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Abstract: The complex Krupaja karst system, located in Serbia, which consists of a strong karst
spring, a thermal karst spring, and a borehole that captures sub-thermal waters, has been studied.
A phenomenon which gives rise to the occurrence of karst waters of three different temperatures
within a relatively short distance (about 200 m) led us to assume that these karst waters are formed
within the same karst aquifer and circulate through different levels of karst channels that are zonally
distributed within a vertical profile; this was confirmed by assessing the groundwater ages. Based
on the development of karstification, as presented in this paper, as well as on previous investiga-
tions, explanations of four types of circulation within same karst system are provided. The results
of measurements of stable isotopes (H, '*O, and *C) and radioactive isotopes of tritium and T+He
and #C, as well as hydrochemical water analyses, speleogenetic spatial modeling, speleodiving re-
search, etc., confirmed the assumption that these groundwaters belong to the same karst system.
However, these karst waters have different residence times, i.e., from only a few days to over several
decades and even up to approximately 4000 years, circulating through channels with various distri-
butions along the depth of the karst aquifer.
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1. Introduction

Karst groundwater represents one of the most important water supply resources in
the world. About 20-25% of the world’s population, including that in Serbia, uses the wa-
ter accumulated in karstic aquifers [1-3]. The goal of karst groundwater research, espe-
cially the speleogenesis of its main conduits, can be very diverse, starting from the wish
to discover the new and unknown (e.g., through speleological and speleo diving re-
search), all the way to completely scientific research and research related to solving a spe-
cific engineering/geological problem or hydrotechnical problem.

Analysis of the geometry of the main karst conduits in the saturated zone, as well as
their connection to underground morphological objects located above the groundwater
level, should provide unique insights into the speleogenesis of these waters; this repre-
sents the starting point for further complex studies of groundwater circulation within a
karst system. Various researchers have attempted to form 3D models of karst channels,
which has led to the development of completely new techniques and programs for the
purpose of analyzing the distribution and position of karst channels within a karst system
[4-7]. An important tool for defining the velocity of groundwater circulation and mean
residence time is isotopic analysis, which is increasingly used, and, in correlation to field
research, has the potential to contribute significantly to defining the genesis of
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groundwater in karst systems. Groundwater genesis is influenced by various factors such
as precipitation content, the acidity and unsaturation degree of the waters that infiltrate,
the residence time and the degree of water-rock interaction, groundwater mixing with
water of different hydrochemical composition, human activity, etc. [3,8-12].

The conditions required for the formation of subthermal and thermal karst ground-
waters were created by the process of deep karstification within karst systems, as well as
through the existence of certain geological barriers that caused significant vertical karstifi-
cation. The circulation of groundwater through certain vertical horizons with different
velocities and mean residence times, as well as different responses to recharge, causes the
existence of different types of water, in terms of temperature, chemical composition, and
age, within the same karst system. In this research, complex investigations of the Krupaja
karst system aimed to provide a large number of new results; the system was reviewed
and analyzed and conclusions were made related to the genesis of the karst groundwater
and its circulation conditions.

2. Materials and Methods

The Krupaja system represents one of the most complex karst systems within the
Beljanica karst massif, and as such, it is of great importance for the study of karst ground-
water genesis, the depth of cold, subthermal, and thermal groundwater karst channels,
and groundwater mean residence time.

The complex karst system is located on the western edge of the Beljanica Massif, in
the eastern part of Serbia, within the Carpatho-Balkanides karst. The complex karst aqui-
fer is mostly drained via the strong Krupaja karst spring, whose temperature is stable and
ranges from 10 to 12 °C, and, to a lesser extent, via the Krupaja thermal spring, with a
constant temperature of 26 °C, in addition to discharges via an artesian borehole with a
temperature of 18 °C (Figure 1).
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Figure 1. Geographic location of the Krupaja karst system with micro location of (ML): Karst spring,
thermal spring, and borehole B-1.

The Krupaja Spring is a strong spring of the ascending type, formed in a zone of red
Permian sandstone overthrust over Urgonian limestone, which drains the Beljanica Massif
at an altitude of 220 m above sea level. Water drains out from the cave, whose channels
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are predisposed by the NE-SW fault. The shallower channels go down to a depth of 20 m,
and after 70 m, they exit into a dry siphon hall, while the deeper channel, according to the
latest research, goes down to a depth of 123 m [7]. The quantity of water drained from this
spring varies seasonally (0.160 m3/s to 8.776 m%/s), and the maximum capacity was rec-
orded in a period of flooding in 2014, when an amount of approximately 31 m?/s drained
out from the spring [12] (Figure 2).
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Figure 2. Left—Photos of the Krupaja Spring at minimum and maximum; right—schematic hydro-
geological profile of the Krupaja Spring. 1 —min. discharge 0.16 m?s; 2—max. discharge > 30 m%s;
3—schematic cross-section of Krupaja Spring discharge zone; 4—cross section of the explored karst
channels of the Krupaja Spring.

As previously mentioned, the thermal spring of the Krupaja system has a tempera-
ture of 26 °C, making it the natural spring with the highest groundwater temperature
(thermal) within the Beljanica Massif, which is why determining the age of this spring was
of great importance for defining the conditions of groundwater formation and the depth
of groundwater circulation. The thermal spring is located at a distance of about 50 m from
the cold Krupaja Spring; it emerges at an altitude of 215 m above sea level, at the contact
point of the Red Permian sandstone overthrust over the Urgonian limestone; it has an
ascending type of circulation with a constant capacity of about 2 L/s. In the 1980s, borehole
B-1 was made to a depth of 400 m in the immediate vicinity of the natural thermal spring
in order to access larger quantities of thermal waters [13].

At a depth of 383.5 m, a temperature of 25 °C was detected, which is one degree lower
than the temperature of the natural thermal spring. However, since the borehole cuts
through some of the main karst channels containing cold water, the water temperature
from the borehole, with a capacity of 5 L/s, is only 18 °C. Additionally, with regard to the
hydrochemical characteristics of the water, an increased content of certain trace elements
(Al, Fe, Mn, SiO, etc.) was detected, similar to the chemical composition of the water at
the natural thermal spring of the Krupaja system [14]. Figure 3 shows in detail the layout
of the springs and the borehole (Krupaja Spring, thermal spring, and borehole B-1).
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Figure 3. Krupaja system phenomena (Krupaja Spring, thermal spring, and borehole B-1). Borehole
B-1 log according to video-endoscopy, thermal logging, and flow meter logging data.

For the purpose of defining the genesis and water circulation conditions of the two
karst springs and the borehole within the Krupaja system, a multi-parameter research
concept was applied. Previous research was focused on creating a spatial model of the
Krupaja Spring karst channel distribution, i.e., through investigation of the part of the
karst aquifer in which rapid circulation and water exchange takes place, the part of the
aquifer that depends strongly on recharge. The results of this research have been pro-
cessed and published several times in scientific journals and chapters of monographs [15-
18], and this paper will only present an overview of the obtained results and conclusions
as an introduction to new and supplemental research. The above-mentioned research and
analyses led to preliminary findings regarding the type of groundwater circulation within
karst aquifers with highly developed karst channels. The results of this research suggested
possible development mechanisms of these karst channels and indicated that they may
function as part of an aquifer that is completely dependent on recharge and whose circu-
lation takes place through large and well-developed karst channels. This model of karst
channels, its spatial position and dependence in relation to recharge and discharge, indi-
cates a very complex and well-developed karst system. For the purposes of forming the
model, as shown in the following text, a large number of data, obtained primarily from
field hydrogeological, geological, speleological, speleo diving, and other research tech-
niques, were used.

The input data of the model represent real research data from 69 caves, 15 sinkholes,
1682 dolines, 7 major karst springs, and around 70 minor springs, as well as geological,
morphological, and hydrogeological data connected to the investigated area, Beljanica
Massif. As 2D output from the model, more than 6000 datapoints were calculated and
registered in the database (Figure 4A). There are 60 different datapoints for each position
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(coordinates, groundwater level, channel types, channel dimensions, next point of con-
duit, connection with conduit, channel orientation, hydrogeological function, etc.). Ulti-
mately, the model was based on more than 360,000 data items [7]. The 2D model mesh is
shown in Figure 4B. For the 3D karst groundwater model, the ArcGIS program was used,
along with some additional software [7]. Linked layers and an associated base were used
to create a basis for further analysis of karst aquifers through different model components.
By defining the main directions and orientation of karst conduits (followed by a possible
small percentage error), layers of potential 3D karst channel distribution were created.
The total length of the karst channel network, which was calculated using this model and
presented in a 3D environment, is 647.29 km. Detail of the model is shown in Figure 4C.
For the purposes of defining the circulation conditions within the karst aquifer that drains
via Krupaja Spring, parts of the model from the recharge to the discharge zone were used
(Figure 4D) [19].
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Figure 4. Elements of the spatial model of the Krupaja Karst System; (A)—map of Beljanica karst
massif including the position of hydrogeological, geological, geomorphological, and speleological
features, (B) —2D model mesh according Beljanica spatial model data, (C) —3D model of the conduit
system of the Beljanica karst aquifer, (D) —Krupaja karst system spatial model detail.

All of the factors mentioned above explain the possible groundwater genesis and cir-
culation conditions. However, the genesis of the channel remains unknown, as well as the
genesis of the groundwater that drains at the thermal spring and through the B-1 borehole.
Complex hydrochemical and isotopic research was carried out in order to resolve these
complex issues and obtain more reliable data that will yield clear insights into the circu-
lation of groundwater within the karst aquifer, which circulates much deeper than the
base runoff.

Our research included analyses of the hydrochemical characteristics of the water for
all three phenomena during one hydrological year (summer and autumn 2015, winter and
spring 2016, basic physical and chemical characteristics and ionic composition of water),
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as well as determining the content of stable isotopes H, ¥O, and *C, also on a quarterly
basis. Stable isotope concentrations of 2H/'H 80/16O and3C/2C, expressed as &2H, 680
and 01C, were measured in the laboratory of the International Research Centre on Karst
(IRCK) in China using a LGR LWIA-V2 water isotope analyzer and a MAT253 stable iso-
tope mass spectrometer, while ion contents were measured with an ion chromatograph
(IC) Dionex ICS-900 [12]. The hydrochemical and isotopic characteristics of the water were
determined with the aim of establishing a hydraulic connection of the groundwater based
on the similarity of the results, thereby confirming that this water belongs to the same
karst system. The results were associated with groundwater changes related to increases
in the depths of the karst conduits and the mean residence time.

In order to determine the age of the groundwater, radioactive isotopes tritium, T+He,
and “C were used; tritium content was determined at all three locations. The T+He
method was carried out only at the cold Krupaja Spring with deep siphonal circulation,
while the age of the Krupaja thermal spring was determined using the *C method with
age correction using the 1¥C/12C content in the rock and water sample. Samples for tritium,
3H + 3He, and noble gas content analysis were transported to the laboratory of the Insti-
tute for Nuclear Research, Hungarian Academy of Sciences Bem tér 18/c, 4026 Debrecen,
Hungary, where they were prepared and analyzed using a VG5400 noble gas mass spec-
trometer [19,20]. Sampling for groundwater age-dating of the cold Krupaja Spring and
thermal spring was carried out during the summer period, i.e., the period of recession,
when it was considered that the water that had spent the most time underground was
being drained.

3. Results

The largest quantities of water are constantly being discharged from the Krupaja
spring, which speleogenetically belongs to the group of deep siphonal springs, with a ca-
pacity that varies from 0.16 m3/s to over 31 m3/s. The second spring of the investigated
system involved thermal groundwater that is only 7-8 m away from the borehole and has
a flow rate of 2-2.5 L/s, while subthermal water drains from borehole B-1 and has a con-
stant discharge rate of 5 L/s.

Water temperatures are uniform and increase with depth, so the water temperature
at the Krupaja Spring ranges from 10 to 11.4 °C, expressing its seasonal characteristics.
The highest water temperature of 11.4 °C was recorded during the summer period, which
may be a consequence of the intrusion of lake water, minimum discharge from the spring,
and air temperatures up to 35 °C. The borehole groundwater temperature is constant at
around 18 °C (18.4-18.7 °C); this water comprises a mixture of cold and thermal water.
The water temperature at the bottom of the borehole reaches a value of up to 25 °C. The
groundwater temperature at the thermal spring ranges from 25.9 to 26.6 °C, where lower
temperatures were recorded during the spring period, indicating the injection of cold and
young water into the thermal water drainage zone.

The pH values also change slightly with depth, showing a decreasing character. The
highest values recorded at the Krupaja Spring were 7.44, with values of 7.3 at the borehole
and 7.16 at the thermal spring. In contrast to pH value, electrical conductivity increases
with depth, indicating an enrichment of mineral substances with increasing depth and
temperature, ranging from 505 to 526 ps/cm at the Krupaja Spring, from 523 to 543 at the
borehole, and from 543 to 560 ps/cm at the thermal spring.

Dissolved oxygen is the highest at Krupaja Spring during the spring period (10.26
mg/L), which is a consequence of the turbulent regime and infiltration of fresh water into
the system. Oxygen decreases with depth, so in the well, the values vary from 4.3 to 7.45
mg/L, while the values in the thermal spring are consistently low, ranging from 1.13 to
2.61 mg/L due to a prolonged residence time within the system. A slight increase in water
turbidity up to a maximum of 1.74 NTU was recorded at the Krupaja Spring during the
autumn period. Such an increased value, most likely due to heavy autumn rains and the
washing of surface layers, was also reflected in water from greater depths, so in the
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borehole water, it was 1.59 NTU, while at the thermal spring, it was 1.6 NTU. Considering
that we observed the same amount of suspended particles in the water from borehole and
thermal spring, it can be concluded that in the zone up to 400 m, which is equivalent to
the depth of the borehole, the waters mix, i.e., they infiltrate into the discharge channel of
deep thermal water. The physico-chemical characteristics of the groundwater (related to
the seasons) of the Krupaja system are shown in Table 1.

Table 1. Basic physico-chemical parameters of the Krupaja system.

Electrical Dissolved Turbid-
Tempera- pH

Location Q (L/s) Conductiv- Oxygen ity
° Val
ture °C) Value . (us/em) (mg/l) (NTU)

Krupaja Spring — Winter 1712 10 7.4 512 9.9 1.02
Krupaja Spring —Spring 2111 10.2 7.44 526 10.26 0.72
Krupaja Spring—Summer 410 114 7.3 516 9.3 1.23
Krupaja Spring—Autumn 485 10.8 7.4 505 5.8 1.74
Borehole B1 —Winter 5 18.4 7.2 542 6.4 1.01
Borehole B1 —Spring 5 18.7 7.3 543 7.45 0.61
Borehole B1 —Summer 5 18.4 7.24 531 6.39 0.61
Borehole B1 — Autumn 5 18.6 7.24 523 43 1.59
Krupaja thermal spring— 262 716 551 17 0.8
Winter
Krupaja thermal spring— 259 72 560 261 038
Spring
Krupaja - thermal - spring- 266 715 544 154 029
Summer
Krupaja thermal spring—

. 2 26.6 7.14 543 1.13 1.6
Winter

The content of stable isotope d°C decreases with circulation depth, indicating a
higher groundwater age and longer contact with the host rock. The carbon content at the
Krupaja Spring ranges from -8.20 to —=10.31 %o, also indicating a longer mean residence
time. Meanwhile, the carbon isotope content in borehole water ranges from -5.91 to
—6.81%o, while at the thermal spring, it ranges from only —2.69 to —5.32 %o (Table 2). Higher
values were recorded in the thermal spring during the spring period, which indicates in-
flow and mixing with younger water, i.e., not fresh surface water, but water that has had
a long residence time within the system, lowering the stable carbon isotope content by up
to —5.32 %eo.

The content of stable oxygen and deuterium isotopes also decreases with longer
mean residence time, which is a consequence of isotopic fractionation, which takes place
during prolonged contact with the host rock. The highest values of 5'0O were as follows:
-1.04 %o at the Krupaja Spring, —10.88 %o at the borehole, and —10.28 %o at the thermal
spring, which indicates a gradual decrease in the content of stable oxygen isotopes with
groundwater circulation depth. Furthermore, the dD value decreases with depth, so the
maximum content of this isotope was —76.43 %o at the Krupaja Spring, -74.33 %o in the
borehole water, and -73.01 %o at the thermal spring (Table 2).

Table 2. Stable isotope groundwater content results from the Krupaja Spring, Thermal spring and
Borehole B-1.

Location 083Coic(V-PDB) %0  dD(V-SMOW) %0 08O(V-SMOW) %o
Krupaja Spring — Winter -10.31 -72.27 -10.44
Krupaja Spring—Spring -8.2 -71.94 -10.21

Krupaja Spring—Summer -8.71 -72.79 -10.37
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Krupaja Spring— Autumn -8.48 —76.43 -10.64
Borehole B1 —Winter - -71.97 -10.88
Borehole B1 —Spring -6.81 -69.47 -10.75
Borehole B1 —Summer -6.45 -69.01 -10.62
Borehole B1 —Autumn -5.91 -68.42 -9.96
Krupaja thermal spring— 604 7433 1014
Winter ’ ’ )
Krupaja thermal spring—

Spring -3.81 -73.2 -9.98
Krupaja thermal spring-

Summer -5.32 -72.81 -9.84
Krupaja thermal spring— 311 —65.84 0.83
Winter

The levels of stable isotopes d'¥0 and 6D in the Krupaja system groundwater indicate
the influence of precipitation and a good connection of surface water and groundwater
(Figure 5), with the exception of the thermal water samples, which fall below the local
isotope meteoric line (LIML), indicating a longer residence time within the system and a
weak connection with atmospheric precipitation.

In addition, most of the Krupaja Spring results fall below the LIML, with the excep-
tion of the sample taken in September 2014, which is above the LIML, indicating the de-
layed impact of heavy precipitation from the spring period, which represents a prolonged
discharge of the system after the highest maximum ever recorded at Beljanica Massif in
May 2014. Other samples fall close to the local isotope meteoric line, indicating a connec-
tion with atmospheric water, but also lie below the LIML, having a higher groundwater
mean residence time and therefore indicating secondary fractionation.

Borehole B-1 reflects much of the content of atmospheric precipitation, so the values
from September and December 2014 are above the LIML, which may indicate the delayed
influence of the highest waters from 2014 on waters that percolate deeper into the system;
however, it may also indicate a strong intrusion of fresh storm water into the borehole
from channels that are generally not hydraulically connected to the Krupaja Spring, which
was also the case with the results for the sample from April 2015. The borehole sample
from the summer and autumn period of 2015 shows high groundwater age, that is, it ex-
cludes the intrusion of fresh water, which may be a consequence of the small amount of
water that infiltrated into the system during the spring period of 2015 (explaining the dif-
ference in the maxima of 2014 and 2015).
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Figure 5. Stable isotopic composition (5'%0 and dD) of Krupaja system groundwaters (KC—Krupaja
cold spring; KB—Krupaja Borehole B1; KT —Krupaja thermal spring; LIML —local isotopic meteoric
line) (according to [12]).

In order to define the groundwater age within this complex karst system, sampling
of water for radioactive isotopic content analysis of 3H, 3H/*He, and “C was performed
during the minimum discharge period. The results of tritium content tests are shown in
Tables 3 (Krupaja Spring) and 4 (thermal spring and borehole). Tritium values decrease
with depth; the highest are at Krupaja Spring, ranging from 5.64 to 5.7 TJ, indicating semi-
young groundwater. In order to determine the exact age of the Krupaja Spring ground-
water, a more precise analysis was carried out, i.e., the age of the water was calculated
using the 3H/*He isotopic method (Table 3). According to the results, it was concluded that
the groundwater age of the Krupaja Spring is 26.1 years +/- 0.7 years. The *H/*He method
gave the highest age of the young component in the groundwater sample that was dis-
charged during September. This indicates that the Krupaja Spring during the low flow
period, i.e., during the period of recession, through the main channel, explored to a depth
of 133 m, which probably lies much deeper underground, circulates groundwater with a
maximum age of 26.1 years.

During the high flow period, young, freshly infiltrated water primarily flows through
this channel, which, due to high hydrostatic pressures, pushes older water out; however,
it can also be concluded that certain amounts of old groundwater discharge during high
water periods, which can be seen from the fairly uniform water temperatures and other
physico-chemical parameters observed in the Krupaja Spring groundwater in all seasons.

The tritium content in the borehole water (Table 4), as well as in the thermal spring
groundwater, is significantly lower, amounting to 3.9 T] and only 1.7 T]. These contents,
shown on Table 4, indicate a mixture of old and sub-modern (semi-old) water that has
more recently infiltrated into the system.

The carbon C content of the Krupaja Spring groundwater is 74.95 pMC (Table 5).
With further calculation, together with the values of 5'*C of the water and '*C of the host
rock for the Beljanica Massif, these results indicate that these are young, modern waters.
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Table 3. Results of *H and *H/*He radioactive isotope content tests in Krupaja Spring groundwater.

Content of Radioac- . SH/*He Age Apparent Age
3 —
tive Isotopes H(T)) (/)1 Sigma (Years) (Years)
5.64 0.17
Krupaja Spring 5.7 03 26.1 0.7

Table 4. Results of °H radioactive isotope content test in thermal spring and B-1 borehole.

Radioactive Isotope SH (TJ) (+/-) 1 Sigma
Borehole B-1 3.9 0.3
Krupaja thermal spring 1.7 0.2

Table 5. Results of “C radioactive isotope content tests and estimated groundwater age of the
Krupaja system groundwater.

4C (pMO) (+/-) 1 Sigma

14C Age (Years)
oBC (#Cinic =100 pMC)
in Groundwater %0  (8C in Water and 53C in Host Rock Has
Been Considered)

Krupaja Spring
Borehole B-1
Krupaja thermal spring

74.95 0.21 -8.71 Modern
52.05 0.18 -5.91 Modern
16.89 0.09 -3.11 3990

The content of *C in borehole B-1 water is 52.05 pMC (Table 5), i.e., much lower com-
pared to that in the Krupaja Spring. However, further calculation, together with the values
of d13C in the borehole groundwater during the sampling period and 5'*C in the host rock
for the Beljanica Massif, gave the result that these are young, modern waters, with age that
cannot be determined by carbon analysis, considering that this method is used for the
detection of very old waters.

The content of *C in the thermal spring of the Krupaja system is 16.89 pMC (Table 5),
which represents the lowest recorded value of this radioactive isotope of carbon within
the Krupaja system and in the Beljanica Massif itself. However, by including the value of
013C of thermal spring groundwater and 0'°C in the host rock for the Beljanica Massif, it
was calculated that the age of the water is 3990 years, which indicates that this water is the
oldest in the system, but not the oldest groundwater within the Beljanica Massif (the oldest
is Suvodolska Banjica, at 6000 years old) [12].

The ionic composition of the Krupaja system water indicates that these are waters of
the HCOs—Ca? group. The content of Ca** decreases with depth; the highest values were
recorded at Krupaja Spring, ranging from 3.92 to 52.39 mg/L. Slightly lower values were
recorded at the borehole (27.85 to 39.81 mg/L), while the lowest values were observed at
the thermal spring (22.69 to 37.23 mg/L). The lower calcium values in the subthermal and
thermal waters are explained by the different hydrogeochemical conditions that prevail at
greater depths, as evidenced by other ions contained in the waters of the Krupaja Spring.
The content of HCOs increases with depth, ranging from the maximum values at the
Krupaja Spring of 163.78 mg/L, through the maximum value at the B-1 borehole of 170.29
mg/L, to the maximum recorded value at the thermal spring, i.e., 211.57 mg/L (Table 6).

Table 6. Results of ionic composition tests of groundwater from the Krupaja system.

Location

Ca> K+ Mg>»  Na* F- Cl- NOs- SO« HCOs-

Krupaja Spring—Winter
Krupaja Spring —Spring
Krupaja Spring—Summer

3492 115 1553 1.899 0.018 22289 52377 125445 106.3433
3529 0.7495 1.673 1.126 0.02  0.9255 3.2868 13.158 107.2075
52.39 0.7108 2516 2202 0.0385 1.0516 4.2984 9.9528  163.785
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Krupaja Spring— Autumn
Borehole B1 —Winter
Borehole B1 —Spring
Borehole B1 —Summer
Borehole B1 — Autumn

4283 0.7186 2.875 2.046 0.0256 0.8558 5.3858  9.0202 128.1

2785 114 6.668 871 01145 1.7566 23713 18.606 124.6942
316 1276 6.81 8325 0.11 1.8919 2939 19.1682 132.9292
39.81 1115 7205 8986 0.1278 1.8199 3.254 164871 168.4108
3943 1116 6947 8.615 0.1324 1.6925 3.3782 15.2613 170.2917

Krupaja thermal spring—Winter 2269 157 128 1779 0269 2906  1.605  23.768 158.6

Krupaja thermal spring—Spring 27.77 198 1259 16.8 0.22 4.059 2566 24797 164.1917
Krupaja thermal spring—Summer 3723 162 1385 1874 0297 2855 0948 23558 211.5175
Krupaja thermal spring—Winter 3283 172 1396 19.07 0301 2.875 1.239  23.554 208.6708

The comparative diagram of the Ca?, SO, and HCOs contents in the water of
Krupaja Spring shows that with the higher capacity, the content of sulfate increases min-
imally, while the values of calcium and hydrocarbons decrease. With higher capacity, wa-
ter spends less time within the system and does not become significantly enriched with
calcium and hydrocarbonates (Figure 6).
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Comparative diagram of Q (I/s) and Ca?*, SO,>and HCO;" content (mg/1)
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\\/ 0

20

Ca?*, SO, and HCO5 (mg/1)
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——Q Ca?* ——HCO; ——SO0;~

Figure 6. Comparative diagram of Ca?, SO+, and HCOs~ (mg/L) content with discharge capacity of
the Krupaja Spring.

The content of Mg? and Na* in groundwater increases with depth. The maximum
Mg? value at the Krupaja Spring was 2.875 mg/L, at the borehole 7.205 mg/L, and at the
thermal spring 13.96 m/L, while the maximum Na* value ranges from 2.202 mg/L at
Krupaja Spring, over 8.986 mg/L at borehole B-1, up to 19.07 mg/L at the Krupaja thermal
spring. The sulfate content also increases from 13.158 mg/L at the Krupaja Spring to a
maximum of 24.797 mg/L at the thermal spring. This ionic composition, which changes
with depth, clearly indicates the contact of this water with another rock mass not contain-
ing carbonates.

4. Conclusions and Discussion

The Krupaja groundwater system has highly developed karstification and pro-
nounced zonation in groundwater circulation, where cold water circulates to a depth of
133 m (max. ~150 m) and has an age of 26.1 years. The system circulates groundwater with
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temperature of 25 °C at a depth of 400 m, while groundwater of 26 °C comes from depths
greater than 700 m. The thermal water aquifer developed within fissured rock where
groundwater has a very long and slow circulation, which extends to the base of karstifi-
cation, while the circulation at the Krupaja Spring occurs throughout large channels,
which can conduct water at a capacity of over 30 m3/s.

The formation conditions for subthermal and thermal karst groundwaters within the
Beljanica Massif, as part of the Kucaj-Beljanica Massif, were created through a very long
period of karstification of deep karst systems, where so-called hydrogeological-geological
barriers played the greatest role. Due to the impossibility of discharging water from the
system as a result of to the Red Permian sandstone overthrust on the western rim and the
formation of Neogene basins on the northern and southern rim of the massif, the water
percolates deeper underground through a system of small cracks and channels, where it
changes temperature and hydrogeochemical characteristics as it comes into contact with
different rocks, and along local and regional ruptures and/or Red Permian sandstone over-
thrust, where it drains on the surface of the terrain in the form of subthermal or thermal
waters. In addition to the Krupaja System, the most complex system within the Kucaj-
Beljanica massif, elsewhere, there are several, more complex systems with deep siphonal
circulation of groundwater of subthermal and thermal character, among which the Suvi
Do and Krepoljinska Banjica System, the Sisevac System, and the Krivi Vir System stand
out [12,21], as well as the Mlava-Belosavac-Belosavac 2 System, located on the northern
edge of the Beljanica Massif [12,21].

Finally, based on to the obtained data and performed analyses, as well as taking into
account previously collected data on groundwater circulation within the Beljanica Massif,
a schematic overview of groundwater genesis and circulation of a complex karst system,
i.e., the Krupaja system, is presented in Figure 7. As shown in this schematic profile, this
is a system of the Beljanica Massif in which four types of circulation can clearly be differ-
entiated. The first type belongs to fast circulation (channels t1), whose waters fully reflect
an active karst system that reacts very quickly to precipitation, i.e., to surface recharge,
both in the immediate vicinity of the discharge zone and in the remote zones of this sys-
tem. So, based on the collected and processed data, it can be concluded that the system
reacts to heavy precipitation in less than one day (example from 2014, when a flood wave
appeared within 16 h) and over periods of up to 12 days, which is generally the average
velocity for flow through the main conduits of the Beljanica Massif.

The main channels, their main recharge zones, and the deep circulation channels
(channels t1) are shown in Figure 7. The second type of circulation takes place through
channels and cracks of much smaller dimensions (channels t2), which often require a
much longer period of time to “intrude” into the main conductors. In the case of these
conductors, it is also assumed that they lie deeper than the main channels of the Krupaja
Spring (130 m) which have been explored so far, and subsequently connect with the main
channels and ascend to the surface, which is supported by the groundwater age deter-
mined by the above-mentioned surveys of these waters. The channels of the t3 group are
located much deeper than the cold water circulation zone and can be considered as a tran-
sition zone, that is, a mixing zone with the oldest waters of the system. These channels
were explored with borehole B-1, allowing us to establish that there is an influx of thermal
water (at 25 °C) from the deeper parts of the system, and that there is also an influence,
i.e., contact with “young” waters from the cold part of the system, at depths greater than
200 m. Based on this, it is assumed that the channels of group t3 developed to depths of
400-500 m. The deepest circulation of this system, with the oldest (3990 years) groundwa-
ter, as confirmed by C isotope analysis, occurs within karst conduits t4 (Figure 7). The
schematic profile (Figure 7) shows the assumed circulation system, as well as the heating
and discharge of cold, subthermal, and thermal waters along the Red Permian Sandstone
overthrust.
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Figure 7. Schematic overview of karst conduits according to groundwater mean residence times for
the Krupaja system [12].

Based on the obtained data, it can be assumed that with a newly drilled 600 m bore-
hole, groundwater with temperatures greater than 35 °C could be extracted. Without new
drilling, the thermal water at a temperature of 26 °C in Krupaja can be additionally heated
with the use of a heat pump, i.e., by using 33.52 kWh of electrical power, the groundwater
temperature could be raised to 30 °C, and with 75.42 kWh of electrical power, the temper-
ature could be raised to 35 °C, which is ideal for sports and recreation tourism. However,
the problem is the spring’s low capacity, which would require the introduction of addi-
tional quantities of groundwater.
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