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Abstract. “Valjevo karst” is an area of about 780 km?in a broader sense, while
the uncovered Kkarstified limestone makes about 330 km? It is a part of the Inner
Dinarides (Western Serbia). In the litho-stratigraphic view, the karstified lime-
stones of Middle-Upper Triassic dominate, in which karst aquifers are formed.
Analysis and systematization of the available data of hydrogeological and other
relevant research is carried out. A branched network of groundwater traces be-
tween swallow holes and discharge points is presented as well as main features
of sixteen karst springs (or scattered discharge zones) and nine (group of) wells,
divided into five sectors. Average karst aquifer discharge of the whole area is
calculated on 5.18 m3/s. Total minimum flow rate of the analysed karst springs
and discharge zones is estimated at 1.2 m3/s, while the total flow rate of the
analysed wells is estimated at about 0.3 m3/s, which makes about 1.5 m3/s of
total (minimum) discharge. All analysed waters are low-mineralized (<1 g/1),
while temperatures range from 9-35 °C. Use of the waters is multipurpose: mu-
nicipal and local water supply, commercial bottling, recreational pools etc.

AncrpakT. “Ba/beBcku KapcT” je mMoJpyyje Koje 3ay3uMa MoBPIIUHY 0Jf 0Ko 780
km?, 10Kk OTKpUBEHH Kpedtbak 4uHU oko 330 km? llpunaza YHyTpauimbum
JvHapuanMa 3anagHe Cp6uje. Y sutocTpaTUrpadCcKoM Nnoraesy JOMUHAPAjy
KapcTUPUKOBAHU Kpeukballd CpeJiibel U FTOpHwer Tpujaca y KojuMa cy ¢op-
MHpaHe KapCTHe U3/laHu. AHAJIM3UPAHU CY U CUCTeMATU30BaHU JOCTYIIHU
NoJIaliy XU/ POreo IOIKUX U JPYTUX peJleBaHTHUX UCTPaKKBamwa. [IpukasaHa
je pasrpaHaTta Mpexa Tpaca I0/j3eMHHUX BoJja U3Melhy MoHopa U ApeHaKHUX
MYHKTOBA, Ka0o U IJIaBHE KapaKTepHUCTHKe IlIeCHAeCT KapCTHUX BpeJsa (Uau
,pas3bujeHux" ApeHaXKHUX 30HA) U JAeBeT (rpyna) 6yHapa, noJie/beHUX y MeT
cexTopa. [I[pocedyHa U3aIHOCT KapCTHUX U3/JaHHU 1leJI0T Io/[pyyja cpayyHaTa
je Ha 5.18 m3/s. CymapHa MUHMMaJ/IHA U3/JAIIHOCT aHAJTU3UPAHUX KapCTHUX
M3BOpa U [PEHAXHUX 30HA NpolemeHa je Ha 1.2 m3/s, ok je cymapHa
M3/IAIHOCT aHAJU3UpPaHUX GyHapa mpoleweHa Ha oko 0.3 m3/s, IITO YUHH
cymapHy (MHHUMAaJIHY) U3auiHocT of oko 1.5 m3/s. CBe aHasM3upaHe Bojie
cy masioMuHepasnsoBaHe (<1 g/1), 1ok ce TeMnepaType Kpehy y pacoHy oj
9-35 °C. KopucTe ce BUllleHAMEHCKHU: KOMYHAJ/IHO U JIOKAJIHO BOAOCHAO/(e-
Bakbe, KOMepIHjasHo daluparme, peKpeaTUBHU 6a3eHH U [Ip.
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Introduction

“Valjevo karst” (VK) covers the area from Valje-
vo-Mionica Neogene basin (VMB), in the North, to
the northern slopes of Valjevo Mountains range: Su-
vobor Mt,, Maljen Mt., Povlen Mt,, Jablanik Mt, Med-
vednik Mt., in western Serbia, with a frame range of
altitudes of app. 50-1350 masl (Fig. 1). On the West-
East direction, it is stretched from the ]Jablanica
River Basin to the Toplica River Basin. Geographi-
cally, it belongs to the Kolubara river basin, and ad-
ministratively to the Kolubara District and (mostly)
to the municipalities of Valjevo and Mionica. The
total area, including two (relatively) separated karst
oases is about 780 km?, while the main mass of un-
covered karstified limestone makes about 330 km?
Field hydrogeological research were carried out, on
several occasions, at various locations and were par-
tial both in terms of the size of the researched areas
and in terms of time continuity: short-term flow-

rate monitoring of few karst springs, tracing tests,
exploratory drilling, well-drilling for water supply
of few settlements and commercial water bottling,
thermal water capture. The paper gives the analysis
and systematization of available data derived from
previous researhes.

Geo(morfo)logical features

VK belongs to the geotectonic region of the Inner
Dinarides. The main mass of uncovered karstified
limestone has features of holokarst, while the total
area represents a merokarst. In the litho-stratigra-
phic view, the karstified Medium-Upper Triassic
limestones are dominant, the thickness of which is
estimated to be 300 m (MojsiLovi¢ et al., 1975) and,
in which, the karst aquifers are formed (Fig. 2, Fig
3). To a much lesser extent, karstified Upper Creta-
ceous limestones, up to 50 m thick exist in the catch-
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Uncovered karst terrains

Fig. 1. Geographical position and digital elevation model of the Valjevo karst area.
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Fig. 2. Hydrogeological map of the Valjevo karst area (MAriNoviC, 2014, adapted).
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Fig. 3. Hydrogeological cross-section of the Valjevo karst area.

ments of the Jablanica and SuSica (the largest tribu-
tary of the Jablanica) rivers. Other geological units,
starting from the Upper Miocene deposits of VMB,
to the Paleozoic formations (Fig. 2, Fig. 3), represent
(relatively) impermeable rocks i.e. the barriers for
karst groundwater flows. The intense radial tecton-
ics, followed by volcanic activity, formed the block
structure of the terrain, which was the main predis-
position for an intense Kkarstification (MILOJEVIC,
1959; Mijatovic, 1983).
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The karst relief is made up of karst plateaus sep-
arated by the valleys (canyons) of the Susica, Gradac,
Lepenica and Ribnica River, oriented in general, in
the South-North direction. The dominant surface
karst forms are sinkholes, with the average density
higher than 10/km? A total of 195 underground
forms i.e. speleological objects, have been detected:
134 caves and 61 potholes. The total length of the
explored caves is 6122 m, and the total depth of the
potholes is 1178.5 m (LazARrevi¢, 2008).
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Tracing tests showed high development of the
karst channels and complex underground traces be-
tween the swallow holes (ponors) and the springs
(Fig. 4) (LAzARrevIC, 1996). Triassic limestone was
discovered (by drilling) below the Upper Miocene
deposits of VMB in the villages of Petnica, Mionica
and Vrujci. It is likely that these limestones continue
to extend to the north (under the Upper Miocene de-
posits), to the zone (karst oasis) of Nepricava vil-
lage, on the left side of Kolubara valley. It is possible,
but unproven that, in the southern part, under the
Jurassic and Cretaceous formations, the limestones
are partly extended to the karst oasis of Gornja
Tre$njica and Taor springs (Fig. 2).

7400000 7410000

Fig. 4. Proven karst groundwater traces in the Valjevo karst area.

Hydrogeology

According to the spatial distribution of the most
important discharge points and zones of the karst
aquifers (Fig. 2, Tab. 1) as well as available data on
proven groundwater traces (Fig. 4, Tab. 2), the fol-
lowing division into five sectors (Tab. 3) is adopted
for further exposure: I-Leli¢ karst, that includes:
SuSica River catchment, Leli¢ plateau, Gradac valley
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and Bacevac plateau; II-Banja River catchment; I11-
Catchments of the Lepenica, Ribnica and Toplica
River; IV-Northern karst oasis - around Nepri¢ava
village; V-Southern karst oasis - discharge zones of
Taor and Gornja Tresnjica springs.

I-Lelié¢ karst. Within this area an extensive karst
aquifer is formed and is mostly drained by Paklje
spring and Gradac springs (discharge zone) (Mijato-
vi¢, 1983; Simi¢, 1990). On the Leli¢ and Bacevac
plateaus there are no permanent streams because
all precipitations infiltrate through the dense net-
work of sinkholes and swallow holes. At the site of
the Leli¢ Monastery (407 m asl), a small diameter
borehole of 147 m depth was drilled for local water
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)N\ |

— GW flow direction

4890000

*Other symbols on the map are given
in the legend on Fig. 2

7420000 7430000

supply. The depth to the groundwater was 60 m and
about 11/s of water is pumped out (PETROVIC, 2013).

The SuSica River is formed by merging of the
Povlenska and Polic¢ka River. The most remarkable
spring in the upper Susica catchment is Povlen spring
(app. 930 m asl) with minimum flow rate estimated
ataround 20 1/s (PETROVIC, 2013). In its upper stream,
but only in high water periods, the SuSica River (Fig.
5) flows through a 4 km canyon, along which there

Geol. an. Balk. poluos., 2021, 82 (1), 47-58
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Table 1. Significant hydrogeological occurrences and objects of the Valjevo karst area.

No . Altit Flow rat TDS T y
(on Fig. 2) ame (masl) Qwirdie (/1) (°C) ¢

Springs /Discharge zones
I-Leli¢ karst

1 Povlen spring 930 Quin=201/s low min.") cold ® no’
2 Savinac spring 338 Qmin=31/s low min. cold no’
3 Paklje spring 258 Qmin/max= 0.2-1.04 m’/s | 0.24-0.31 10-13 MWS
4 Gradac spring 261-265 Qmin/max=0.4-10 m*/s 0.18-0.23 cold MWS™
5 Degurié cave spr. 216 Quin=121/s low min. cold no’
6 Novakovi¢ dis. Zone 195 Qmin=151/s low min. cold no’

II-Banja river catchment
Qmin/maxzo- 1-1 m3/s

7 Petnica spring 184 . low min. cold no’
Qa=0.11-0.25 m’/s

I1I-Lepenica, Ribnica and Toplica catchments

8 Paune spring 210 Quin=21/s 0.5 21 no’
9 Klju¢ dis. zone 165-205 Qmin/max=0.12-4 m’/s 0.5 9-21 no’
9a Liknic¢a cave 296 Tempor. spring low min. cold no’
Qmin=301/s
10 Pastri¢ dis. zone 192-234 5 low min. | cold, subth.”) no’
Qx=0.6 m’/s
10a-c Springs in the upper 232-295 Tempor. springs low min. cold, subth. no’
catch. of Ribnica
11 Vrujci dis. zone 180-185 Quuinmax= 0.2-0.5 m*/s 05 Thermal 4 Sp
26-27
12 Orlovac spring 345 ki=2035: low min. cold MWS
Qu=401/s
V-Southern karst oasis
13 Taor springs 703 Qmin/max= 17-2501/s low min. cold MWS
14 G.TreSnjica spring 754 Q.=801/s low min. cold no’
Wells
I-Leli¢ karst
15 | Lelic well \ 260° ] Q=11/s lowmin. | cod | LWS
16 | Petnica deep well | from -300 to -50 | Q=151/s | 0,5g/1 | 29 | SP
III-Lepenica, Ribnica and Toplica catchments
17 Klju¢ group 50-100 20-301/s low min. cold, subth. | LWS, S, WB
18 Pastri¢ group 70-120 Q=401/s low min. cold, subth. MWS
19 Mionica deep well |from -310 to -230 Q=151/s low min. 35 Unknown
20 Vrujci group 70-120 30-401/s 0.5 26-27 SP,WB
21 Rajkoviee group 100-150 20-301/s low min. cold, subth. | WB, SP,LWS
IV-Northern karst oasis
22 | Nepritavagroup | from-230t0-10]  Q=100-1201/s | lowmin. | cod |  MWS
V-Southern karst oasis
23 ‘ Kosjeri¢ well I 300-350 l = | low min. ‘ cold ‘ MWS

® Low min(eralised): TDS<1g/1; ® Cold: <15 °C; ® Subth(ermal): 15-25°C; ® Thermal: >25 °C; ®App. altitude of the intake
part(s) - for all displayed (groups of) wells; Probably in use for local water supply and agriculture needs, but no data;
"Capture is not (directly) on the springs, but app. 2.5 km downstream the Gradac river flow; Abbreviations: MWS-Municipal

(centralized) water supply, LWS- local water supply, SP-swimming pools, WB-water bottling;

Geol. an. Balk. poluos., 2021, 82 (1), 47-58 51
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Table 2. Basic parameters of the performed tracing tests in the Valjevo karst area (adapted

from: LAzAREVIC, 1996).

(estavelle), but only during the
rainy periods. Further down-
stream, in the range of 335-

INLET POINT OUTLET POINT 360 m asl, there is another
(PONOR) (SPRING) CW flow zone of some 15 ponors and
Ko m o e velocity (m/hour) Date temporary springs, as well as
(on Fig. 4) (masl) |(onFig.2)| (m.as.l) the only permanent spring
o Rarot Savinac with a minimum flow
P1 475 4 261-265 86 may 1972 rate of about 3 l/S (SIMIC,
i cols ‘21 26;265 ég :Zg' 11:78; 1990). Downstream, surface
P3 473 Z 561-265 8 Sly 1973 flow to the Jablanica River ex-
P4 602 ;1 26;265 gi sep. 1984 ists only in high water periods.
The appearances of the Pa-
P5 338 3 258 23 nov. 1984 . e_ ppearances o e
P6 355 2 261-265 86 klje spring and Gradac springs
P7 356 2 26?5265 2533 sep.1985 is caused by the position of the
k8 376 4 261-265 inaccur. data aug. 1987 Tr1a551.c p(_)rphyr.lte and L_O_
Banja river wer-Triassic sediments (Fig.
P9 | 247 | 6 195 144 aug. 1987 2) that represent hydrogeo-
Lepenica-Ribnica catchement logical barriers. Depending on
9 160-180 91 4
.1 the d ur Mijatovic
P10 355 10 500-210 67 sep.1985 e data §0 ce (My z
10b-10c 270-295 127 1983; SIMIC, 1990; LAZAREVIC,
10 200-210 175 nov.1985 1996), the Paklje spring alti-
P11 371 9 160-180 130 ; :
T0b.10c | Z70-295 T - tude. is app. 258 m as], and is
9 160-180 42 apl: partially captured (up to 300
10c 295 29 1/s) for the municipal water
10h 270 <1 supply of Valjevo (Fig. 6). There
P12 362 10 200-210 122 jan.1986 _ _
%a 296 68 is no continuous flow rate
9 160-180 94 monitoring and the only longer
L0¢ £ el observation periods were
10b 270 173 _
P13 353 10a 232 inaccur. data__| feb.1986 1972-76 and 2015-16. During
10 200-210 287 1972-76, the flow rates were
1?)a 1635380 31650 in the range of 0.2-2 m3/s,
P14 347 9 160-180 naccur. data sep.1987 and the average value was 0.3

Table 3. Spatial features of the marked sectors.

Uncovered
Sector |Alt.range| Average alt.|Area size| arst
(masl) (masl) (km®) (km?)
I 188-1351 645 285 163
I 160-694 375 29 18
111 109-030 369 232 88
IV 47-384 139 74 15
V 297-1230 795 159 45
Total area | 47-1351 488 779 330

are several ponor zones. The ponor zones that are
downstream from 400 m asl act as temporary springs
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m3/s (Myarovi¢, 1983). Dur-

ing 2015-16, the flow rates

were in the range of 0.2-1.04 m3/s, and the average
value was 0.43 m3/s (DokMANoVIC & VUKICEVIE, 2019).
The Gradac discharge zone consists of several
springs in the Gradac canyon, on both valley sides,
in the altitude range of 261-265 masl, from where
the permanent river flow begins. Upstream, the sur-
face flow exists only after abundant rains or snow
melting. The dry river valley has a lot of ponor zones
and the tracing tests showed groundwater traces to
the Gradac springs (LAzAREVIC, 1996) (Fig. 2). For the
1972-76 period, the total flow rate of Gradac
springs was in the range of 0.4-10 m3/s, and the av-

Geol. an. Balk. poluos., 2021, 82 (1), 47-58
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Fig. 5. Dry valley of the SuSica River (DokmaNovIC et al., 2012).

20..24/02/201317.53

Fig. 6. Uncaptured overflow of the Paklje spring (PETRovIC, 2013).

erage value was 1.1 m3/s (Myartovi¢, 1983). Down-
stream, the karst aquifer is drained through several
minor springs and discharge zones along the Gradac
River: Deguri¢ cave (216 m asl, Q,j,=12 1/s),
Novakovi¢ spring (195 m asl) etc. The average flow
for the Gradac River on the hydrometric profile

Geol. an. Balk. poluos., 2021, 82 (1), 47-58

Deguri¢ (201 m asl) (Fig. 2), for the 1972-76 period,
was 3.22 m3/s, and the average annual flows vary
from 2.59 to 4.63 m3/s. For the 2000-2015 period,
the average flow was 2.58 m3/s, and the average an-
nual flows vary from 1.49 to 3.81 m3/s. In the same
period, the average monthly flows range from 1.2
m3/s (Sept.) to 5.28 m3/s (March) (database of the
Republic Hydro-meteorological Survey of Serbia). A
little downstream of the Deguri¢ profile, a part of
the Gradac River flow is captured for the municipal
water supply of Valjevo, as a supplement to the
Paklje spring in recession periods. Basic chemical
features of Gradac springs water are typical for karst
aquifers: TDS=180-230 mg/1 and belong to the car-
bonate class and the calcium group (MARINOVIC,
2014). Paklje spring water is similar, with TDS of
240-310 mg/], but several analysed water samples
(during the period 2015-2016) were bacteriologi-
cally polluted (DokmaNovi¢ & VUkI¢evi¢, 2019).

Total average discharge of the Leli¢ karst aqui-
fers was estimated at 2.5-3 m3/s (Myarovi¢, 1983;
Simi¢, 1990).

Underground flow traces to the Paklje spring and
to the Gradac springs have been detected by mark-
ing the ponors with sodium-fluorescein (uranine),
in the SusSica valley and in upper part (upstream of
the Gradac springs) of Gradac river valley (LAZAREVIC,
1996) (Tab.2, Fig. 4). The tracer from 2 ponors (P1
and P2), in the valley of river Gradac, appeared only
on Gradac springs, and the velocities of groundwa-
ter flows were 18-86 m/hour. Tracing from 6 ponors
(P3-P8), in the Susica valley, showed the (expected)
groundwater traces to the Savinac spring and the
Paklje spring, but groundwater bifurcation was also
determined, considering that the tracer appeared
also on the Gradac springs. The velocities of ground-
water flows were 21-86 m/hour.

II-Banja river catchment. Banja river originates
from the Petnica spring, near Petnica village. There
are two streams in the topographic catchment of
Banja: Zlatar and Pocibrava, and both of them lose
water on the karst terrain. A tracing test showed bi-
furcation i.e. the connection of the ponor (P9) in Poci-
brava stream and Novakovi¢ discharge zone in the
Gradac river catchment (LAZAREVIC, 1996) (Fig. 4).

Petnica spring (184 masl) appears in Petnica
cave (Fig. 5), and the drainage is conditioned by the
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barrier of the Miocene sediments of VMB. The spring
is featured by an intermittent character with visible
daily flow rate fluctuations (Simi¢, 1990; LAZAREVIC,
1996). For the period 1972-1976, the flow rate of the
Petnica spring varies from 0.1-1 m3/s (Myatovic,
1983). For the period 1991-2000 the average annual
flow rates were 0.11-0.25 m3/s (GoLuBoviC et al.
2014). Downstream (app. 181 m asl), a thermal
(23 °C) low mineralized (0,5 g/1) spring occurs in
the Banja riverbank (ProTi¢, 1996). This pheno-
menon initiated drilling of a deep well which cap-
tures about 15 1/s of low mineralized water of 29 °C,
from the deeper parts (232-500 m) of the karst
aquifer (PETrOVIC, 2013; MARINOVIC, 2014). The water
is used for swimming pools.

Fig. 7. Petnica cave and spring (PETRovIC, 2013).

IlI-Lepenica-Ribnica-Toplica catchments. Sev-
eral discharge zones are detected in this sector and
are featured by the occurrences of thermal waters
(Fig. 2). Thermal (21 °C) low mineralized (0.5 g/1)
spring in the village Paune (210 m asl) appears in
the contact zone with the barrier of Miocene sedi-
ments of VMB (Proti¢, 1995). The Klju¢ discharge
zone also appear in the contact zone with the bar-
rier of Miocene sediments of VMB, along the Lepe-
nica riverbed (165-205 m asl). Cold (9-11 °C) and
(sub)thermal (up to 20,5 °C) low mineralized (0,5
g/1) springs are detected. The estimated total flow
rate is in the range of 0.12-4 m3/s (Smmi¢, 1990). Sev-
eral wells have been drilled in this zone for local
water supply, commercial water bottling, swimming
pools, etc. (PETROVIC, 2013).

The Pastri¢ discharge zone appears in the con-
tact zone with the Miocene sediments, as well, along
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the Ribnica river bed, in the length of about 3 km
(192-234 m asl). The zone of temporary springs ap-
pears about 2 km upstream. The estimated total
minimum flow rate is about 30 1/s and the average
one is about 0.6 m3/s (Smi¢, 1990). In this zone, the
Mionica municipal water supply source is located.
Several deep wells capture about 40 1/s of ground-
water, below the 20-100 m thick Miocene sedi-
ments (PETRoVIC, 2013). Orlovac spring, in the village
of Osecenica, is also captured for the water supply
of Mionica. The minimum flow rate is about 20 1/s
and the average is about 40 1/s (PETROVIC, 2013). In
the village of Rajkovi¢, there are several wells that
capture karst groundwater, among other purposes,
for commercial water bottling (PETROVIC, 2013).

In Mionica, a well captures about 15 1/s of ther-
mal (35 °C), from the deep parts (405-485 m) of the
karst aquifer (Proti¢, 1995).

The Vrujci discharge zone is formed by an upward
mechanism of outflow of thermal (26-27 °C) low
mineralised (0.5 g/I) water with the appearance of
gases. The outflow is ostensibly from the alluvial de-
posits of the Toplica River in the range of 180-185
masl. Total outflow rate is difficult to determine due
to the outspread and the secondary character of the
discharge zone and mixing with river water. Esti-
mated range is 0.2-0.5 m3/s (Smvi¢, 1990). In this
zone, several drilling wells capture thermal water
for swimming pools and commercial bottling (PE-
TROVIC, 2013).

The karst groundwaters of this zone are low min-
eralized and belong to the carbonate class and the
calcium or calcium-magnesium group. Estimated
total average discharge (including Banja river catch-
ment) is about 3.0 m3/s (Simi¢, 1990).

Tracing tests (all made with sodium-fluores-
ceine) in the Ribnica and Lepenica (without Toplica)
catchments (Tab. 2, Fig. 4) showed the “crossings”
and bifurcations of underground streams (LAZAREVIC,
1996) (Fig. 4). The velocities of groundwater flows
were 15-175 m/hour.

IV- Northern karst oasis. The source for municipal
water supply of Lazarevac and Lajkovac (loc. Nepri-
Cava) (Fig. 2) is based on the six deep (120-350 m)
drilled wells that capture app. 120 1/s of karst ground-
waters (DokmaNoviC et al., 2012). Total thickness of
overlaying Miocene and alluvial deposit is 20-100 m.

Geol. an. Balk. poluos., 2021, 82 (1), 47-58
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V- Southern karst oasis. Two springs are note-
worthy in the southern oasis, in the contact zone
with the Paleozoic formation (Fig. 2, Fig 3): Gornja
Tre$njica (Q,,=80 1/s) and the Taor springs (dis-
charge zone), that is partially captured for munici-
pal water supply of the Kosjeri¢ village. The flow
rate of non-captured part of the Taor springs varies
in the range 17-250 1/s (PETROVIC, 2013). Supple-
ment water supply of Kosjeri¢ is based on the cap-
ture of karst water by a drilled well (Fig. 2), during
the recession of Taor springs.

Groundwater quantity

There is no continuous (systematic) outflow
monitoring at significant drainage points of the
karst aquifer, which would significantly facilitate the
precise water balancing and the assessment of avail-
able groundwater quantity in the area. Based on the
available meteorological data, for the period 2000-
2015, an approximate water balance is made for the
area covered by sectors [, I and III.

Water balance equation can be expressed as
(Myarovic, 1997):

D=P—-E =R+1, (1)

where: D- runoff; P- precipitation; E.-evapotran-
spiration; R- surface runoff; I,- infiltration (in karst
aquifer)

Evapotranspiration was calculated according to
the Turc formula:

' / P (2)
0.9+ ?

“L” parameter is calculated as:

L =300+257+0.057° (3)

where ,T“ is the average annual air temperature.
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Table 4 shows calculated average annual evapo-
transpiration values for the period 2000-2015,
based on annual sum of precipitation and average
air temperature in Valjevo meteorological station
(10.7 °C).

Table 4. Annual sums of precipitation and calculated evapotran-
spiration for MS Valjevo (167 masl) for 2000-2015 period.

Year P (mm) Er (mm)
2000 470,3 403,3
2001 992,6 526,8
2002 657,3 476,8
2003 580,4 434,5
2004 697,4 471,0
2005 770,9 474,4
2006 797,3 498,8
2007 756,0 503,8
2008 694,9 495,6
2009 868,0 534,4
2010 1030,4 5519
2011 581,8 431,4
2012 611,1 460,2
2013 702,3 513,8
2014 1332,4 645,0
2015 767,6 542,3
Aver. 769,4 497,8
% 100 64,69

Calculated from Tab. 4, (average) annual runoff
(D) is 271,6 mm. According to Mijatovi¢ (1997), in
karst terrains of western Serbia, infiltration makes
70-85% of the runoff. Adopted value for our calcu-
lation is 70%, given that app. 50% of calculated area
is (un)covered karst (Tab. 5). It makes effective an-
nual infiltration of 190,12 mm and that means av-
erage ground water quantity i.e. average karst
aquifer discharge of 4.37 m3/s (Tab. 5).

When it comes to (peripheral) sectors IV and V
(233 km?), the applied calculation parameters
should be changed, given that the presence of out-
crop karst is significantly lesser (Table 3). A rough
estimation is that the infiltration here accounts for
about 40% (109 mm/year) of the total runoff, giving
a total (for both sectors) discharge of 0.81 m3/s.

Total average karst aquifer discharge rate for
whole VK area is 5.18 m?/s.
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Table 5. Groundwater quantity calculation for the sectors I, Il and I1I (2000-2015).

-300 to (+)350 m asl. All ana-
lysed waters are low-minerali-

— TcoveredRarst Effective_ infil?ration zed (<1 g/1), while tempera-
(GW quantity/discharge) tures range from 9-35 °C.

km’ km’ mm/year m’/year m’/s Cold water (<15 °C) makes

546 270 190,12 137,8 x 10° 4,37 about 1.2 m*/s (80%), sub-
thermal (15-25 °C), about 80

1/s (2%) and thermal (>25 °C),

Discussion about 200 1/s (18%). Captured groundwater is used

The area is featured by complex underground
hydrography and discordance of topographic and
hydrogeological (sub)catchments, that makes diffi-
culties for precise water balancing.

Tracing tests were conducted on several occa-
sions, in the period 1972-1987. The obtained re-
sults, and above all the calculated velocities of
underground flows, should be accepted with a cer-
tain reserve. Observations at outlet points were not
continuous, so the first occurrences of tracers were
most likely registered with a delay. This means that
all calculated groundwater velocities (Tab. 2) are
less than the real ones. In addition, observations
were made at (only) a few (expected) points, so the
number of traces is probably higher than shown in
Fig. 4 and Tab. 2.

Calculated average aquifer discharge is 5.18 m3/s
and is lower than the mentioned estimates of some
mentioned researchers (about 6-6.5 m3/s). It is im-
portant to point out that both values represent the
results of relatively rough calculations/estimations,
as well as that the discharge rate depends on the an-
nual quantity and seasonal distribution of precipi-
tation. In addition, our calculation is based on
precipitation registered at the altitude of 167 m asl
(Tab. 4), while the real average altitude (Tab. 3) is
much higher, especially in sectors I, [ll and V (which
make the largest part (about 86%) of the total
space). Therefore, the real average values of precip-
itation and, consequently, infiltration are higher
than the calculated ones.

Total minimum flow rate of the analysed karst
springs and discharge zones is 1.2 m3/s, where the
elevations of the discharge points (zones) vary in
range 180-930 m asl. Total flow rate of the analyzed
wells is about 0.3 m3/s, which makes about 1.5 m3/s,
totally. Altitudes of the well intake intervals are from
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for multiple purposes: municipal water supply, com-
mercial bottling, recreational pools etc.

The Q,in/Qmax Spring discharge regimes vary
from 1:10 (Paklje and Petnica spring) to 1:25 (Gra-
dac springs), which makes these resources, under
natural conditions, relatively unreliable in dry peri-
ods. Higher altitude of Gradac springs is probably
the reason for more (than Paklje and Petnica spring)
variable discharge regime.

Bacteriological pollution of groundwater drained
by Paklje spring is a direct consequence of the
aquifer openness (exposure) and unfavourable con-
ditions of its natural vulnerability. The pollution
hazard is reflected in the fact that agricultural activ-
ities are present in the catchment, and rural settle-
ments do not have sewerage. A similar situation is
typical for most of the area in in sectors I, Il and III.

Conclusion

An analysis and systematization of available data
derived from previous researches is given in the
paper.

VK s an area of about 780 km?, while the uncov-
ered karstified limestone makes about 330 km?. Ac-
cording to the spatial distribution of the most
important discharge points and zones of the karst
aquifers as well as available data of proven ground-
water traces, the area is divided into five sectors. A
branched network of groundwater traces between
swallow holes and discharge points is presented as
well as main features of sixteen karst springs (dis-
charge zones) and nine (group of) wells. Average
karst aquifer discharge of the whole area is calcu-
lated on 5.18 m3/s. Total minimum flow rate of the
analyzed karst springs and discharge zones is esti-
mated at 1.2 m3/s, while the total flow rate of the
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analyzed wells is estimated at about 0.3 m3/s, which
makes about 1.5 m3/s of total (minimum) discharge.
All analysed waters are low-mineralized (<1 g/l1),
while temperatures range from 9-35 °C. Use of the
waters is multipurpose: municipal and local water
supply, commercial bottling, recreational pools etc.

There is no adequate (systemic) quantitative
monitoring of karst groundwater, neither in terms of
spatial schedule of points, nor in terms of continuity.
None of the springs or discharge zones is observed,
and there is only one observed hydrometric profile
(Deguri¢, on the Gradac river).

Regulation of (unfavourable) natural discharge of
Paklje and Gradac springs (sector I) have been con-
sidered by some researchers, but the realization did
not happen given that the construction of the “Stubo-
Rovni” dam and reservoir (on the Jablanica and
SusSica rivers) was planned several decades ago, for
the water supply purpose of the entire Kolubara dis-
trict. In other sectors regulations have been success-
fully carried out at several sites by drilled deep wells,
for municipal water supply, thermal water use and
commercial bottling.

Regardless of the national and district water
management plans, the VK aquifers should be kept
under continuous quantitative (discharge rates of
springs/wells and GWL) and qualitative (because of
high vulnerability and pollution hazard) monitoring,
in order to preserve and keep this exceptional natu-
ral water reservoir in good status.
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Pe3ume

Iloa3eMHe BoAe Ba/beBCKOr KapcTa
(3amagHa Cpowuja)

[Togpy4je Ba/beBCcKOr KapcTa npynaza yHy Tpall-
BbUM JluHapuuMma 3anagHe Cpbuje u mpocTUpe ce
o1 Ba/beBCckO-MHOHUUYKOT 6aceHa Ha ceBepy, [0 ce-
BepHUX NajivHa Ba/beBckux mianuHa (Ciuka 1), ca
pacnoHoM HaaAMopckux BucuHa 50-1350 mnm.
[1aBHa Maca KpeyrbaKa OTKPUBEHA je Ha MOBPLIMHHU
TepeHa o1 oko 330 km?, 70K, y mupeM CMHCIY, [[EJI0
Ho/pyyje uMa NOBPIIKHY oA oko 780 km? Y suto-
cTpaTurpadckoM mnorsesy, JOMHUHAHTHA je dopMa-
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[Mja Kpeumaka MU [JOJIOMUTA CpeJmeTpUjacke
crtapocTty, AebsbruHe oko 300 m (MojsiLovic et al.,
1975), y Kojoj cy dopMupaHe KapCTHe HU3JaHHU
(Cnuke 2 u 3, Tabena 1). Pesbed TepeHa uuHe
KapCTHU I1J1IaTOH, KOjU CYy OJJBOjeHH JoJIMHaMa (Ka-
woHKMa) peka Cymuiie, [paana, Jlenenune u Pu6-
HuLe. JlJoMUHaHTHU NOBPLUIMHCKH KapCTHU 06JIUIH
cy Bptaue (>10/km?), a nog3emMHu nehuHe u jame.
Ha ocHOBy mpocTOpHUX MNO3UIMja 3HAYajHUjUX
KapCTHUX BpeJia WK JjpeHaxkHUX 30Ha (Cianka 2),
Kao M Ha OCHOBY pe3yJTaTa ONHUTa Tpacupama
(Cnuka 4, TaGesa 2), Koju MOKa3yjy pa3rpaHaTy U
KOMIIJIEKCHY MPeXy I0JI3eMHUX TOKOBA, oJpyyje
Ba/beBckor KapcTa je mojie/beHO y 5 cekTopa
(Ta6ena 3): I - Jleauhku kapcm; Il - Caus peke barse;
HI - Causosu peka JleneHuye, Pu6Huye u Tonauye;
1V - CesepHa kapcmHa oa3za (3oHa Henpuuase) u V -
JyocHa kapcmHa oasa (3oHe ucmuyarea Taopckux
spesa u spesa lopree Tpewruye).

Jleauhka kapcmHa usdaH ce, y Hajsehoj Mepy,
ApeHupa npeko BpeJa Ilakmwe u 'pagan, yuje us-
JlALIHOCTH Bapupajy y omncery 0,2-1,04 m3/s (Ila-
Ksbe), ca mpocedHux 0,43 m3/s (DokmANoviC &
Vuki¢evi¢, 2019), ogrocHo, 0,4-10 m3/s (T'pazan), ca
npoceyHux 1,1 m3/s (Miyarovi¢, 1983). [leTHHUYKO
BpeJio, ca onceroM uszgamuoctu 0,11-0,25 m3/s
(GoLuBoviC et al., 2014), Haj3HaYajHUjU je JPEHAKHHU
NYHKT Yy causy peke barbe, IOK je HajsHA4YajHUjU
BOJIHU 06jeKaT, 1y60KU GyHap ca 3aXBaTOM OKO 15
1/s Tepmasnne (29 °C) Boge. (PETROVIC, 2013;
MariNoviC, 2014). 3a causose Jlenenuye, PubHuye u
Tonsuye cBOjCTBEHE Cy IpEHAXKHE 30HEe Ca XJIaJHUM
Y (cy6)TepMaJHUM MaJIOMHUHEPAJIU30BaHUM BO/ia-
Ma ¥ Behu 6poj 6yHapa ca 3axBaTUMa BO/a 32 BU-
[IeHaMeHCKO Kopulihemwe (KOMYHAJHO BOJOCHA6-
JleBame, ¢JaniMpame, peKpeaTUBHU 6a3eHH).
Haj3sHauajHuje fpeHakHe 30He XJIaJJHUX U CyOTep-
MaJIHUX BOJa OBOT ceKTopa cy y 30HM Kubyua u
[lamrtpuha, y oKBUpY KOjUX TOCTOjU U HajBehu 6poj
aKTUBHUX OyHapa. HajsHauyajHuja mojaBa TepmaJi-
HUX Boza (26-27 °C) je y 6amwu Bpyjuu, nok je
HajTomunja Boja (35 °C) 3axBaheHa y60KuM GyHa-
poM y MwuoHunu. Mssopuumrte 3a KOMYHAJIHO
BOJloCcHabOAeBam-e JlajkoB1ia, y Henmpuuasy, ca 6 6y-
lmeHUX OyHapa, cymapHe usgaumHoctu 120 1/s,
IpeJCcTaB/ba Haj3HAYajHUjU 3aXBaT BOJA Y CEBEPHO]
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oa3u. Y JyicHoj, Haj3Ha4ajHUje IojaBe Cy BpeJso
[opme Tpelumulle, ca NpoCeYHOM U3AALIHOIINY 0
80 1/s u Taopcka Bpesa, ca omncerom 17-250 1/s
HeKallTUPAHOT fieia npoTtuuaja (PETRoOVIC, 2013).

YKynHa MUHHUMaJIHA U3/JJallHOCT CBUX aHa/IU3U-
paHUX BpeJia U peHaKHMX 30Ha BasbeBckor kapcTa
u3Hocd oko 1.2 m3/s, MOK yKymHa WM3AalIHOCT
6yHapa u3Hocu oko 0.3 m3/s, ITO yKyNHO YUHU
oko 1.5 m3/s MajioMUHepaIM30BaHUX BOJIa, YHje Cy
TeMIiepaType y oncery 9-35 °C. [IpoceuyHa usjauu-
HOCT KapCTHHUX U3/JaHU LieJIoT NTo/ipy4yja cpayyHaTa
je Ha 5.18 m3/s. [lpupogHU peXUM JpeHUparba
KapcTHe uszganu Jlenuha, ca uspakeHUM pasJivKa-
Ma u3Mehy MUHMMaTHUX U MaKCUMaJIHUX MPOTHU-
naja (1:10-1:25), yuHU OBe pecypce peJlaTHBHO
HeINoy3/JaHUM 3a eKCIlJIoaTalyjy Y CyIIHUM N1epro-
AauMa. [IpensiaraHM KOHLENTU perysanuje HUCY
0360U/bHUje pa3MaTpaHU 360T rpajme OGpaHe U
akymysanuje ,Cty60-PoBHU", Koja 6u Tpebasio Ja
npe/cTaB/ba OKOCHULY KOMYHaJIHOT BOJOCHabe-
Bawa Lesor Kosybapckor peruoHa. ¥ ocTajauM
CEeKTOpHUMa, peryjalyja UCTULAEkA je YCHEeLIHO
crpoBejieHa Ha BeheM 6pojy JiokanuTeTa, 3a MO-
Tpebe BUIIEHAaMeHCKOT Kopulihewa Boja (KOMy-
HaJIHO BO/IOCHAO/ieBabe, QJialivipame, peKpeaTuB-
HU 6a3eHHU.

Ha BeheM pesy ucTpaxkHor mnojpydja, ycjaoBu
NpUPOJIHE PabUBOCTU KapCTHE U3JjJaHHU Cy peJia-
THBHO HENOBOJbHHU, 360T HheHe 3HauyajHe ,0TBope-
HOCTU" (OTKPUBEHOCTH) IpeMa NOBPLIMHU TEPEHa,
JIOK ce xasap/, of, 3arabuBama HU3/aHU orjesa y
YHbEeHUIM /1A je y CJIMBY 3acTylJ/beHa M0JbONpPU-
Bpe/iHa 1eJIaTHOCT, Te Jla CeocKa Hace/ba yIrJlaBHOM
HeMajy KaHa/Iu3aLujy.

Be3 063upa Ha HalMOHa/HE U pervuoHasjHe
BOJIONIPUBPE/IHE JIaHOBe, U3JJaHU ¥ OKBUpPY Ba-
JbeBCKOTI KapcTa Tpeba a 6yy 10/, KOHTHHYaJIHUM
KBAaHTUTATUBHUM (M3/JallIHOCTH BpeJsia/6yHapa u
HUBOM MOJ[3€eMHUX BOJIa) U KBAJIMTATUBHUM (360T
BUCOKe NMPUPOJHE PambHUBOCTU U XasapZa o/, 3a-
rahuBamwa) MOHUTOPUHIOM, KaKo 64 ce 0Baj U3y-
3eTHU NPUPOJHU pe3epBoap BojAa OJpKaBao y
JI06pOM CTaTyCy.

Manuscript received March 11, 2021
Revised manuscript accepted June 07, 2021

Geol. an. Balk. poluos., 2021, 82 (1), 47-58





