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Abstract. A sufficiently long spring discharge regime monitoring data set allows for a large number of
analyses, to better understand the process of transformation of precipitation into a discharge hydrograph. It is
also possible to determine dynamic groundwater volumes in a karst spring catchment area, the water budget
equation parameters and the like. It should be noted that a sufficiently long data set is deemed to be a contin-
uous spring discharge time series of more than 30 years. Such time series are rare in Serbia. They are gener-
ally much shorter (less than 15 years), and the respective catchment areas therefore fall into the “ungauged”
category. In order to extend existing karst spring discharge time series, we developed a model whose outputs,
apart from mean monthly spring discharges, include daily real evapotranspiration rates, catchment size and
dynamic volume variation during the analytical period. So far the model has solely been used to assess the
discharge regime and water budget of karst springs. The present paper aims to demonstrate that the model also
yields good results in the case of springs that drain aquifers developed in marbles. Belo Vrelo (“White
Spring”, source of the ToliSnica River), which drains marbles and marbleized limestones and dolomites of
Cemerno Mountain, was selected for the present case study.

Key words: groundwater regime, catchment area, real evapotranspiration, dynamic volume, water budget,
Belo Vrelo, Serbia.

Ancrpakt: J[0BOJBHO JyT HU3 OCMaTpamba PeXKnMa UCTHIIAmha HEKOT Bpena oMoryhyje mpuMeHy BEeTHKOT
Opoja aHamu3a Koje Mory momohu nma ce mporec Tpanchopmaiuje magaBruHa y XUAPOTrpaM UCTUIamba 00Jbe
pasyme. Takohe omoryhajaBy aa ce oxpese: AMHAMUYKE 3allPEMUHE MOA3EMHHX BOJIa CIIMBA KapCTHOT Bpea,
mapamMeTpu OmnaHcHe jeqHaunHe, uTh. OBre Tpeba HAIIOMEHYTH 1a JOBOJBHO OYTH HHU3 MOApa3yMeBa YHbE-
HHUILY 13 j& HEOMXOJHO MMATH HEMPEKUIHY CepPH]jy OCMaTpama PexKrMa HCTULaha HEKOT Bpelia y BPEMEHCKOM
uHTEepBaITy myxem of 30 romuHa, mTo je penak ciydaj y Cpouju. Hajuemhe cy cepuje ocmarpama UCTHIIAEA
Ha BpenuMa 3HaTHO kpahe (ucmox 15 rommHa) MITO WX Ha JKAIOCT CBPCTABA Y KATETOPH]Y XUAPOIOIIKH
HEeHM3y4YeHUX CIIMBOBA. 3a moTpede mpojyKaBama MocTojehnx HU30Ba UCTHUIIAha KAPCTHUX Bpelia pa3BHjeH je
MOJIeN KOjH, Kao U3lia3, MOpel CepHje Cpelbe MECEUHHX IIPOTUIIaja HEKOT Bpelna, aje U JHEBHE BPEIHOCTH
peaiHe eBaroTpaHCIUpaIije, MOBPIIHHY CIHBA U MPOMEHY AWHAMHYKE 3alPEMHUHE y PAuyHCKOM TEPUOLY.
Mozern je 0 cana NpUMEHUBAH HCKJBYYHBO 3a MOTpebe aHann3e pexknMa 1 Onnanca kapetHux Bpena. Cepxa
OBOT pajia je Jla MOKaxKe J]a Pa3BHjCHU MOJIEI aje 1o0pe pe3yiTare Kaja Cy y MUTamby U Bpeia Koja IPeHUpPajy
u37aHu popMHUpaHe Y MepMeprMa. Y KOHKPETHOM cly4ajy je uzadbpano beno Bperno (Bpeno TomumiHuiie) xoje
JpEHUpa MepMepe U MepMepHCcaHe Kpedmake manuae YemepHo.

KibyyHe peunm: pexuM IMOJ3EMHHX BOJA, MOBPIIMHA CIIMBA, PEajiHa CBANOTPAHCIHpAIUja, TUHAMUAYIKA
3anpeMHHa MOJ3eMHUX BoJa, OminaHc Boaa, beno Bpero.

Introduction ical characteristics of the area, the qualitative and
quantitative characteristics of the groundwater, and

One the key prerequisites for efficient groundwater the variations in these parameters over time. The
use for any purpose is knowledge of the hydrogeolog- aquifer regime is governed by a series of factors, pri-
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Fig. 1. Location and hydrogeological map of the Belo Vrelo (Tolisnica Spring) catchment (after BRKOVIC ef al. 1977).
Legend: 1, diabases; 2, gabbro-diabases; 3, gabbros; 4, harzburgites, siltstones, schistose mudstones and cherts; 5, arenites,
alevrolytes, schistose slays and cherts; 6, massive dolomitic marbleized limestones; 7, schists and biotitic phyllites;
8, amphiboles; 9, marbleized limestones; 10, chlorite-epidote-actinolite rocks; 11, phyllites; 12, fault; 13, surface stream;
14, spring; 15, water divide; 16, fractured aquifer; 17, karst aquifer.

marily the geological setting and the geomorphologi-
cal, hydrogeological and climate conditions.

A catchment area is deemed to be gauged if the re-
gime of relevant quantitative parameters has been mo-
nitored for at least 30 years. A catchment area is partial-
ly gauged if monitoring lasted for 15 to 30 years, and
ungauged if the monitoring period was shorter than 15
years (PROHASKA 2003). From this perspective, gauged
catchment areas of karst springs in Serbia are extreme-
ly rare. There are only two such cases at present: a karst
spring near the Village of Zagubica, which is the source
of the Mlava River, and Sveta Petka Spring near the
City of Para¢in (STEVANOVIC ef al. 2014).

The time series of all the other karst springs are
either much shorter (from one to ten years) or there
has been no monitoring at all, the latter being more
often the case. Assessments of the discharge regime
and water budget of ungauged springs, or those that
have not been studied in hydrological and hydrogeo-
logical terms, can be misleading. To prevent potential-
ly erroneous assessments of the water budget equation
parameters in such cases, or to at least ensure reason-
able departures from real values, the Department of
Hydrogeology of the Faculty of Mining and Geology
at the University of Belgrade developed a model that
extends relatively short (less than 15 years) time

series of karst spring discharges. Apart from extend-
ing the length of existing time series, the model pro-
vides the catchment size, real evapotranspiration rates
and variations in karst spring dynamic volume in the
analytical period for which gaps in the existing time
series of average monthly discharges have been filled.
To date, the model has been tested and applied to
about 20 karst springs in Serbia (RisTiC 2007; RISTIC
VAKANJAC et al. 2010, 2013, 2014a, 2014b; STEVANO-
VIC et al. 2010). The difference between the catch-
ment size computed by the model and the real catch-
ment size of the karst spring resulting from detailed
hydrogeological research is up to 10%.

Described below is the outcome of an application
of the model, in this case to Belo Vrelo (source of the
Tolisnica River), which drains marbles, marbleized
limestones and dolomites of Cemerno Mountain.

Geological and hydrogeological
characteristics of the extended area of
Belo Vrelo

The karst spring of Belo Vrelo is situated in central
Serbia, in Ivanjica Municipality (Fig. 1). The drainage
area of the spring belongs to the catchment area of the
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Fig. 2. Belo Vrelo.

Tolisnica River, which in turn belongs to the wider Lo-
patnica River Basin on the slopes of Cemerno Moun-
tain. The upper part of the Lopatnica River Basin fea-
tures several springs, the largest being: Belo Vrelo (Fig.
2), Konjsko Vrelo (Horse’s Spring) and Mala Sokolina
cluster of springs (Fig. 1). The altitude of most of the
basin varies from 600 to 1000 m, while the edges of the
basin in the south are as high as 1581 m a.s.l. (Fig. 3)
(at Smrdljus Summit of Cemerno Mountain).

The area is largely made up of Paleozoic deposits
that hold a fractured aquifer. The sediments include
phyllites, metamorphic quartz conglomerates, gneiss-
es and schists, as well as marbleized limestones which
are highly relevant to this research. In addition to
Paleozoic sediments, there are also massive Middle
Triassic dolomitic and marbleized limestones, but to a
lesser extent. They occur as erosion remnants — pene-
plains, whose size is about 1.5 kmZ2. They constitute
the margin of a large Triassic belt of Jelica Mountain,
with which they are in contact. There are also Upper
Cretaceous (Senonian) siltstones and schistose mud-
stones, overthrust on Senonian-Upper Cretaceous fly-
sch (limestones, marls, sandstones and mudstones).
The faults (the most pronounced of which are found in
the Rudno—Propljenica zone) are nearly parallel to the
plane of overthrust, roughly running in the
NNW-SSE direction. Flaking is also evident in the

Fig. 3. Smrdlju§ Summit of Cemerno Mountain.

middle of this zone, where Triassic sediments are
developed. Young transverse faults are quite common
throughout the area (BRKOVIC et al. 1977).

Limestones, marbleized limestones and dolomites
determine to a large extent the hydrogeology of the
study area because of their fracture porosity resulting
primarily from local tectonic movements. The aquifer
stores a considerable amount of groundwater. To-
wards the surface, these rocks act as hydrogeological
collector-conduits, while in the deeper reaches they
serve as collector-reservoirs, discharged at the point
of contact with semi-permeable and impermeable
rocks via springs formed in places where local faults
occur, like in the case of Belo Vrelo. The study of the
hydrogeological characteristics of the terrain included
an analysis of spring discharges, whose minimum-to-
maximum ratio was less than 10 and the number of
karst features less than one per km?2.

Recharge comes from precipitation and sinking of
small surface streams. In the case of fracture porosity,
groundwater pathways are determined by the geologi-
cal formation, extent of fracturing and local hydrogeo-
logical conditions. At Belo Vrelo, groundwater circu-
lates within faults, fractures and fissures. Groundwater
drainage, or discharge, is gravity-driven and takes place
via springs exposed on the ground surface, whose dis-
charge rates vary. Belo Vrelo features the highest dis-
charge rates; the lowest rate ever recorded was 40 /s
in December 1978, while the highest rate was more
than 300 1I/s. Konjsko Vrelo (Horse’s Spring) dischar-
ges some 5 1/s and Mala Sokolina springs 2 to 3 I/s.
Belo Vrelo emerges on the ground surface below a
bend called Tisovski Prevoj, on the northern slopes of
Cemerno Mountain, at an altitude of 770 m. The
spring is located at a distance of about 3 km from the
Village of Tolisnica. The spring discharges through a
steep slope at the point of contact between marbleized
limestones and impermeable rocks. In the spring area,
visible blocks of while marbleized limestones, 3—5 m
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wide, suggest the existence of a fault that follows the
gradient of the terrain (about 30°).

Hydrological monitoring of Belo Vrelo

In 1994, the National Hydrometeorological Service
established hydrological stations at several karst
springs, including Belo Vrelo. Hydrometric surveys
and water level monitoring began on 1 January 1995
and continued through the end of 2002. Table 1 shows
mean monthly and annual discharges of Belo Vrelo
during the period of monitoring. Generally speaking,
maximum discharge rates are usually attributable to
snowmelt and spring rains.

and the lowest only 67 /s, recorded several times in
1995, 1996 and 2001. The 1995-2002 ratio of mini-
mum-to-maximum discharges was 1:6, indicative of a
relatively uniform discharge regime of Belo Vrelo. Fi-
gure 4 shows the 1996 hydrograph of this spring. The
hydrograph includes one prolonged spring maximum
(possibly two), and one minimum. The discharge peaks
are generally attributable to snowmelt, which started in
March/April, and spring rains (April/May/June). If
snowmelt and spring rains occurred simultaneously,
the hydrograph showed a prolonged peak. If the two
events did not coincide, there were two or more lower
peaks in the first half of the year. Conversely, the low-
est discharge rates were noted in the summer months,
when the discharge rates of Belo Vrelo were the lowest.

Table 1. Mean monthly and annual discharges of Belo Vrelo (m3/s).

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec Annual
1995 | 0124 | 0135 | 0140 | 0150 | 0150 | 0147 | 0111 | 0.086 | 0.081 | 0.070 | 0.080 | 0079 0.113
1996 | 0078 | 0.079 | 0080 | 0109 | 0147 | 0147 | 0117 | 0086 | 0106 | 0.115 | 0106 | 0.106 0.106
1997 | 0104 | 0090 | 0087 | 0129 | 0156 | 0144 | 0143 | 0142 | 0128 | 0120 | 0117 | 0115 0.123
1998 [ oms [ 0131 [ ons [ 0127 [ ons | o108 | o103 [ 0086 [ 0087 [ 0100 | 0105 | 0.100 0.114
1999 [ 0102 ] 0.097 T 0113 [ o0 [ 0102 T 0.090 [ 0.085 [ 0089 [ 0092 [ 0098 [ 0098 | 0117 0.099
2000 | 0123 | 0114 | 0125 | 0109 | 0098 | 0088 | 0081 | 0079 | 0093 | 0089 | 0089 | 0088 0.098
2000 | 0071 | 0075 | 0080 [ 0094 | o5 | 0125 | 0127 | 0027 | 0170 | 0205 | 0187 | 0175 0.129
2002 | 0247 | 0241 | 0232 | 02064 | 0188 [ 0178 | 0172 | 0208 | 0253 | 0206 | 0330 | 0214 0.232
Qav | 0121 | 0120 | 0122 | 0136 | 0134 [ 0428 | 0017 | 0113 | 0126 | 0133 | 0139 | 0124 0.127
o 0.05 0.05 | 0.05 0.05 | 0.03 0.03 0.03 | 0.04 0.06 0.07 | 0.08 0.05 0.04
Cy 0.45 045 | 041 040 | 0.24 0.25 026 | 0.40 0.47 0.51 | 0.60 0.37 0.35
Cs 212 191 | 1.83 | 231 0.51 0.05 067 | 1.66 1.75 146 | 213 1.33 2.50
Max | 0247 | 0241 | 0232 | 0264 | 0188 | 0178 | 0172 | 0208 | 0253 | 0.266 | 0330 | 0214 0.232
Min | 0071 | 0.075 | 0.080 | 0.094 | 0.098 [ 0.088 | 0.081 | 0.079 | 0.081 | 0.070 | 0.080 | 0.079 0.098
P Autocorrelation and cross-correlation
% 0.16 analyses of Belo Vrelo
o 014
% 0.12 Correlation analyses of the effect of annual precipita-
S 01 tion totals on discharge rates of Belo Vrelo were under-
° 0.08 taken to substantiate the above conclusion, or, in other
= 0.06 words, to corroborate the correlation between precipita-
o tion and discharge. At a calendar year level, the coeffi-
£ om cients of correlation were extremely low (r = 0.275 for
§ 0.02 the station at Ivanjica and r = 0.073 at Kraljevo).
0 However, when the hydrological year was assessed, the
P PP PP P o PP PP P coefficients of correlation were much higher, amount-
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Fig. 4. 1996 hydrograph of Belo Vrelo.

Based on recorded daily discharges, the long-term
average discharge for the period 1995-2002 was
0.127 m3/s. The maximum mean monthly discharge
rate was 0.330 m3/s, registered in November 2002. The
minimum mean monthly discharge was 0.070 m3/s, in
October 1995. With regard to absolute daily discharge
rates, the highest was 410 I/s on 24/25 December 2002

ing to r = 0.465 at Ivanjica and as much as r = 0.667 at
Kraljevo. This was a result of the fact that winter (No-
vember, December and January) precipitation remain-
ed in the catchment area and caused runoftf/discharge
during the next calendar year, after snowmelt. As a
result, this type of analysis generally requires param-
eter averaging with regard to the hydrological year (1
October to 30 September). Then a cross-correlation
analysis was undertaken to examine the effect of daily
precipitation totals on discharge rates of Belo Vrelo.
Figure 5 shows a cross-correlogram with a 100-day
time lag. It is apparent that the strongest correlation
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between precipitation and discharge was noted after
one day, but that there was a pronounced peak after 32
days, which was certainly due to snowmelt.
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Fig. 5. Cross-correlogram (COKORILO ILIC ef al. 2014).

Apart from the cross-correlation analysis of Belo
Vrelo, an autocorrelation analysis was undertaken for
a time lag of 100 days (Fig. 6). The autocorrelogram
showed a strong correlation even after 100 days, cor-
roborating the earlier claim that the discharge regime
of Belo Vrelo is relatively uniform (or that the memo-
ry is long, 100 days or more).
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Fig 6. Auto-correlogram.

Recession curve analysis

Groundwater reserves of Belo Vrelo were assessed
by recession curve analysis. A proper analysis of the
retardation capacity of an aquifer requires a period of
at least 90 days after heavy rainfall, with constant
drainage and no recharge (aquifer recession). The dis-
charge regime monitoring data revealed that these cri-
teria were fulfilled in 1995, from 8 June to 2 No-
vember (a total of 148 days), and in 2000, from 23
March to 21 August (156 days). It should be noted that
there was some rainfall during the period, but it had

no significant effect on the spring discharge regime,
as clearly shown in Figs. 7 and 8. Namely, during that
period the rainfall was either torrential in nature, such
that a part of the atmospheric precipitation was lost to
surface runoff or evapotranspiration, or the precipita-
tion totals did not cause any signification variation in
the dynamic volume and thus had no effect on the dis-
charge hydrograph.

Belo vrelo spring discharge (m’s)

0.01

0 50

time (days) 100 150

Fig. 7. Analyzed part of the regression stage of the hydro-
graph, 8 June to 2 November 1995.
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Fig. 8. Analyzed part of the regression stage of the hydro-
graph, 23 March to 21 August 2000.

Analysis of the regression stage of the hydrograph
(Fig. 7) revealed two discharge microregimes, whose
characteristics were nearly identical. Maillet’s equa-
tion (MAILLET 1905; KRESIC & BoNacct 2009) was
used to compute the drainage coefficient:

logQ, —log
o ?:?0 go 0
0.4343-(1 —1,)

It follows from Eq. 1 that during the 1995 recession
period (Fig. 7):
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_logQ, —logQ  log0.155—10g0.081

= =0.009013
0.4343-(z, —1,) 0.4343-72

_logQ,, —logQ,  10g0.095—1020.072

= =0.001777
0.4343-(t, 1) 0.4343-156

2

Similar results were obtained for the 2000 reces-
sion curve (Fig. 8):
logQy —logQ;,  log0.12-10g0.072
0.4343-(t, 1) 0.4343-160

=0.003193

1

The drainage coefficients were of the same order of
magnitude and demonstrated average-to-good reces-
sion characteristics of the aquifer. These parameters
were used to determine the summary volume of the
discharged water. In the first case (1995), the summa-
ry volume was:

QOI _QO2 Q02 -0

V=V +V,="1"=02.86400 + =2~ .86400
o Qs

_0.155-0.095 g oing . 0095 ooing
0.009013 0.001777

=575141+ 4619100 =5194241 m*

and in the second case (2000):

QOI -0

o4

0.12-0

V== -86400 03 -86400 =3247490 m*

Application of the model to fill gaps in
average monthly discharge time series

A model developed at the University of Belgrade,
Faculty of Mining and Geology, Department of Hy-
drogeology was used to identify the parameters of the
water budget equation, primarily the catchment area
of Belo Vrelo. The model comprises several levels; in
the present case:

1. Generation of a long-term time series of Belo
Vrelo discharges using a mathematical model of
multiple nonlinear correlation (MNC) for spatial
transfer of hydrometeorological data (PROHASKA
et al. 1977, 1979, 1995). Here the MNC model
was used to extend the time series of average
monthly discharges of Belo Vrelo for the period
1960-2009. Figure 9 shows the intra-annual dis-
tribution of derived average monthly discharges
of Belo Vrelo during the analytical period.

2. Determination of potential evapotranspiration
(PET) by means of a modified Thornthwaite equa-
tion (RisTIC 2007; RISTIC VAKANIAC et al. 2013).

w

T =4

o pir

a -
|

mean monthly disharge (mafs

1 2 3 4 5 6 7 8 9
month

10 11 12

Fig. 9. Intra-annual distribution Belo Vrelo discharge
(COKORILO ILIC ef al. 2014).

3. Determination of real evapotranspiration (RET),
catchment size and water budget of the considered
aquifer as follows: for rainy days PET = RET, and
for days following rainfall RET was obtained
from the exponential equation RET = PET @21,
where ® is a dimensionless parameter and T is
the time step (1, 2, 3 ...). For the parameter val-
ues ® =0, 0.1, 0.2, ..., 0.8, 0.9 and 0.95, the
water budget equation was established by cali-
brating the potential catchment size such that the
condition V)= Vi was fulfilled. Then the func-
tion ® = f(F) was constructed, where the vertex
represented the real catchment area (Fig. 10)
(RISTIC VAKANIAC et al. 2013).

o
(%]
8.4km”

0.1 I

F

0 5 10 15 20

size of catchment area F (km?)

Fig. 10. Function ® = f (F) of the Belo Vrelo catchment.
(CoKORILO ILIC ef al. 2014).

The resulting catchment size could be used to com-
pute the parameters of the water budget equation
(Table 2). Table 2 shows: the catchment size F (km?2),
the long-term average discharge Q (m3/s), the dis-
charged volume of water W (10 m3), the long-term
average runoff modulus q (I/s/km?2), the runoff layer h
(mm), the average annual precipitation P (mm), the
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average annual evapotranspiration E (mm), and the
long-term average runoff coefficient ¢. To clarify
some of the parameters, following are the equations
that were applied in the analysis.

e Discharged volume W (106 m3)

W= QT )
e Runoff layer h (mm)

h=" 3)

e Runoff modulus q (I/s/km?)

1= 4

e Average annual evapotranspiration E (mm)

E=P—-h 5)
e Runoff coefficient ¢

*=p (6)

where: Q is the average annual discharge in m3/s, T'is
a one-year period in seconds, W is the average annual
discharge volume (m3), F is the catchment area in m2,
P is the precipitation in mm, and / is the runoff layer
in mm.

Table 2. Summary of Belo Vrelo water budget, 1960-2009.

F P E h Qav q W% 0]
: Is/km® | 10°m’| ©

km*| mm | mm | mm | m'/s
8.6 [866.5| 445.6|421.0| 0.116 13.5 3.62 | 048

Assessment of the dynamic
volume of Belo Vrelo

The basic water budget equation for a karst aquifer,
with a monthly time step, is:

h
0=— 7
=3 (7
where:
P; - monthly precipitation totals of the karst catch-

ment;

hj; - total monthly karst spring discharge layer;

E; - monthly sums of actual (real) evapotranspiration
in the karst catchment;

Vi - water volume of the considered karst aquifer in
the j-th month; and

Aj; - variation in stored karst groundwater, in the j-th
month.

Given that monthly precipitation totals are known
quantities and the average monthly runoff layer and
monthly sums of real evapotranspiration were gener-
ated by the model, Eq. 7 is generally used to compute
variations in dynamic volume during the analytical
period. Such volume variations in a karst groundwater
reservoir, derived in the above manner, are shown in
Fig. 11. It is apparent that the total dynamic volume of
Belo Vrelo, based on monthly values of all water

4

change in dinamic volume AV (1 o° ma)

Fig. 11. Variation in dynamic volume of Belo Vrelo.

budget components during the analytical period from
1960 to 2009, amounted to approximately 107 m3.

Conclusion

The general conclusion was that the annual average
discharge rate of Belo Vrelo was Q = 0.116 m3/s.
Given that the catchment size of this spring is 8.6 km2,
the long-term average discharge layer during the ana-
lytical period was h=421.0 mm. With regard to water
abundance, the specific yield of the Belo Vrelo
drainage area was found to be 13.5 1/s/km2, while the
derived runoff coefficient suggested that 48% of all
precipitation was infiltrated and then discharged via
springs. The quality of this bacteriologically safe
water is extremely high, such that it can be used for
domestic water supply, agriculture and fish farming.

Acknowledgement

This research was supported by the Ministry of Edu-
cation, Science and Technology Development of the Re-
+public of Serbia under Project No.OI-176022. We would
like to thank the reviewers ALEKSEY BENDEREV (Sofia,
Bulgaria) and RoMEO EfrTiMI (Tirana, Albania), for their
helpful and much appreciated comments. The reviewers’
suggestions resulted in a considerable improvement of the
final version of this paper.



100 MariNa COKORILO ILIC ef al.

References

BrkoviC T., MALESEVIC M., UROSEVIC M., TRIFUNOVIC S.
& RADOVANOVIC Z., 1976. Geological map of the Iva-
njica sheet K34-17, scale 1:100.000, Federal Institute of
Geology, Belgrade, Yugoslavia.

BrkoviC T., MALESEVIC M., UROSEVIC M., TRIFUNOVIC S.,
RADOVANOVIC Z., DIMITRIEVIC M. & DIMITRIEVIC M.
N., 1977. Explanatory book for Geological map of the
Ivanjica sheet K34-17, scale 1:100.000, Federal Institute
of Geology, Belgrade, Yugoslavia.

CokorILo ILI¢, M., RISTIC VAKANJAC, V., OUDECH, S., Po-
LOMCIC, D. & Baii¢, D. 2014. Hydrogeological charac-
teristics, discharge regime and water balance of Belo
Vrelo (source of the Tolisnica River, Serbia). Proce-
edings of the 16" Conference of Serbian Geologists,
346-352, Donji Milanovac (in Serbian).

KRESIC, N. & Bonaccr, O. 2009. Spring discharge hydro-
graph. In: KRESIC, N. & STEVANOVIC, Z. (Eds.), Ground
Hydrology of Springs, 129-230, Elsevier.

MAILLET, E. (ED.) 1905. Essais d’hydraulique souterraine et
fluviale. Herman, Paris.

PROHASKA, S., PETKOVIC, T. & SmmMoNovI¢, S. 1977. Appli-
cation of multiple nonlinear standardized correlation in
calculating correlations. Collection of papers of the
Jaroslav Cerni Institute for the Development of Water
Resources, 58: 25-34..

Pronaska, S., Petkovic T. & SmMoNovic S. 1979.
Mathematical model for spatial transfer and interpola-
tion of hydro-meteorological data. Collection of papers
of the Jaroslav Cerni Institute for the Development of
Water Resources, 64.

PrOHASKA, S., RISTIC V., SRNA P. & MARCETIC 1. 1995. The
use of Mathematical VMC Model in Defining Karst
Spring Flows Over the Years. 15" Conference of the
Carpatho-Balkan Geological Association, 4 (3): 915-919,
Athens.

ProHASKA, S., 2003. Hydrology, Part I. University of
Belgrade, Faculty of Mining and Geology. pp. 556,
Belgrade

RisTIC, V. 2007. Development of a Simulation Model of
Daily Karst Spring Discharges. Unpublished, Doctoral
Thesis. University of Belgrade, Faculty of Mining and
Geology, pp- 319, Belgrade.

RisTIC VAKANJAC V., PoLOMCIC D ., BLAGOJEVIC B., Coko-
RILO M. & Vakaniac B., 2012. Simulation of Karst
Spring Daily Discharges, Proceeding of the Conference
BALWOIS 2012, Ohrid, Macedonia, pp. 1-10.

RisTIC VAKANIAC V., PROHASKA S. & PoLomcic¢ D., 2010.
Definition of the Size of the Krupac Spring Drainage
Area (Carpatho-Balkanide Arch, Southern Serbia) for a
Karst Aquifer Water Balance Assessment. Proceeding of
the Conference BALWOIS 2010, Ohrid, Macedonia, pp.
1-10.

RISTIC VAKANJAC, V., PROHASKA S., PoLoMCIC D., BLAGO-
JEVIC B. & VAKANJAC B. 2013. Karst aquifer average
catchment area assessment through monthly water bal-
ance equation with limited meteorological data set,

application to Grza Spring in Eastern Serbia. Acta
Carstologica, 42 (1): 109-119.

RISTIC VAKANJAC, V., STEVANOVIC, Z., MARAN, A.,
VAKANIAC, B. & COKORILO ILIC M., 2014. An example
of karst catchment delineation for prioritizing the protec-
tion of an intact natural area, Environmental Earth Sci-
ences, Vol. 1, Hydrogeological and Environmental In-
vestigations in Karst Systems, Malaga, Spain, 387-396

RISTIC VAKANJAC V., STEVANOVIC Z. & COKORILO ILIC M.
2014. Underground piracy of Raska spring (southwest-
ern Serbia) and concept for the delineation of catchment
area and estimation of karst groundwater budget ele-
ments, Proceedings of the international conference and
field seminar “Karst without Boundaries”, Trebinje,
Bosnia and Herzegovina, pp. 207-212

RISTIC VAKANIJAC V., STEVANOVIC Z. & MILANOVIC S.,
2012. WP4-Availability of Water Resources. In:
Stevanovi¢ Z., Risti¢ Vakanjac V., Milanovi¢ S. (Eds.),
Climate Change and Impacts on Water Supply, 133—176.
Monograph, University of Belgrade, Faculty of Mining
and Geology, Serbia.

STEVANOVIC Z., MILANOVIC S. & RISTIC VAKANJAC V.,
2010. Supportive Methods for Assessing Effective
Porosity and Regulating Karst Aquifers. Acta Carsto-
logica, Slovenia, 39 (2): 313-329.

STEVANOVIC, Z., RISTIC VAKANIAC V. & MILANOVIC S.
2014. On the need to set up a new national groundwater
monitoring network in Serbia. Proceedings of the 16t
Conference of Serbian Geologists, Donji Milanovac,
317-3109.

Pe3ume

IIpouena pe:kxnMa HCTHIIAKA U OUJIaHCA
Boja beJsor BpeJia (u3BOp peke
Tonumnunne, nenrpaiana Cpouja)

XUAPOJIOIIKA M3yYEHOCT HEKOI' CIIMBa MOApasy-
MEBa J1a Cy OCMaTpama PeXUMa KBaHTUTATUBHUX I1a-
pamMeTapa BpLICHA Y MHTEpBaTy 0ol MUHUMaIHUX 30
ronuHa. KapcTHa Bpena Ha JKajnocT MMajy 3HATHO
kpahe HuU30Be ocMarpama (ox 1 mo 10 roguHa) wwm,
YIJIaBHOM, OCMaTpama J10 caa yoIIlUTe HUCY BpLIEHA
Ha BuMa. AHajaM3e peXHuMa MCTHLIAka U NpopadyH
napamerapa OniaHca KOA OBHX Bpeja KOje MOXXEMO
CBPCTaTH Yy TIPyNy XUAPOJIOMIKH/XUAPOTEOIOMIKHI
HEM3Yy4EHHUX CIMBOBA, MOTY IOHEKAJl IOBECTH 10 MPO-
TpeIIHUX 3aKJby4aka. [la Ou ce moTeHLMjaIHe IPelKe
onpehuBama mapaMerapa OWIAHCHE jeHAYMHE eJTH-
MHUHHCAJIE KOJ OBHX CJIy4ajeBa, UM CBEJIe Ha pa3yMHa
OJICTyTIaka Of] PEaTHUX BPEAHOCTH Pa3BUjeH j€ MOIET
3a MoTpede MmpoyXaBama MocTojehnx HU30Ba pena-
TUBHO KpAaTKUX CEpHja OcMarpama HCTHLAmkA M3
KapcTHUX Bpena (ucron 15 roxuHa). JeaHo ox Bpena
KOje HeMa JI0BOJAHO AYTW HHM3 ocMarpama je u beno
Bpeno (Bpeno Tomumiauie). Bpeno Huje kanTupaHo,
HaJa3u ce y ueHTtpanHoMm neiny CpOuje, TepuTopu-
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jamHO mpunaaa ommtuHA MBamune (cnuka 1) u ape-
HHUpa NaJuHe IUIaHnHe YemepHo.

VY mmpoj 301 benor Bperna, mopen nane3ojckux ce-
JUMEHaTa IIPUCYTHU Cy Y MameM OOMMY MAacCHBHHU
JOJIOMUTUYHH U MEPMEPHUCAHU KpPEUHalld CPEIbEr
Tpyjaca. JaBibajy ce y BUIYy €pO3MOHHUX OcTaraka - Kp-
Ia BeJIMYKMHE OKO 1.5 km? u umMHe He3HaTaH orpaHaK
BEJIMKOT TPHJACKOT TI0jaca TUTaHWHE Jemuie ca Kojuma
Cy y KoHTakTy. IIpucyTHH Cy U aneBpOiIMTH U ILKPHU-
JbaBH INIMHLHU TOPHE Kpele (CEHOH), HaBYYEHH IIPEKO
CCHOHCKO T'OpPH-EKpeAHOT (ruia (Kpedmbaly, JaropLuy,
nemyapy, mMHOK). Kpeumarnm, MepMmepucanu Kped-
Bald U JOJIOMUTH HMMajy BEJIUMKH XHUAPOTCOJIOLIKH
3Ha4aj Ha WCIUTHBAHOM TEPEHy jep MMajy 3Ha4ajHy
MYKOTHHCKY MOPO3HOCT HAcTaJIy Ha IPBOM MECTY Kao
MOCJIEANIIA JIOKATHUX TEKTOHCKUX MOKpeTa. OBe CTeHe
y TOBPIIMHCKUM JEJIOBUMA NPEACTaBIbajy XHIAPOIeo-
JIOIIKE KOJIEKTOpE - CHPOBOAHHUKE, NOK Y IyOJbuUM
JIeJIOBUMa TIPEACTaBIbajy KOJEKTOpE - pe3epBoape u3
KOjUX C€ Ha KOHTakTy ca ciabo BOJZOHOCHUM H
BOZOHENPOITYCHUM CTEHaMa BPIIN BUXOBO NPAKHEHE
IMyTeM Bpena Koja cy (opmupaHa y 30HaMa JIOKaJTHUX
pacena, mro je cirydaj u ca bennm Bpenom.

Toxom 1994. romae PXM3 je ycnocraBuo Xuapo-
JIOILIKE CTaHUILIE Ha BUILIC KAPCTHUX Bpesa Mehy kojuMa
je 6mno u beno Bpeno. Ocmarpama BOIOCTaja U Mepe-
’Ba MPOTHIAja Cy Tpajana ao kpaja 2002. roqune. Ha
OCHOBY /100MjeHIX JTHEBHUX BPEIHOCTH Ipotunaja be-
JIOT Bpeia MOXKE c€ KOHCTAaTOBATH [Jia j€ CPelbU BHILE-
TOIUIIIBLU TIPOTHULRj 32 rrepuof o 1995-2002. ronuHe
usHocro 0.127 m3/s (tabena 1). MakcuMaTHN CpeEbe
MECEYHH TPOTHIAj C€ jaBHO TOKOM HOBemOpa 2002.
roauHe U u3Hocuo je 0.330 m3/s. MuHuMaIHu cpeibe
MECEYHH TPOTHUIIA] PETUCTPOBAH je y OkToOpy 1995.
roquae ¥ u3Hocuo je 0.070 m3/s. HIro ce Tuve
arcoIyTHUX JHEBHUX MPOTHLAja, MAKCUMAJIHN THEBHH
mpoTuIaj jaBuo ce 24. ogHocHO 25. mememOpa 2002.
ronuHe 1 n3HOCHO je 410 /s, oK je arcoiyTHO MHUHH-
MAJTHU TIPOTHUIIA] y U3HOCY Off cBera 67 1/s peructpoBan
BuLIE ITyTa ToKOoM 1995., 1996., u 2001. ronune. Ognoc
PErHCTPOBAHUX MAKCUMAJIHMX U MUHMMAJIHHUX IPOTH-
I1aja 3a IOMEHYTH OCMAaTpadKu repuox je 1:6 mro yka-
3yje Ha PENaTUBHO YjeqHAuYCH PEXHUM HCTHLAEkba OBOT
Bpena.

Pann motBphuBama nocrojehe Bese manaBuHe — HC-
TULale ypal)eHe Cy KOpeJaluoHEe aHajlu3e yTHLaja
TOIUINBUX CyMa MaJaBuHa Ha ucTHHame benor Bpe-
7a. YKOJMKO Ce pa3Marpa OBa Be3a Ha KaJIEHAAPCKOM
HHUBOY KOe(UIMjEHTH KOpealuje Cy N3y3eTHO HUCKH
(p = 0.275 — x.c. UBamuma, p=—0.073 — m.c. Kpame-
B0). Ca gpyre crpaHe ako ce aHajIM3Mpa Be3a maja-
BUHE — [IPOTHILIA] BpEIa HA HUBOY XMIAPOJIOLIKE TOHU-
He, KOe(HUIMjeHTH KopeJanuje Cy 3HaTHO 3Ha4ajHUjH
U u3Hoce 3a K.c. MBawuua p = 0.465 u 3a m.c. Kpa-
JbeBo 4ak p = 0.667. OBo je mocieania YNmHEHALIE 1a
najlaBuHe y TOKY 3UMCKHUX Mecenu (HoBemOap u ne-
nemMbap) ce 3anpkaBajy y CIMBY U HM3a3UBajy OTH-
11aj/UCTHIIalkE Y HapelHO] TOMWHHU Kaja J0ia3u 0

UXOBOT OTallama. Tako ja Ipu OBOj BPCTH aHAIHM3a
HEOIIXOAHO j€ BPIIUTH OCpElmhaBambe Iapamerapa Ha
HUBOY Xuposorike roguse (1. okrodap — 30. cenrem-
0ap). OBo MOTBphyje W KpOCKOperalnoHa aHaln3a
(cmuka 5) Ha K0joj ce BHIM Ja je HajuBpmrha Besa
yTHlaja NaJaBMHa Ha UCTHLAKE Bpejla HAKOH jeIHOT
JlaHa, C TUM [1a je U3PaKeH MUK U HaKoH 32 faHa 1ITo
j€ CBaKako Iocliefulia oTanamba CHera.

[IpopauyH pe3epBH HOI3EMHHX BOAA H3BOpa pEKe
TonuiHUIe U3BPILEH j€ ¥ MPUMEHOM METOJIE aHAIIN3e
peTapAaliioHe KpuBe. 3a BaJMOHY aHAJIM3y peTapia-
LUOHMUX CIIOCOOHOCTH M3[aHu MOTpebaH je Mepron of
3aBpIIETKAa HM3PAKEHUX MaJaBUHA Ca KOHCTaHTHUM
MIPaXHEHEM 0e3 MPIITHBA Y Tpajaky o HajMame 90
naHa (perecHja u3naHu). AHAITN30M pe3yIlTara PeKuM-
CKHX OCMarpama MOXE C€ YBHUIETH Ja jeé OBaj yCIIOB
HcIymeH TokoM 1995. romune, epuon ox 8. jyHa 110 2.
HOBeMOpa (ykynHo 148 mana) u Tokom 2000. roxune,
nepuog, on 23. mapra go 21 asrycra (ykymHo 156
JlaHa), Kaja je A0Nasuiao A0 KOHCTAaHTHOT NPaKikbeHmha
Bpena. JloOujeHn koeUIjeHTH TTPaXmbeha Cy UCTOT
pena BeIMUMHE, U YKa3yjy Ha cpelmba 10 100pa pere-
CHOHa CBOjcTBa (opmupane u3nanu. OBU mapaMeTpH
PEIeCHOHNX CBOjCTaBa MCKOPHIINEHH Cy 3a YTBphu-
Bambe 30MpHE 3alpeMHUHE OTEKJIE BOJE.

3a morpebe neduHucama mapamerapa OWIaHCHE
jeHauYMHEe a Ha MPBOM MECTY CIMBHE mospiunHe be-
Jior Bpena KopuiheH je moMeHyTH MOAET Pa3BHjeH Ha
Pynapcko-reonouikom daxynrery, [lenmaptmany 3a
xuaporeonoryjy. Ilpumemen moxmen ce cacroju 3
Buiie HUBoa. Kopumrhewem HuBoa 1 ocMarpauku HU3
Cpeme MECEUHUX MPOTHLIAja je MPOAYKEH Ha MEPUOL
on 1960-2009. roqune. Cpeame BULIETOIUIIBH MTPO-
THUIIa] OBAaKO Ne(UHHUCAHOT PAvYYHCKOT HHU3a H3HOCH
0.116 m3/s. Kao u3na3 u3 HuBoa 3 mo0ujeHa je peaana
MOBpIIMHA CIHBa y U3HOCY of 8,6 km? (ciuka 10).
3aruM cy AoOuWjeHe peanHe BPEIHOCTH JHEBHUX
€BaroTpaHCHHpalnyja U IpOMEHe AWHAMHYKE 3ampe-
MUHE Ha MECEYHOM HOBOY 3a PadyHCKH IEepuof
(cmuka 11). [apamerpu OnnaHCHE jeTHAYNHE TTO3EM-
HUX Bopa benor Bpena cpauyHatu cy kopuinhemem
aZieKkBaTHUX jemanumHa (jend. 2, 3, 4, 5 u 6) a HUXOBe
BPEIHOCTH Cy NpHKa3aHe y Tabenu 2.

I'enepanHo MOXe ce 3aKJbYyYUTH [a Ca CIUBHOT
noapydvja benor Bpena mpocedHo roauiime UCTEKHE
ykymHO 116 1/s Kako cnuBHa moBpmmHa Bpena Tomu-
IIHKIA U3HOCH 8.6 km2, cpe/ibe BULICTOAUIIELU CII0j
WCTHUIaka 33 pauyHCKH mepron u3Hocu h =421.0 mm.
Ca menumTa BOJHOCTH IOAPYYja, MOXKE Ce KOHCTATO-
BaTH Jla crueun¢uyHa U3AaIIHOCT ciuBa benor Bpena
usHocH 13.5 1/s/km?2, 10Kk Ha OCHOBY CpavdyHATOT KOE-
¢unmjeHTa oTHULIAja MOXKE ce 3aKJby4uTH na ce 48%
Ol YKYITHO Taie Boxe (majaBWHA) WHOWITPHpA U
KacHHje UcTu4e Kpo3 Bpena. OBa OaKTEepHOJIOIKY Y-
CTa BOJA M M3Y3€THOT KBAJIUTETa MOXKE CE KOPUCTUTH
3a morpebe BomocHabmeBama JIOKATHHX JgoMahuH-
cTaBa, 3a moTpede MOJbOIPUBpPENE WM MaK 3a
motpede prbdorojcTaa.





