Quaternary sediments 1 1 3 1
V-2p V-2p Piezometer SI Quaternary sediments 1 1 3 1
K-1 Koritno Spring SI Quaternary sediments 1 1 3 1
Mmu-1 Mmu-1/18 Well SKF Dolomite 1 1 4 1
CR-1 Retica Spring SKF Dolomite 3* 2
BO-1 Bodesce Spring SKF Dolomite 1 1 4 1
Z-1 Zatrep Spring SKF Limestone 3* 1
ZM-1 Zrmzlek Spring SKF Limestone 4* 2
L-1 Lipnik Spring SKF Limestone 7* 2
O-1 Obrne Spring SKF Limestone 1 1 4 1
S-1 Soteska Spring SKF Limestone 1 1 4 1
BU-1 Budin Spring SKF Limestone 1 1 2 1
BE-1 Belica Spring SKF Limestone 1 1 4 1
M-1 Mevkuz Spring SKF Limestone 2
MS-1 ol Spring SKF Limestone 3
T-9 T-9/68 Well GA Dolomite 3 1 6 1
VB-2 VB-2/04 Well GA Quaternary sediments 4 1 6 1
TS-1 Toplice Spring GA Dolomite 3 1 6 1

SW = surface water, SI = shallow intergranular aquifer, SKF = shallow karstic-fissured aquifer, GA = geothermal
aquifer. * Archive data.

3.2. Data Processing

In order to replace the unknown values below the limit of detection (LOD), we applied the LOD/2
method [49]. In order to exclude low-quality results, samples with ion balances (E.B.) exceeding
approx. +10% were excluded from further analysis. The ion balance was calculated from the following
equation:

E.B.: (%) = (antions - Zanions)/(antions + Zanions) %X 100%, 1)

where cations and anions are expressed as meq/L. For objects with more than one water sample
available, a median value was calculated. In the case of trace elements and tritium, only one sampling
campaign was available.

Graphical analysis of the classification of groundwater types was performed in AquaChem® 5.1
(Waterloo Hydrogeologic Inc., Waterloo, ON, Canada), where the ion pattern was defined according
to the concentration of the dominant dissolved species measured in groundwater. A trilinear Piper
diagram [50], where all major ions are used for the classification, was applied to determine the
hydrochemical facies. Additionally, a Gibbs [51] diagram was applied to separate the effects of natural
processes such as precipitation, evaporation, and water—rock interaction. The Gibbs diagram expresses
ratios of Na*/(Na* + Ca®*) or C17/(Cl~ + HCOj3") in order to source ions from a variety of natural
processes. However, it was recognized that the Gibbs diagram may oversimplify the interpretation
of aquifer systems and overlook important processes [52]. Therefore, it is necessary to consider
other sophisticated diagrams (e.g., Piper plot). Moreover, the molar ratio between Ca?* and Mg?* in
groundwater was used to indicate the relative proportion of rocks in the recharge area. In literature,
however, it is assumed that values equal to 1 indicate dissolution of dolomite and dolomite prevailing
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in the recharge area [53]. Higher Ca?*/Mg?" molar ration (>2) is a result of prevailing calcite rocks.
The saturation indices (SI) of dolomite and calcite were calculated to evaluate chemical equilibrium
using AquaChem® 5.1, based on the following equation:

SI = log(IAP/KT) 2

where IAP is ion activity product and Kt the equilibrium constant at specific temperature. Positive SI
values (SI > 0) show mineral oversaturation and precipitation, while negative SI values (SI < 0) imply
unsaturated solutions and mineral dissolution. The assumed tolerant equilibrium range with respect
to mineral is +0.1 SI for calcite £0.5 SI for dolomite [54].

The studied dataset was summarized with several descriptive statistics: Mean (Av), minimum
(Min), maximum (Max), and range (R). Major ions, pH, and TDS were used for principal component
analysis (PCA) to identify the relationship between the variables and evaluate factors affecting
hydrochemical components [55]. In order to ensure that the variables make an equal contribution
to the computed value, standardization based on distribution characterized by mean and standard
deviation was used. Most of the analyses in the study were performed using the dplyr package [56]
included in R, a software environment for statistical computing and graphics [57].

Groundwater stable isotope compositions (580 and 6*H) were used to provide information about
the recharge area characteristics. The 6'80 and 6°H isotopic composition of meteoric waters were
strongly correlated [58]. Fresh groundwater and thermal water values of 680 and 6*H were compared
to a global meteoric water line (GMWL) defined as 6?H = 8.135'80 + 10.8 (%eo) [59], to which the local
meteoric water line for Ljubljana GNIP precipitation was very close [60], the Eastern Mediterranean
meteoric water line (EMMWL) was 6*H = 8580 + 22 [61], and the updated Northern Italy meteoric
water line (LMWL North Italy) was 6°H = 8.046'80 + 11.47 [62]. Recharge altitude was calculated
based on a simple linear model:

havg = (6" 0avg X @) + b (3)

where h. is the calculated average recharge altitude for the selected location, 5180,y is the mean 6180
value for the selected location, and a and b are the slope and intercept, respectively, defined by the
springs with small recharge area.

Tritium data can provide an estimation of groundwater age, or time since groundwater was
recharged [25]. The year 1953 is used as a threshold for distinguishing young from old groundwaters,
since widespread nuclear weapons testing was performed in the atmosphere between 1953 and
1963 [63]. Tritium content in precipitation was ~5 to ~500 times higher than that of natural pre-bomb
levels. But tritium data alone cannot provide the age of groundwater since it requires long time series
data at particular sampling location. The tritium activity has been continually decreasing since 1963,
which is also the case in the two closest locations the interpretation of groundwater tritium content has
to consider the closest precipitation measurement locations (Figure 3).
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Figure 3. Tritium content data from two measurements locations, Ljubljana [60,64] and Zagreb [58].
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4. Results

4.1. Major lon Chemistry

There are four distinctive types of water: (1) Surface waters (Tayg = 10.3 °C, ECayg = 282 uS/cm);
(2) shallow groundwater in limestone and dolomite rocks (Tayg = 7.3 °C, ECayg = 296 uS/cm); (3) fresh
shallow groundwater in glaciofluvial sediments (Tavg = 10.2 °C, ECayg = 472 uS/cm); and (4) thermal
water (Tavg = 20.8 °C, ECayg = 785 uS/cm).

Chemical parameter ranges are shown in Figure 4. The values of pH show a range between 6.9
and 8.5 (Tables 2 and 3) which are within the expected range of groundwater natural background
values [32]. The groundwater in the Quaternary aquifer had low concentrations of major ions (Ca?*,
Mg2+ in HCO3™). The high electrical conductivity (383 uS/cm-566 uS/cm) was due to a quite high
mineralization and a high concentration of HCO3;™ (348.6 mg/L.-521.0 mg/L). Nitrate concentrations
in groundwater are low, up to 13 mg/L. In some cases, values were below the LOD of 2.2 mg/L.
Although the average NO3 ™~ concentrations were in the range of natural background level, some higher
concentrations can be attributed to land use.
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Figure 4. Box plots of major ions in different hydrogeological systems.

Karstic springs have relatively low mineralization (194.4 mg/L-323.0 mg/L), which is related
to a high mountain recharge area with a mountain climate. The only exemption is well Mmu-1,
which had higher concentrations of K*, Na*, CI~, SO42~ and consequently higher TDS (445.1 mg/L).
Mineralization in thermal water was significantly higher than in groundwater wells and springs and
varied between 698.9-841.2 mg/L. Additionally, the concentrations of Mg?*, Ca?*, and SO4%~ were
higher compared to those of fresh groundwaters and surface waters. Nitrate is LOD (<2.2 mg/L),
which indicated that the geothermal aquifer was well protected from surface contamination sources.

The Piper diagram and resulting water types are shown in Figure 5. All investigated water samples
were classified as Ca?*-HCO;~ and Ca?*-Mg?*-HCOj;"~ types. Only the Sava Bohinjka river and five
freshwater springs indicated a Ca?*-HCO;™ type. The majority of freshwater samples, including
groundwater in shallow aquifers and surface waters, were classified as Ca?*-Mg?*-HCOj;~. The same
water type was determined for thermal water samples.
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Table 2. Results for all water samples including major ion chemistry, trace elements, and stable isotopes.

9 of 20

Location Sampling Period 2 T pH EC TDS Ca?t Mg2+ Na* K* HCO3~ S042- CI- NO;- B3+ g2t Ba2t 8180 8’H 3H
°C - uS/cm mg/L ug/L Yoo TU

SB-1 200720161 9.2 8.2 266 225.0 45.0 6.8 1.5 0.4 165.0 24 1.8 2.3

R-3 2005-2007 1 7.3 8.4 254 196.7 44.3 72 0.7 0.2 140.0 2.6 1.4 0.5

J1 2006 ! 14.3 8.3 327 283.0 46.2 14.6 3.0 0.9 205.7 7.4 4.4 0.7 -840 -569
Ble-1 20141 12.6 74 498 458.6 85.5 16.0 3.7 0.9 330.0 48 6.7 11.0

D-1 2007-2014 ! 10.9 74 527 491.2 85.0 24.1 4.6 0.6 347.7 7.9 8.3 13.0 0.0 90.0 43.0 -8.60 —-58.4
V-VP 2019 8.7 7.9 392 362.3 36.0 21.0 13.0 14 270.0 14.0 5.8 1.1 33.0 680.0 110.0 -9.71 -643 <0.20
V-M 2019 10.7 79 383 348.6 55.0 13.0 4.5 9.6 240.0 7.4 18.0 11 5.0 140.0 32.0 -831 -56.8 3.00+0.30
V-FD 2019 7.5 7.9 423 362.0 36.0 21.0 18.0 7.6 250.0 15.0 13.0 1.1 35.0 960.0 1200 -947 -62.7 <0.20
V-2p 2019 12.0 7.2 514 462.0 86.0 15.0 53 22 320.0 6.8 12.0 15.0 21.0 100.0 36.0 -892 -59,6 6.50+040
K-1 2019 8.9 7.6 566 521.0 88.0 21.0 1.9 4.8 380.0 5.1 74 13.0 12.0 78.0 47.0 -856 -57.6 4.80+0.40
Mmu-1 2018 13.0 74 485 445.1 60.0 21.0 5.0 13.0 310.0 18.0 17.0 1.1 16.0 79.0 1200 -9.33 -624 1.40+0.20

CR-1 2005-2007 7.5 7.7 286 204.8 441 10.5 0.5 0.2 143.0 45 1.2 0.8 -931 -60.7

BO-1 2019 74 7.8 302 281.0 49.0 10.0 1.6 0.4 210.0 53 1.6 3.1 5.0 69.0 20.0 -8.80 585 5.40+040
Z-1 2005 —2007 6.0 8.1 241 197.9 43.1 5.8 0.5 0.2 143.0 32 1.7 0.4 -9.73 -64.1
ZM-1 2005-2007 ! 6.1 79 258 194.4 47.0 6.2 0.4 0.1 137.0 22 1.0 0.5 -9.72  -63.6

L-1 2007-2016 1 6.6 7.8 259 243.6 52.0 44 1.9 0.3 177.0 2.5 35 21 -946 -62.6

S-1 2019 6.4 8.4 259 236.0 41.0 6.4 0.3 0.4 180.0 2.6 1.2 4.0 5.0 19.0 5.0 -946 -624 5.30+040
O-1 2019 7.5 8.3 236 196.0 43.0 33 1.1 0.3 140.0 3.0 1.9 35 5.0 48.0 5.0 -932 -614 4.40+0.30
BU-1 2019 5.4 8.5 307 323.0 48.0 13.0 0.6 0.2 250.0 6.0 1.6 3.1 5.0 26.0 5.0 -847 -56.6 4.10+0.30
BE-1 2019 7.2 7.8 331 316.0 51.0 14.0 1.1 0.6 240.0 47 2.0 2.7 5.0 190.0 20.0 -914 -60.0 4.30+0.30
M-1 - - - - - - - -8.68 574
MS-1 - - - - - - - -9.30 -60.1

T-9 2017-2018 1 19.0 6.9 700 6989  110.0 35.0 45 1.1 520.0 24.0 32 1.1 50.0 300.0 39.0 -937 -62.7 2.07£0.38
VB-2 2017-2018 1 21.6 6.9 831 8412 1415 37.5 6.7 1.7 610.0 39.0 3.8 1.1 86.0 450.0 33.0 -9.73 —-642 341+0.28
TS-1 2017-2018 1 21.8 6.9 823 816.0  140.0 35.0 6.3 1.6 590.0 38.0 4.0 1.1 73.0 10.0 24.0 -9.68 —-645 298 +0.32

1 More than one sample was available in the case of major ions (NO3~, 50,2, Cl-, Ca?t, Mg“, Na*, K*, and HCO;™) and therefore the calculated value represents the median value.
2 Sampling period is presented for chemical parameters.
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Table 3. Descriptive statistics by hydrogeological systems and prevailing lithology.

10 of 20

Hydrogeol. Prevailing Statistics N T pH EC TDS  Ca** Mg?* Na* K*' HCO3;~ SO42~ ClI° NOs2-
System Lithology °C / uS/cm mg/L
Min 73 82 254 1967 443 68 07 02 140 24 14 05
sw ) Max , 143 84 327 283 462 146 3 09 2057 74 44 23
Av 103 83 282 2349 452 95 17 05 1702 41 25 12
St. dev. 36 01 389 44 1 44 12 04 332 29 16 1
Quaternary ~ Min 75 72 383 3486 36 13 19 06 240 48 5.8 1.1
o sediments Max , 126 79 566 521 88 241 18 96 380 15 18 15
Av 102 76 472 4294 674 187 73 39 3054 87 102 79
St. dev. 19 03 719 703 243 41 59 36 529 41 44 6.5
Min 54 7.8 236 1944 41 33 03 01 137 22 1 04
Limeston Max , 75 85 331 323 52 14 19 06 250 6 35 4
estone Av 65 8.1 270 2438 464 76 08 03 181 35 1.8 23
SKF St. dev. 32 02 1106 1228 81 62 23 73 84 76 9 13
Min 74 74 286 2048 441 10 05 02 143 45 12 0.8
Dolomit Max , 1B 78 485 451 60 21 5 13 310 18 17 3.1
olomite Av 93 76 358 3103 51 138 24 45 221 93 6.6 17
St. dev. 07 03 353 553 42 42 06 02 471 14 08 14
Min 19 69 700 6989 110 35 45 1.1 520 24 32 1.1
cA Dolomit Max , 218 69 831 8412 1415 375 67 17 610 39 4 1.1
olomite Av 208 69 785 7854 1305 358 58 15 5733 337 37 11
St. dev. 16 0 733 759 178 14 12 03 473 8.4 04 0
@ Ca-HCO, and Ca-Mg-HCO, type Legend
@ Na-CI-SO, type @ surface waters
. Thermal water
@ Mixed Ca-Na-HCO, type Quaternary
@ Mixed Ca-Mg-Cl type © Limestone
O Dolomite
@ Ca-Cl type
@ Na-HCO, type

Ca

®

I\

2

S

o %
Na+K HCO,+CO,

N

&

®
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Figure 5. Piper diagram for 23 examined water samples.

The results of the principal component analysis include eigenvalues, percentage of variance,
cumulative percentage of variance, and the factor loadings presented in Figure 6. An eigenvalue
> 1 indicated that the principle components (PCs) accounted for more variance than accounted by
one of the original variables in standardized data. Using the Kaiser Criterion and scree plot, three
PCs of eigenvalue greater than 1 were obtained, accounting for the total variance of 90.5%. PC1 was
responsible for 48% of total variance and had a strong positive loading of TDS, Mg?*, Ca?*, and HCO;3™.
This indicates that the major hydrochemical processes could be explained by the water-rock interaction
predominant by the dissolution of dolomite (Ca,Mg)(CO3), + 2H,CO3 — Ca?* + Mg?* + 4HCO;3").
Higher values of SO4%~ were also typical for upper Triassic dolomites, resulting from dispersed gypsum
dissolution [32] or oxidation of pyrite. Since water samples were also classified as Ca?*-HCO;™ type,
it was assumed that the dissolution of calcite (CaCO3 + H,CO3 — Ca?* + 2HCO; ™) was significant.
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Figure 6. Scree plot (a); factor loadings for (b), PC1, (c), PC2 and (d) PC3.

PC2 explained 20.3% of total variance and
PC3 contributed only 12.7% of total variance

had a medium positive value of K*, Cl*, and Na*.
and only included a single major species NO;2".

As expected, the water—rock interaction represented by the dissolution of carbonate minerals (calcite
and dolomite) was the main factor controlling dissolved hydrochemical components of water samples

(Figure 7).
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Figure 7. Gibbs diagrams for: (left figure) TDS vs. Na*/(Na* + Ca?*) and (right figure) TDS versus

Cl~/(Cl~ + HCO3").
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The three lines (Figure 8, left) illustrate the Ca?*/Mg?" molar concentrations indicating the
dissolution of calcite and dolomite, respectively. A Ca?*/Mg?* molar ratio >1 prevailed in all the
sampled groundwater (Figure 8, right). Lower Ca*/Mg?* molar ratios (<4) indicated a groundwater
origin in dolomite and mixed dolomite with limestone. Groundwater with a higher molar ratio (>4)
indicated a limestone prevalence in the recharge area. The significant value of Mg?* in thermal water
indicated that the dolomite represented an important lithology in the recharge area. The correlation of
the major ions (Figure 8) suggested that the recharge area of thermal water was represented by both
limestone and dolomite rocks.

@Surface waters
N /// Y @ Thermal water
- 10 | /!
q?// ! J ®Quaternary
& v @ /! ®Limestone
Q '€§ m*’/q’{\ Q 8 e Dolomit
= & o = olomite
<) O ix\g\% Py [¢) I i
E O‘b E 6 | ” (@] ~g
S £ e ’
~ ~ e ® G
& ‘ ! f
o > e g p T e, -
\ @ ’ S~
= 8 2+/M92+=10:1 % AN 5 ) ; \ @ Y
0 Ca 2 . © ) Q,, . -(/)/’
L J i RRRETE
0 u t t t 0 + +
0 2 4 8 10 0 10 12

6 4 6 8
Ca?* (mmol/L) Ca?*/Mg?* molar ratio

Figure 8. Relationship between Mg?* and Ca?* (left figure) and HCO3~ and Ca®*/Mg?* molar ratio
(right figure).

4.2. Saturation Indices

If chemical equilibrium could be reached, the chemical composition of the geothermal fluid would
give an important indication of host rock nature and its characteristics. Still, as this is a low-temperature
geothermal system, the studies have shown that methods as geothermometers, for example, cannot be
used directly [65].

The calcite and dolomite saturation index ranged from —0.19 to 0.83 and from —0.93 to 1.12,
respectively (Figure 9). The majority of water samples were oversaturated with calcite (tolerance was
+0.1 SI) and in equilibrium with dolomite (tolerance is +0.5 SI). Only one sample was undersaturated
with respect to calcite, possibly due to the low HCO3~ concentration and low EC, which was due to
short retention time. Two samples were oversaturated and four samples undersaturated with respect to
dolomite. Undersaturation with dolomite was probably because the water chemistry of those samples
was controlled by calcite dissolution.

1.5
|| ®Surface water '
L[ eThermal water | 1 ®
L ! L
©Quaternary :
|| eLimestone i
05 + ) i
o ©Dolomite 1 ~ P ®
E= F 1 ™
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Figure 9. Saturation indices (SI) for calcite and dolomite.
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4.3. Mixing of Groundwaters

In this study, we used chemical tracers C1~, Sr2*, B3*, and BaZ* to delineate flow directions and
evaluate possible mixing processes (Figure 10). Only groundwaters were taken into account since there
were no data available for surface waters. A strong positive correlation was calculated between TDS and
B** (R = 0.81). Boron occurs in most natural groundwater and surface waters in very small quantities,
and each increment of concentration is over-proportional compared with the concentration rise for
other water compounds already found in much higher concentrations under natural conditions [66].
This fact, together with the high mobility of boron compounds, makes boron a useful indicator and
tracer when investigating hydrogeological problems. The lowest concentrations of TDS and B** could
be observed for springs in the shallow karstic-fissured aquifer, while the highest concentrations were
in thermal water. Hence, the groundwater flow in the shallow karstic-fissured aquifer had very short
residence time, while in the deep fissured aquifer the residence time was much longer. The other three
groups indicated no correlation, due to outliers: Piezometers V-VP and V-FD. They were located near
the thermal spring (~500 m) cone and therefore may have indicated mixing processes with fresh water;
however, most likely the higher values were due to low groundwater velocity in confined glaciofluvial
sediments (also with clay), where the oxygen content was very low. There was also well Mmu-1 with a
relatively higher content of barium and chloride. As the mineralization and typical anthropogenic ions
(S0427, K*, Na™) were also high, they might indicate anthropogenic sources. The higher content of C1~
in piezometer V-M was probably due to the proximity of the main road Bled-Bohinj, where a significant
amount of road salt is used during winter. Therefore, we also calculated the correlations excluding
the outliers. The strongest correlation was calculated for Sr?* (R = 0.81). Hence, like in case before,
the lowest concentrations of TDS and Sr?* can be observed for springs in the shallow karstic-fissured
aquifer, while the highest concentration of TDS and Sr?* can be observed for the deep fissured aquifer
(thermal water) due to larger retention time.
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Figure 10. The relationship between total dissolved solids (TDS) and the conservative tracers, (a) Sr2+
(b) B>+ (c) CI~ and (d) Ba2*.
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4.4. Origin of Waters and Recharge Altitudes

The average 6'80 and 6?H of the thermal water samples ranged from —9.73%o to —8.31%o and from
—64.5%0 to —56.6%o, respectively (Figure 11). In the non-thermal groundwater samples, they ranged
from —9.72%o to —8.31%o0 and from —64.3%o to —56.6%so, respectively. Compared to Lake Bled, with an
average value of 6'80 as —8.40%o and —56.9%o for 6’H, the geothermal water samples were relatively
depleted. The results show that the majority of samples were between GMWL and EMMWL and were
fitting well with LMWL for North Italy (Figure 11).

-50.0
-
ﬁ\\w\‘\l\' \,\‘\‘O@’q\/
55.0 \"4\\5\\
=
£
e -60.0 § ®
B o o Lake Bled
® Thermal water
-65.0 © Quaternary
@ Limestone
. © Dolomite
-70.0 t + +
-10.00 -9.50 -9.00 -8.50 -8.00

580 (%o)

Figure 11. Stable isotopes of !0 and 6’H in thermal water and groundwater.

In order to estimate the average recharge altitude for the investigated samples, two springs were
taken into account: Mevkuz (M-1) and Mrzli Studenec (MS-1). For both springs, it was hypothesized
that the isotopic signature of spring water was due to a small catchment area equal to the isotopic
signature of precipitation at the corresponding altitude. M-1 was selected because it was already
included in the previous investigations, while MS-1 is one of the highest springs in the observation area
with a constant discharge and a relatively small recharge area. The altitude difference between springs
M-1 (629) and MS-1 (1216 m a.s.l.) is 587 m. The isotopic composition of those two springs suggests
the range of 5180 = —8.68%0, *H = —57.4%o0 at an elevation of 629 m, and 6180 = —9.30%.0, 5*H =
—60.1%o at an elevation of 1216 m. Average recharge altitudes were estimated with stable isotope 580
and determined using simple linear model as in Equation (3). Calculations with 5?H values were not
adequate and deviated excessively from the 'O altitude estimation. The slope and intercept of the
linear model was determined with a (=939.2) and b (-7518.6), respectively, defined by the 5180 mean
values and altitude difference of the springs M-1 and MS-1. The estimated average altitude effect for
the observation area was —0.11%o per 100 m altitude, which is the same as was determined for nearby
Radovna River valley [35].

The estimated recharge altitude of thermal water was between 1282-1620 m a.s.1., which is similar
to the fresh groundwater springs discharging from Pokljuka. The average recharge altitudes for
springs in the Radovna River valley [33,35] were in good agreement with our estimates. High recharge
altitudes can also be observed in the case of Mmu-1, V-VP, and V-FD. Mmu-1 is drilled in a fissured
dolomite aquifer which extends towards the Pokljuka plateau. The piezometers V-VP and V-FD are
drilled in a Quaternary aquifer, which is not directly connected to Pokljuka. It is most likely that the
fresh groundwater from the Pokljuka plateau is flowing towards Lake Bled, which represents the local
topographic minima. Since the lake bottom has very low hydraulic conductivity due to lacustrine
lake-bottom silt and clay, the groundwater discharge zone is limited to a small area at the east lake
coast where a Quaternary aquifer is hydraulically connected to dolomite layers with thermal water.
Other sampling locations in Quaternary sediments indicate significantly lower recharge altitudes.
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4.5. Residence Time

Fresh water and thermal water retention time and mixing ratios were analyzed using tritium
values. The lowest tritium activity can be observed in wells V-FD, V-VP (<0.2 TU), and Mmu-1 (1.4 TU)
(Figure 12). It is a result of the aquifer structure, where the flow of groundwater is very slow and
consequently groundwater has long retention time. The values between 2.07-3.41 TU for thermal
water were higher than expected. That means that the thermal water is either flowing quite fast, or a
more possible hypothesis is that the mixing with fresh and recent water is more and more intensive
and influences the tritium activity. The latter, however, is more likely since there was an upward trend
detected in tritium activity within the national monitoring results. All other samples were above 4 TU
and can be classified as modern waters (4.1-6.5 TU). The TDS-tritium (Figure 12) graph confirms the
existence of different origins. High tritium and low TDS values indicated fast and shallow circulation,
while low tritium values and high TDS indicated longer and deep circulations. A longer retention
time was also related to low permeability and long flow paths in the recharge area. The B-tritium
relationship can also be used to separate between shallow- and deep-water circulation.
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Figure 12. Tritium vs. TDS (left figure) and tritium vs. B** (right figure).

5. Discussion

Based on chemical and isotopic data, we interpreted that three major flow patterns of groundwater
fluxes can be observed in the Bled area. They can be correlated with the concept of the regional
groundwater flow [67]. In the small-scale mountain catchments, springs or groundwater wells that
drain different flow systems can occur in close contact to each other [68,69]. Here, the first pattern is
represented by subsurface runoff at the dominated groundwater level scale, which is characterized by
very short residence time and shallow pathways (up to few 10 m). The second pattern is represented
by shallow hillslope scale groundwater fluxes with slow to moderate retention time and shallower
groundwater flow (up to few 100 m). The last pattern is determined by geothermal aquifer and
characterized by larger transit times, and deeper pathways which can bypass the seepage boundaries
as rivers and lakes.

The processes in surface water, fresh groundwater, and thermal water are dominated by the
dissolution of calcite and dolomite, corresponding to the observed limestone and dolomite in the
recharge area. This indicates that the predominant process is carbonate weathering [70]. The major
ions in fresh groundwater springs reveal that the carbonaceous drainage basin is mostly unpolluted.
The same conclusion can also be accepted for thermal water since the values of NO3; ™ in thermal water
are below the LOD (<2.2 mg/L).

The isotopic composition of §'80 and 6°H in water confirms that the thermal water in Bled is of
meteoric origin being infiltrated at relatively high altitudes (up to 1620 m). The karstic plateau allows
the water to flow into a deeper permeable zone where it is heated by thermal conduction involving
geothermal gradient of only approx. 1 °C/100 m. It is also possible that the values of 6'80 and 6°H are
related to different climate conditions during meteoric water infiltration. If such a scenario existed,
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the residence time should be longer as measured by tritium activity in thermal water. Still, the higher
temperature in the shallow system (thermal spring zone) is not attributed to a heat flow anomaly
but related to a natural outflow of a deep flow of heated meteoric water, which is typical for the
Alps [7,9,11] and other similar systems around the world.

Relatively high tritium values in thermal water refer to possible mixing processes between the
deep thermal component and fresh shallow groundwater. The latter was also confirmed with some
chemical element (C1-, Sr2*, B3*, Ba?") correlations. Two scenarios were identified: (1) Mixing of recent
groundwater in tritium-free thermal water in the shallow part of the primary geothermal reservoir;
and (2) mixing in a secondary geothermal reservoir within glaciofluvial sediments (Figure 13).

Figure 13. Conceptual model of the Bled area: (1) Precipitation and recharge, (2) infiltration, (3) regional
groundwater flow with higher temperature and pressure in deep layers, (4) thermal water uplift,
and (5) fresh groundwater and thermal water mixing in Quaternary sediments, resulting in emergence
of thermal plume.

6. Conclusions

Thermal outflow in Bled is determined by the presence of deeper water circulation system
where the dissolution of calcite and dolomite is the main hydrochemical process affecting chemical
components of natural groundwater flow. The isotopic composition of oxygen and deuterium in water
confirms that thermal water is recharging from altitudes up to 1620 m.

Microelements, especially tritium activity in thermal water, indicate the presence of intensive
mixing processes in the shallow part of the primary geothermal aquifer, as well as in the secondary
geothermal aquifer. The mixing processes between fresh groundwater and thermal water take place in
both the shallow zone of the karstic-fissured aquifer where the fluid is uprising, and in the Quaternary
sediments where the mixing is reflected in the emergence of a thermal plume extending at the east
lake coast. The latter is suggested both by major ions and microelements in groundwater, as their
concentration decreases with the distance from the thermal outflow cone.

Both chemical and isotopic composition and its spatial distribution indicate the presence of
groundwater fluxes with short and shallow pathways within the shallow fresh groundwater flow,
while the thermal water flow in the karstic-fissured aquifer can be characterized by larger transit times
and deeper pathways which are naturally discharging due to geological boundaries.

By applying various hydrogeochemical methods, we can confirm the assumption that the thermal
water is recharging with meteoric infiltration and water flow through thick layers of limestone and
dolomite rocks forming the Pokljuka plateau. Moreover, the possible existence of mixing processes
between thermal water and shallow fresh groundwater can be confirmed.

The hydrogeochemical approach applied in this research has proved to be very useful in order
to implement the hydrogeological conceptual model of this pronounced Alpine water circulation
system. The latter will be used to set the proper boundary condition for hydrogeological and
geothermal modeling.
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Still, the highest uncertainty is related to recharge characteristics of thermal water (e.g., mean
residence time). In order to better understand mixing processes and to identify possible seasonal
patterns, future research will be focused on more intensive measurements of stable isotopes in water
(6'80 and 6%H).
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