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Hydrogeologic structures in two Serbian
spa towns — Sijarinska banja and Selters banja

GORAN MARINKOVIC', PETAR PAPIC?,
VESELIN DRAGISIC? & JAKOV ANDRUJASEVIC?

Abstract. The objective of the paper is to identify the boundaries of hydrogeologic structures in which
natural mineral waters occur, using two examples: old mineral water (Sijarinska Banja) and young mineral
water (Selters Banja). The research addresses the distance from recharge zones, depth of occurrence, and
points of discharge. Apart from the three spatial dimensions, the study also includes the time dimension —
water age. The following parameters are examined: geologichydrogeologic conditions in the places of
occurrence of mineral water, connection between mineral water and permeable fault zones, distance of surface
water divides, previously-defined maximum possible depths of occurrence, possible flow rates, and the
determined age. If the flow followed a straight line, the maximum distance of the recharge zone would be up
to 7 m for the young and up to 11 km for the old mineral water. However, it is obvious that this is never the
case in fractured systems, given that water travels much longer distances from the point of entry to the point
of drainage from aquifers. Assessment of geologic-hydrogeologic and hydrodynamic conditions, relative to
the determined age of the mineral water, leads to the conclusion that the distance between the recharge and
drainage zones can be less than 5 km. The paper shows that insight into the depth of infiltration into permeable
fault zones can also be gained by studying the depth of circulation relative to known hydrodynamic zones.
The inference is that the largest amount of groundwater is restored in the hydrodynamic zone of slow
groundwater renewal, which is below a depth of 1.5 km at Sijarinska Banja and below 1.3 km at Selters Banja.

Key words: spread, fault zone, distance of recharge zone, depth, hydrodynamic zoning, mineral water.

Amncrpakt. L{nsb oBor paga 6mo je na ce Ha mpumepy jeaue ox crapujux (CujepuHcka 6.) 1 jenHe o Mia-
hux (,,Cenrepc* 0.) yrspokucenux MUHepaIHuX Bojga CpOuje nqeduHHUNTY IpaHnIe TIPOCTPAHCTBA XUAPOTeo-
JIOIIKKUX CTPYKTypa y Kojuma ce oHe popmupajy. MicTpakuBaHe Cy y CBOM IIPOCTPAHCTBY MOCTOjarba, U3Mehy
00JIaCTH NIpUXpamkHBakba, TyOUHEe 3aJlerama H 30Ha HCTHLAaka YIrIbOKHCENNX Boga. OCHM TPHjy IPOCTOPHUX
y pa3Marpame je yKIJbYUeHa U JUMEH3Hja BpeMe — CTapOCT BoJa. 3a OBa MCTPAKUBamka Cy Y3€TH Y 003Hp: reo-
JIOILIKO — XHUAPOTEOJIOMIKH YCIOBH 001acTi (OpMHparba YIribOKHCENINX BOJIa, HEOCIIOPHA Be3a YIJbOKUCEINX
BOJIa M BOJIONIPOIYCHHUX Pa3IOMHUX 30HA, yIaJbeHOCT IIOBPIIMHCKHUX BOIOACIHHLIA, paHHUje Ae(HHICAHA TEO-
peTcka MakcuManHa Moryha nyOuHa 3anerama OBUX CTPYKTypa, Moryha Op3uHa KpeTama BOja y JaTUM XH-
JIPOJMHAMHUYKHM YCJIOBMMa M yTBpheHa muxoBa crapoct. [lokasano ce, qa Ou y ciiy4ajy MpaBOJHMHHU]CKOT
KpeTama BOJa, MaKCUMaJHa yIaJbeHOCT 00IacTH MpUXpamrBamba M3HOCWIA, 3a Mialje Boge mo 7 km, a 3a
crapuje 10 11 km. Melhytum, 6mito je jacHo &1a y IyKOTHHCKHAM CHCTEMHMa TO HHMKaja HUje ciydaj, Oymyhu
Jla BOJIe TIpelia3e JalieKo AyKe IyTame Y OJHOCY Ha MPABOJIMHM]CKO pacTojame O MEcTa yjacka JI0 Mecra
UCTHUIIaba U3 JaTHX BOJOHOCHUX cpeinHa. V3 aHaimm3e reosonko — XUApPOreoIomKIX U XHAPOANHAMUYKIX
yCIIOBa, a 3a YTBpl)eHe cTapoCTH BOJa, 3aKJbYUEHO j€ J1a yAaJbeHOCTH n3Mel)y 001acTu npuxpamHuBamba 1 30Ha
JpeHUpama MOory 1a Oyny U Mame of 5 km. YV pany je mokazaHo ja ce QyOuHA Joce3amba HHOUITPALHOHNX
BOJIa Y BOJOIPOIYCHUM DA3JIOMHUM 30HAMa MOXKE CarlieaTH U aHaJH30M JyOWHa HBHUXOBE LHUPKYJIalHje Y
OJIHOCY Ha II03HATe XUAPOIMHAMUYKE 30He. 3aKJbYUCHO je J1a Ce IIaBHA KOJIMYMHCKA U3MEHA OJ[BHja Y IOMEHY
XUIPOAWHAMHIYKE 30HE YCIIOPEHNX MpoIieca Bogo3aMene, koja kox CujapuHacke Oame qocexe ucmof 1,5 km,
aucnorn 1,3 km ny6une xox ,,Centepc 6ame.
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KibyuHe peun: mpoCTpaHCTBO, Pa3IOMHA 30HA, YAa/bEHOCT O0IACTH MpUXpambHBaba, 1yOrHa 3aerama,

XUApoaArMHaMHYKa 30HAJIHOCT, MUHEpaIHa BOA.

Introduction

In Serbia, there are more than 65 naturally-carbo-
nated thermal mineral water sites. Many authors have
provided brief geological and hydrogeological de-
scriptions of the immediate spread of the hydrogeo-
logic structures in which such water occurs, and pre-
sented results of physicochemical, radioactivity and
isotope testing (CEIC 2013; MILANOVIC et al. 2012;
ProTIC 1995; MILoJEVIC 1964, 1954). Given the large
number of occurrences in Serbia, this research ad-
dresses only two: the spa towns of Sijarinska Banja
(old mineral water) and Selters Banja (young mineral
water).

It is without doubt that the origin of the mineral
waters is associated with permeable tectonic structu-
res (LONBARDI & VOLTATTORNI 2010; WEIMLICH 2005,
WEIMLICH et al. 2003, 1998; CERON et al. 2000; GRE-
BER 1994). On the one hand, they allow carbon di-
oxide from the depth of origin to migrate toward the
ground surface and, on the other hand, meteoric water
to be infiltrated into deep formations.

The main hydrogeologic structures of Sijarinska
Banja and Selters Banja are active and disjunctive
fault zones. In the case of the former, it is a large inter-
bloch structure in a low mountainous area, and in the
latter an inter-bloch structure in a zone of horsts and
trenches, covered by thick Tertiary strata (MARINKO-
VIC, 2014). At Sijarinska Banja, the mineral water has
always been free-flowing, whereas at Selters Banja it
was detected inadvertently, given that there were no
manifestations on the ground surface.

The hydrogeologic structures were studied in terms
of their spread between recharge zones, depth, and
points of discharge of mineral water, along with the
post-infiltration residence time. The research was
based on the indisputable relationships between the
mineral water and the regional permeable fault zones,
the identified maximum possible depth of the hydro-
geologic structures (MARINKOVIC et al. 2013), the po-
tential (theoretical) average mineral water flow velo-
city in the given setting, and the determined age of the
mineral water. The distances from surface water divi-
des, along the permeable regional faults in which the
mineral water occurs, were also taken into account.
These distances were additionally used to estimate the
average velocity of groundwater flow. In view of the
above, as well as the fact that in fractured aquifers
groundwater travels a much longer distance than it
would along a straight line from the point of infiltra-
tion to the point of drainage (descending and ascend-
ing pathways, meandering in 3D space), it was con-
cluded that the consideration of the hydrogeological
structure, this distance may be less than 5 km.

The depths of the hydrogeologic structures at Sel-
ters Banja and Sijarinska Banja were considered
relative to known hydrodynamic zones (high, low and
very low rates of groundwater renewal). The results
show that the largest amount of water is restored in the
hydrodynamic zone of slow groundwater renewal.

It follows from the results of this research that the
identified linear directions (tectonic zones) and appro-
ximated ultimate boundaries of the hydrogeologic
structures are quite reliable and that this knowledge
will facilitate exploration aimed at increasing the ca-
pacity of water sources, detecting thermal ground-
water or addressing other specific tasks.

Method

For consideration of the issue of this work were
used available to us the results of previous research.
They relate primarily to the age of mineral water, rate
of groundwater flow in the analog lithological envi-
ronments and hydrodynamic conditions and the re-
sults achieved hydrogeological research in narrow
fields of mineral water.

Given that exploration has shown that the fractured
hard rocks (schists, igneous rocks, limestones, marls)
comprise the main setting of the fault zones in which
the mineral water occurs, the average velocity through
the hydrogeologic structures was assumed based on
the theoretical velocity of groundwater flow in fractu-
red schists (from nx10-8 to nx10~ m/s), and the theo-
retical velocity in the hydrodynamic zone of slow
groundwater renewal, which is greater than 0.2 m/year
or 6.3x10-° m/s (DRAGISIC 1997). Recognizing these
theoretical velocities, it was assumed that the relation
between the travel distance and velocity must be such
that the recharge zones are in the catchment area in
which the mineral water occurs. The average flow
velocity was first estimated for Selters Banja, where
the geologichydrogeologic conditions are such that it
is obvious that the recharge zone is within the catch-
ment of the Alinac River (MILOJEVIC 1964). Given that
the determined age of the mineral water at Selters
Banja is 19,300 years, the average flow velocity must
be about 1.15 - 108 m/s (within limits of the theore-
tical range). As such, if a higher than average flow
velocity was assumed, the distance would have been
unrealistically large or the meandering of the flow in
3D space so extensive as to increase the travel
distance multiple times relative to the linear distance.
For this reason, and taking into account the threshold
values of groundwater flow velocities in schists, the
lower (slower) limit was assumed for the average flow
velocity — 1.1 - 10-8 m/s. This average flow velocity is
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also consistent with the theoretical velocities within
the hydrodynamic zone of slow groundwater renewal.

The depth of the mineral water in the hydrogeolo-
gic structures was defined relative to the depths of
known hydrodynamic zones: rapid, slow and very
slow groundwater renewal.

Results and discussion
Geologic-hydrogeologic setting

The mineral water at Selters Banja in the City of
Mladenovac occurs near the confluence of the Lug
River and its right-bank tributary the Alinac (Fig. 1).
It is withdrawn from wells near the right banks of the
two rivers. This mineral water was discovered inad-
vertently in 1898, while Atanasijevi¢ brothers were
drilling a 239 m deep well on their farm (ProtiC

Banja is estimated at 238-275 m. Upper Cretaceous
sediments (flysch) were detected between these strata
and a main aquifer, which are widely exposed in the
west, in the upper catchment of the Alinac River. They
are generally represented by marls and sandstones. An
816.4 m deep well partly tapped mineral water from
this flysch sequence, in the depth interval 613—-816 m.
The groundwater temperature was 4850 °C and its
composition similar to that of the previously extracted
groundwater. The groundwater was saline (TDS 7.3 g/1)
and the pH level was 6.9. The concentration of carbon

dioxide was 0.34 g/l and that of radium 0.52 Bq/l.
Recent exploration has corroborated reserves of 6 1/s
of mineral water of the CIHCO; — Na type, with a
TDS level of 6.76 g/l and CO, concentrations from
443 to 567 mg/l (Ceki¢ 2013). The conclusion was that
recharge occurs through infiltration of meteoric water
along the edges of the basin, where Lower Cretaceous
sediments are exposed on the ground surface, in a zone
of broken-up rocks with open

fractures and fissures and
along faults, and also partly
from subsurface inflow from
deeper water-bearing layers.
There is a regional neotecto-
nically-active formation along
the valley of the Lug River,
known as the LuZnica-Top¢i-
der Fault (Paviovi¢c 1980).
Near Mladenovac it intersects
with the Varovnica Fault,
which is also neotectonically
< active, and a fault structure fol-
S lowed by the valley of the Ali-
nac River. In hydrogeological
terms, the Neogene sediments
at Selters Banja form a com-

Fig. 1. Geological-hydrogeological map of the area of occurrence of mineral water
at Selters Banja: 1. complex of Neogene sediments; 2. Mesozoic bedrock (carbonate
rocks, flysch and serpentinites separated by faults); 3. fault structure (a. LuZzni-
ca—Topcider fault; b. Varovnica fault; c. Alinac River Fault); 4. recharge zone; and

5. drainage zone.

1995). The rate of free flow was 1.3 I/s and the water
temperature 31.5 °C. It was believed that this well
tapped an aquifer in Sarmatian sediments and that
recharge occurred in the upper part of the Alinac River
catchment, where hard bedrock is exposed (MILOJEVIC
1964). Two wells at Selters Banja that tap Lower Cre-
taceous carbonate rocks have been drilled up to a depth
of 816.4 m (MiLosevi¢c & Tomic 1978) and 1150 m
(PoLic 1983), respectively. The rocks are slightly kar-
stified and deemed to form the main aquifers at depths
below 800 m. This depth was reached by drilling thro-
ugh Neogene sediments, whose thickness at Selters

plex of permeable and imper-
meable strata; Mesozoic flysch
strata are largely impermeable,
whereas the Lower Cretaceous
sediments constitute a per-
meable lithologic setting of
fractured-karst porosity. The
highest porosity is found in
fault zones, in hard carbonate
rocks and Neogene sediments. The spread of these
lithologic settings is deemed to be such that they
likely constitute the main region of groundwater
circulation.

The mineral water at Sijarinska Banja emerges
along a 800 m long linear zone (Fig. 2). The zone
features numerous springs at the bottom of a very
steep valley of the Banjska River. The water source
area, arbitrarily divided into two parts (upper spa and
lower spa), originally comprised several shallow
wells and one deep well (PROTIC 1995; STaNKOVIC &
ZLOKOLICA, 1993; ILIC 1988).
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The drilling history of the shallow wells began with
drinking water supply wells in the alluvions of the
Banjska River, which were about 4 m deep. Over ti-
me, ordinary and mineral water became mixed. Then,
several wells, 9 to 12 m, were drilled through igneous
rocks, up to the point of contact with the schists,
where the flow was generally artesian. During the
course of drilling on the left bank of the Banjska
River, an 8 m high geyser erupted. Its water tem-
perature was 71°C. There was another eruption, about
I m high, from a depth of 12 m, while drilling was
taking place near the Main Spring. An 80 m deep well
was drilled in crystalline schists with calc tufa
interbeds, near the Gejzir Hotel. There was a sudden
occurrence of mineral water at 60 m. The rate of pul-
sating free flow was from 0.06 to 0.18 I/s. A 102 m

Fig. 2. Geological-hydrogeological map of the area of occurrence of mineral water

spa” through schists, up to a depth of 1232 m. Here
the most significant flow rates of mineral water come
from tectonic zones at 360 m and 840 m. The shal-
lower tectonic zone delivered 60 1/s of artesian
groundwater whose temperature was 77.8 °C, and the
deeper zone 33 I/s of artesian groundwater at 72 °C.

The oldest and most widespread rocks in Sijarinska
Banja are crystalline schists. They are interspersed with
Tertiary igneous rocks. Mineral waters occur within the
zone of the Tupale Fault, along the fringes of an
igneous mass. This deep fault divides two geotectonic
units — Serbian-Macedonian Massif (east) and Vardar
Zone (west) (VUKANOVIC ef al. 1973). Judging by data
collected on the ground surface, the dip is rather steep
to the east and the movement reversed, with a very
pronounced displacement component along the trend-
ing direction. Movements along
the fault have been intermit-
tent. In the Paleogene, they
opened pathways for volca-
nics. The same movements ha-
ve continued to the present day.
At Sijarinska Banja, on about
600 m2, there is a rather large
mass of marbleized onyx adja-
cent to andesites and crystal-
line schists. The onyx is beli-
eved to have originated from
one of the hot springs, which
often changed its location due
to rapid sedimentation of large
masses of aragonite.

According to exploration
drilling and mapping along the
Banjska River, mineral water
emerges from permeable zo-
nes at the points of contact
between igneous rocks and
highly-silicified schists, per-
meable tectonic zones in the
igneous rocks, and open frac-
tures and tectonized zones in
the highlysilicified schists.

at Sijarinska Banja: 1. alluvial sediments; 2. hydrothermally altered rock; 3. Tertiary
igneous rocks; 4. Oligocene sediments; 5. crystalline schists; 6. fault structures

(a. Tupale fault zone; b. Banjska River fault zone); 7. drainage zone; 8. recharge

zone; and 9. surface water divide.

deep well was drilled in igneous rocks. The water
temperature was initially 65 °C, but later dropped to
58 °C. Temperature logging revealed an inversion,
from 65 °C in the 15-37 m interval to 56 °C at a depth
of 100 m. In the “upper spa”, the mineral water is
drained via several low-capacity springs (Jablanica,
Zdravlje, etc.) and withdrawn from a number of wells
whose depths range from 4 to 40 m. After these
shallow wells, a deep well was drilled in the “upper

Hydrogeologic structures

The linear distribution of

the occurrences of mineral

water in Serbia is a clear indication of their genetic
association with tectonic structures, and their (high)
permeability is a result of disjunctive neotectonic
movements of bordering blocks (MARINKOVIC et al.
2012). Exploration has shown that a fault zone is the
main hydrogeologic structure of a mineral water oc-
currence (MARINKOVIC 2014). It can be deep and very
wide, up to 10 km, and can extend for more than 100
km (STEPANOV 1989). Permeable layers of Quaternary



Hydrogeologic structures in two Serbian spa towns — Sijarinska banja and Selters banja 27

and/or Tertiary unconsolidated sediments also con-
stitute hydrogeologic structures of mineral waters in
Serbia, where they ,,screen® fault zones in the solid
bedrock.

The main hydrogeologic structure at Sijarinska
Banja is the regional fault zone followed by the Banja
River Valley. It runs entirely through the solid bedrock
(Proterozoic crystalline schists with Tertiary igneous
intrusions). Neotectonic activity has maintained and
continues to maintain high permeability. There have
been intermittent movements during and after ore
solution circulation stages (VUKANOVIC et al. 1973).
In the drainage zone, the fault zone is “screened” by
alluvial sediments and marbleized onyx deposits. The
spread of these delayed carbonate rocks is an indicator
of paleo flows. Drilling of the previously-mentioned
shallow wells was accompanied by sudden ground-
water discharges after the near-surface lithologic
medium, where rapid sedimentation of aragonite had
sealed fractures and fissures. The closure of perme-
able fracture systems, along with the accumulation of
a considerable mass of marbleized onyx on the ground
surface, caused the points of discharge to move. On
this observation scale, the tamping and displacement
processes are associated with the ground surface and
a small depth below the surface (30-50 m), where
carbon dioxide is expected to be released at a given
temperature and pressure. The wells at Sijarinska Ba-
nja are located along the edge of the hydrothermally-
altered zone, which indicates a connection between
earlier circulation of hot solutions and contemporary
thermal water flows — as a post-volcanic occurrence.
It also seems clear that the paleo and contemporary
flows of thermal water have the same heat source.

The southern extension of the fault structure mark-
ed by mineral water springs is connected with the
main direction of the Tupale Fault (Fig. 2). It is ap-
parent that the trending of the faults reflects a deep
fault zone of a certain width, in which the permeable
hydrogeologic structure likely spreads along the we-
stern side (where there is evidence of paleo circulation
of thermal solutions). The drilled permeable tecto-
nized zones, which are distinct at depths of 360 m and
840 m (Figs. 3 and 5), are associated with the deep
fault zone and suggest a rather large depth. In the
regional fault domain, mineral water circulation at
depth is associated solely with these permeable
tectonized zones. There is every indication that they
comprise a network of highly regular linear zones,
which in broad terms belong to the systems that fea-
ture a certain spatial orientation. Beyond these bo-
unded permeable tectonized zones the rocks are
compact — impermeable.

Mineral water at Selters Banja is formed near the
City of Mladenovac, in an area where three neotecto-
nically active tectonic structures cross. The closest is
the structure that follows the Alinac River Valley and
the other two are regional fault structures known as
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Fig. 3. Schematic geological-hydrogeological section thro-
ugh the hydrogeologic structure at Sijarinska Banja: 1. cry-
stalline schist (silicified) with igneous intrusions; 2. recharge
zone; 3. drainage zone; 4. zone of dominant subsurface flow;
5. general direction of subsurface flow; 6. direction of car-
bon dioxide migration; 7. regional drainage base; 8. theoreti-
cal depth of the hydrodynamic zone of slow groundwater
renewal; 9. theoretical maximum depth of mineral water;
10. compact rock; and 11. hydrodynamic zones: rapid (light
gray), slow (gray) and very slow (dark gray) renewal.

the Luznica—Tupiznica Fault, along the Lug River,
and the Varovnica Fault. Wells IB-1 (816.4 m deep)
and IB-2 (1150 m) tap mineral water in marly lime-
stones and limestones, from the depth interval of 600
to 1150 m (Ceki¢ 2013). There are Neogene sedi-
ments with permeable and impermeable strata up to a
depth of 300 m, largely impermeable Upper Creta-
ceous flysch from 300 m to 750 m, and further below
permeable Mesozoic, slightly-karstified carbonate
rocks (Fig. 4).

The first well, after a depth of 239 m, captures
mineral water from Sarmatian sediments in the lowest
part of the Neogene, and partly also from underlying
marly limestones of the Upper Cretaceous (MILOJEVIC
1964). The two deep wells tap mineral water in
carbonate rocks below the Upper Cretaceous flysch,
which are Lower Cretaceous and it appears also partly
Jurassic. A relatively small amount is also captured
from (overlying) marly limestones and marls of the
Upper Cretaceous (flysch). Drilling of the wells did
not reveal any tectonized zones. However, it is a fact
that this area is situated near the zone where the three
previously-mentioned neotectonic structures intersect
and that the aquifer is hydraulically linked with the
(main) fault zone. Its proximity is indicated by carbon
dioxide, which it allows to migrate upward from the
depth of origin.

It follows that the fractured-karst aquifer in
Mesozoic carbonate rocks is situated on the fringe of
the deep fault zone. Thethe fault zone appears to run
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Fig. 4. Schematic geological-hydrogeological section through the hydrogeologic
structure at Selters Banja (CEKIC 2013; MILOJEVIC, 1964, supplemented): 1. Neo-
gene sediments; 2. Lower Neogene flysch; 3. Lower Cretaceous slightly-karstified
sediments; 4. Jurassic and Cretaceous flysch; 5. fault; 6. regional drainage base;
7. theoretical depth of hydrodynamic zone of slow groundwater renewal; 8. recharge
zone; 9. point of emergence of mineral water; 10. hydrodynamic zones: rapid (light
gray), slow (grey) and very slow (dark gray) groundwater renewal; and 11. direction

of carbon dioxide migration.

along the Alinac River Valley or (less likely) the Lug
River Valley. Based on drilling logs and general geo-
logical exploration, the largest amount of mineral
water renewed at Selters Banja is associated with
slightly-karstified carbonate rocks that underlie the
Cretaceous flysch, within the zone of the nearby (as
expected), regional, active fault zone.

Distance of recharge zones

The spread of the hydrogeologic structures is also
determined by the distance between the recharge zone
and the discharge zone (point of emergence). In the
geological-hydrogeological circumstances such as
exist at Sijarinska Banja and Selters Banja, these
distances were assessed in terms of the spread of the
permeable fault zones and the linear distance from the
wells to the boundaries of the catchments of surface
streams near these two spa towns (Banjska River,
Alinac River and Lug River ?). Additionally, the fact
that the distance between the recharge zone and the
place of discharge needs to be consistent with the
determined water age and average flow velocity (per
the theoretical velocity for the pertinent permeable
lithologic setting) was taken into account.

The mineral waters in the subject hydrogeologic
structures are of meteoric origin (PERIC & MILIVOJEVIC
1990). Atmospheric precipitation is infiltrated directly
or indirectly from surface streams and peripheral

in the zone of the deep Tupale
Fault. At Selters Banja, it is de-
termined by neotectonic faults
that cross in this area (fault
along the Alinac River Valley,
fault along the Lug River Val-
ley — the LuZnica-Topcider
Fault and the Varovine Fault).
Given the linear extent of
the hydrogeologic structures
and the assumed average
groundwater flow velocity
(1.1x10-8 m/s), the (upstream) distance between the
recharge zone and the wells is not greater than 11 km
at Sijarinska Banja and 7 km at Selters Banja.
However, in view of the fact that in fractured systems
groundwater flow does not follow a straight line,
these waters travel a much longer distance from the
point of entry into to the point of exit from a given
water-bearing medium. Looking at only downward
and upward travel, it follows that the distance of the
recharge zones could also be less than 5 km.

Maximum depth of mineral water occurrences

Theoretically, in Serbia’s lithosphere mineral water
can be found at a maximum depth of 2.5 km, which is
determined by the depth of the lithostratigraphic sub-
strates of carbon dioxide (MARINKOVIC et al. 2013). It
is related to the geotectonic unit of the Vardar Zone,
where 90% of the registered occurrences of mineral
water are located. Recognizing these constraints, the
maximum depths of mineral waters at Sijarinska Ba-
nja and Selters Banja were determined by examining
zones of similar rates of renewal — according to the
known hydrodynamic zones of rapid, slow and very
slow groundwater renewal.

It is clear that in the case of ascending systems and
water age measured in thousands of years, it is not
practical to distinguish zones of rapid groundwater
renewal in the given sense. However, ascending flows
of mineral water in the strata closer to the surface can
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be exposed to lateral infiltration of groundwater from
this hydrodynamic zone. Such groundwater causes se-
asonal variations in water temperatures and discharges
of springs and wells. The depth of the occurrences is
determined by the regional drainage base. At Sijarinska
Banja, the regional drainage base is the Jablanica River
(390 m above sea level) and at Selters Banja the
Kubrsnica River (110 m.a.s.l.). Relative to the recharge
zones, which in the case of the considered hydrogeo-
logic structures are located above 500 m.a.s.l. at Sija-
rinska Banja and above 200 m.a.s.l. at Selters Banja, it
follows that the hydrodynamic zones can reach depths
greater than 100 m.

Theoretically, the zone of slow groundwater re-
newal lies below the zone of rapid groundwater
renewal. Full replacement takes between 100 years
and 100 million year (DraGISIC 1997). Groundwater
movement in this zone is rather slow compared to the
zone of rapid renewal. In relatively small artesian
basins (Selters Banja), the average depth can be up to
1000 m and in mountainous areas (Sijarinska Banja)
up to 2000 m. The natural velocity of groundwater
flow is greater than 0.2 m/day or 6.3x102 m/s.

Deep boreholes (over 1.1 km) clearly indicate that
in the considered permeable fault zones the rate of
groundwater renewal decreases with depth. At Sija-
rinska Banja, this was demonstrated while a deep well
was being drilled (Fig. 5). From the tectonic zone a
yield of about 60 I/s was measured at 360 m, roughly
30 I/s at 840 m, and no flows (water-bearing tectoniz-
ed zones) were registered down to the ultimate depth
of 1150 m.

The highest rate of groundwater renewal at Sija-
rinska Banja, which corresponds to the zone of slow
renewal, occurs at depths between 300 and 1000 m.
Thereafter, it gradually declines to below a depth of
1500 m. In this regard, it is fully consistent with the
theoretical depth (1000 to 2000 m) in the given moun-
tainous setting. It is obvious that below 1500 m there
is a hydrodynamic zone of very slow groundwater
renewal.

The mineral water at Selters Banja is captured from
the depth interval of 350 to 1150 m (between 200 m
and —1000 m above sea level). This interval is entirely
in the hydrodynamic zone of slow groundwater re-
newal (Fig. 6). The thickness of the interval is there-
fore about 800 m and the highest rate of groundwater
renewal traces to the main water-bearing medium —
Lower Cretaceous slightly-karstified carbonate rocks.
An active fault zone in the vicinity allows the mineral
water to move upward from the Lower Cretaceous
limestones to the permeable Sarmatian layer (bottom
of the Neogene complex of sediments). The water-
bearing medium tapped by the deep wells is also
recharged from the fault zone. The mineral water has
not emerged on the ground surface because this was
prevented by impermeable Neogene strata. Obviously,
active tectonic movements cannot create a (linear)
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Fig. 5. Schematic representation of hydrodynamic zoning
(groundwater renewal) at Sijarinska Banja: 1. hydrodyna-
mic zone of rapid groundwater renewal; 2. zone of slow
groundwater renewal; and 3. water-bearing tectonized zone.
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Fig. 6. Schematic representation of hydrodynamic zoning
(groundwater renewal) at Selters Banja: 1. zone of rapid
groundwater renewal; 2. zone of slow groundwater rene-
wal; 3. zone of very slow groundwater renewal; 4. aquifer.

permeable zone through these strata. It follows that
the main aquifer of mineral water in the Lower Cre-
taceous carbonate rocks is recharged and drained
along the linear zones of active neotectonic move-
ments, that the depth of the zone of slow groundwater
renewal depends on the depth of these carbonate rocks
and the permeable fault zone, and that the recharge
zone must be on or beyond the Neogene fringe.
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The zone of very slow groundwater renewal is at
depths greater than 1000m/2000m. The natural rate of
groundwater flow is very low (less than 0.05-0.1
m/year). Consequently, the end of the zone of slow
and the beginning of the zone of very slow ground-
water renewal at Sijarinska Banja is to be expected in
the depth interval of 1.5 to 2.0 km, and in the case of
Selters Banja below 1.3 km.

It follows that the largest amount of groundwater in
the considered hydrogeologic structures is restored in
the hydrodynamic zone of slow groundwater renewal.

Conclusion

The spread of the considered hydrogeologic struc-
tures could only be assessed in general, to an extent
that in regional terms provides a sufficiently clear
picture of the expanse, distance of recharge zones and
depths of the studied occurrences of mineral waters.

The lowest average rates of groundwater flow
(1.1 - 10-8 m/s) were determined on the basis of the
distance of the surface water divides, water age, and
theoretical velocities in analogous fractured settings.
Considering all the above and the fact that in fractured
aquifers groundwater travels much longer than the
linear distance from the point of infiltration to the
point of discharge (descending and ascending path-
ways, meandering flow in 3D space), the conclusion
is that this distance at Selters Banja can be from less
than 5 km to not more than 7 km, and at Sijarinska
Banja from less than 5 km to a maximum of 11 km.

The highest rate of groundwater renewal in the
studied hydrogeologic structures occurs within the
known hydrodynamic zone of slow groundwater rene-
wal, and the generation and migration of carbon
dioxide in the zone of very slow groundwater renewal.
At Sijarinska Banja, this happens at depths up to 1.5
km and there is a gradual decrease with depth. Below
this depth and down to 2 km, there is a boundary
between the zone of slow and the zone of very slow
groundwater renewal. At Selters Banja, mineral water
is captured from the depth interval of 360 to 1150 m,
and the highest rate of groundwater renewal occurs
below a depth of 800 m, associated with slightly-
karstified carbonate rocks. The depth of the mineral
water in this spa town is determined by the depth and
permeability of the rocks and neotectonically active
faults. Drilling has not revealed a tectonized zone but
the proximity of active regional fault structures and
the presence of carbon dioxide gas clearly indicate
that it is close and that there is a hydraulic link with
the encountered water-bearing media in marly and
slightly-karstified carbonate rocks (in the depth inter-
val of 360 to 1150 m). In the hydrogeologic structure
at Selters Banja, the boundary between the hydro-
dynamic zones of slow and very slow groundwater
renewal is below a depth of 1.3 km.

The identification of regional fault zones where
mineral waters are formed and renewed, the distance
of the recharge and drainage zones, and the depth of
the mineral water facilitate efficient hydrogeologic
exploration for the purposes of increasing water
source capacity, locating thermal groundwater, and
addressing other specific tasks.
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Pe3nme

XwuaporeoJiomke cTpykrype Cujapuncke
bame u MaanenoBauke ,,Cesrepc® 6ame

usb oBor paga 6wo je ma ce Ha MpUMEpPY jeIHe Of
crapujux (Cujapuncka 0.) u jenae on miahux (,,Cen-
Tepc™ 0.) YIIbOKHCENUX MUHeparHuX Bofa CpOuje me-

(MHUITY TpaHUIlE MPOCTPAHCTBA XUAPOTEOIOMIKIX
CTPYKTypa y KojuMa ce oHe ¢opmupajy. McrpakuBama
Cy TOKa3aja Jla C€ OCHOBHOM XHJPOTEOIOIIKOM
CTPYKTYPOM OBHX BOJIa MOKE CMaTpaTH pa3ioMHa 30Ha
(MapuHkOBUR 2014). Tlo3Haro je ma oHe Oyay BelHKe
mwpure, u 10 10 km, npyxama n npexko 100 km u
nmyooxkor 3anerama (CTEIMAHOB 1989). Xuaporeosorike
CTPYKType yIIbOKHCENNX MUHeparHux Boga Cpouje cy
Y BOJIOTIPOITYCHH CJIOjeBH KBapTapHUX W /WITH/ TepIu-
JapHUX HEBE3aHWX CeIMMEHara, TaMo TIe OHH ,,eKpa-
HUPajy" pa3jIoMHE 30HE YTJbOKHCEIHX BOJIa Y YUBPCTHM
CTeHaMa Treojomke ocHoBe. Y CujapuHCKO] Oamu
YTJbOKHCETIE BOJIE CY HCTHIIAJIE IPUPOIHNM My TEM, JTIOK
cy y ,,Centepc' Oamu OHE OTKpUBEHE CITy4ajHO, OyIry-
hu ma ce HUCY HcIoJbaBaie Ha MOBPIIMHY TEpeHa.

Crapocrt BoJia je y carTaCHOCTH ca Ty>)KHHOM TyTa-
€ KOjy BOJIa IPOJIa3u Ol MOMEHTa HH(HUITpaIuje 10
MOMEHTa HCTHUIakha M MPOCEYHOM Op3WHOM TOKa. Y
YBPCTUM CT€HaMa HUXOBA IMyTama je Ha TOj MYKUHH
»TpacupaHa® peruoHajHOM aKTHBHOM HEOTEKTOH-
CKOM CTpyKTypoM. 3a CHjapuHCKy Oamy, OBa MyTama
je TIpeIuCcIOHupaHa PETHOHATHIM pa3ioMoM bamcke
peKe M eBEeHTyaJ HO APYTHUM paziioMHMa MamHX pa-
3Mepa (TpyKama 1 Jp.) Y IOMEHY TyOOKOT TYIaJICKOT
pazioMa. 3a TepMOMHUHEpaiHe Boje MilajeHoBauKe
,Cenrepc 0ame TO ce OIMHOCH Ha HEOTEKTOHCKE pa-
Ce/IHE CTPYKType KOje ce Ha OBOM MOAPYYjYy YKPIITAjy
(pacen monmHOM peke AnmHal, gonuHoM peke JIyr Jly-
YKHIYKO-TOTTYMAEPCKH pacen 1 BapoBHUUYKH pacen).

Yripokucene Boje ¢y armochepckor (MHPUITpam-
onor) mopekia (IIEpuR & MuIMBOJEBUR 1990).
Atmocdepcke anaBuHe ce HHQUITPUPA]y TUPEKTHO
WM MHIAPEKTHO MPEKO TOBPIIMHCKUX TOKOBA H Tpa-
HUYHHUX BOJIOHOCHUX cpenuHa. llpunarohene muHMj-
CKHM CTPYKTypaMa, 00JIacTH MPUXpamkrBamka 3a1001-
jajy KOHType U3IYKEHOT OBAJTHOT OONIMKa. Y3umajyhu
y 003up JTMHUjCKO MPYKake XUAPOTEOTIOIIKUX CTPYK-
Typa ¥ YCBOjeHY MPOCEeYHy Op3uHY TIOA3EMHIX BO/IA Y
wrMa, o 1,1 - 10-8 m/s, nobuja ce na je obmact mpu-
XpamUBamba 32 XUIPOTEOJIONKY CTPyKTypy CHjapuH-
cke Oame o1 M3BOPUIITA yAaJbeHa (Y3BOIHO) HajBUIIIS
11 km, a 3a ,,Centepc 6amy 7 km. Mehytum, Oynyhn
Ja y TyKOTHHCKAM CHCTEMHMa TIIOJI3EMHA TOK He
MOXKE Ja MMa TPaBOJIMHHUjCKY TyTamy, jaCHO je Ja
BOJIe TIperia3e Jalieko AYXKH IyT Y OJHOCY Ha Ipa-
BOJIMHUJCKO pacTOjar€ Ol MECTa yiacka J0 MecTa
WCTUIaha M3 JaThX BOJOHOCHUX cpennHa. AKO ce
padyHa camMo Ay)XHHA CHJa3HE W y3JIa3HE TyTame,
MPOM3WIIa3K Jia pa3MaTpaHe YHaJbeHOCTH OO0IacTH
MIpUXpamkUBaka MOTY J1a OyIy U Mambe of 5 km.

VY pany je mokazaHo na ce ITyOWMHa Joce3ama HH-
(mIpanoHuX BONA Y BOJOIPOITYCHUM DPa3IOMHUAM
30HaMa MOXKe caryie[]aTd U aHAJIN30M JyOWHA FUXOBE
LIUPKYJIAIFje y OJHOCY Ha MO3HATe XUIPOAMHAMUYKE
30He (MHTEH3UBHUX, YCIIOPEHUX M BEOMa yCIIOPEHUX
nporeca Bogo3zamene). Teopercku, y marochepu Cp-
Omje yripboKHcese BOjIe MOTY Ja IOCEXKY MaKCHMaTHO
1o 2,5 km gybune, omHOCHO 10 TyOuHe Kojy oapehyje
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nyOMHa 3anerama JIMTOCTparurpad)CKux cyrcrpara
yribeHauokcnaa (MAPUHKOBUR u dp., 2013).

3a obmact CujapuHcke Oambe perHoHAHH JIPEHUpa-
jyhu Ga3uc npencraBipa peka Jadmannma (390 m Han-
MOpCKe BHCHHE), a 3a obmact ,,Centepc” Oame peka
Ky6pmauma (110 m HagMopcke BucuHE). Y OfHOCY Ha
00IIaCTH MPUXPamkUBAHA, KOj€ Ce KOJI pa3MaTpaHuX XH-
JPOTEOJIONIKMX CTPYKTypa Haja3e Ha HaIMOPCKOj BU-
cuan n3Haa 500 m 3a CujapuHCKy Oamy, OMHOCHO H3-
Hax 200 m 3a ,,Cenrepc” Oamy, IPOU3MIA3H J1a Y FlhHMa
XHUJIPOIMHAMUYKA 30Ha WHTEH3WBHHX IIpOIleca BOJIO-
3aMeHe MOXKe 1a tocexe 1o ayoune Behe ox 100 m.

VY pany je 3akjbydeHO Ja ce IJIaBHa KOJMYMHCKa
M3MEHA Y pa3MaTpaHuM XHUIAPOTEOJOMIKUM CTPYKTY-
pama ofiBHja y JOMEHY Mo3HaTe XUIPOJANHAMHUYIKE 30-
HE yCIIOPEHUX IMpoIieca BOJ03aMeHe, a TeHepUCahe ’
MUTpaIyja YIribeHIMOKCHIa y JIOMEHY 30HE BeoMa
yCHopeHHux Tporieca Bogo3ameHe. llocturayTH pe-
3yaTartu ny0okuMm OyrmoTuHaMa, rpeko 1,1 km my6u-
HE, jaCHO yKa3yjy Jia c€ y MpPEeAMETHHUM BOJOIIPOITY-
CHUM Da3JIOMHHM 30HaMa ca TyOMHOM CMamyje KO-
JUYAHCKAa W3MEHa TOA3EMHHX BOAA (MHTEH3WBHOCT
Bono3amene). Y CujapuHckoj Oamu OHa ce jacHO WC-
noJbIIa Tipu Oymiemy ayooke OymoTuae. U3 TeKTOH-
cke 30He Ha 360 m m3MepeHa je u3nanrHocT oko 60 1/s,
Ha 840 m oxo 30 /s, a og 840 m no kpajme qyOouHe
1150 m, mpUIMBY HHUCY PETHUCTPOBAaHU (BOXOHOCHE
TEKTOHCKH U3J0MJbeHe 30He). 3a CujapuHCKy Oamy
HajBeha Komu4MHCKa n3MeHa ozBuja ce Ao 1,5 km my-

OuHe, ca TeHSHIINjOM ITOCTYITHOT CMambHUBamka ca Jy-
ounom. Wcmox oBe, a 1o Hajpume 2 km nyOune, Ha-
Ja3M ce rpaHyua u3Melhy XuUAponMHAMHUYKE 30HE yc-
MOPEHNX M BEOMa YCIOPEHHUX Ipoleca BOAO3aMEHE.
Kon ,,Centepc® Oame yriboKHcele TePMOMUHEPATHE
BoJle cy 3axBaheHe y uHTepBany ox 360 no 1150 m my-
OuHe, a TTaBHA KOJTMYMHCKA N3MEHa OBUX BOJIa O/IBHja
ce ucriox 800 m myOmHe 1 Be3aHa je 3a c1abo KapcTH-
¢ukoBaHe kapOoHaTHe cTeHe. JlyOnHa moce3ama Bosa
oBe Oame YCIIOBJbEHA je TyOMHOM 3ajerama W BOJO-
[IPOITyCHOIINY OBUX CT€HA U HEOTEKTOHCKH aKTUBHHUX
pasioma. TekToHM3WpaHa 30Ha HUje HaOyIlIeHa, aiH
ONM3MHA aKTUBHUX PETHOHAIHUX PACEAHUX CTPYKTY-
pa ¥ ToCTojame Taca YrJbeHIUOKCHIA, JaCHO YKa3yjy
Ha IBUXOBY OJIM3UHY U XUAPAYIMUKY Be3y u3Mely mHux
1 HaOyIIEHUX BOJOHOCHUX CPEIMHA Y JIATIOPOBUTHM U
cnabo kapcTu(hUKoBaHUM KapOOHAaTHUM cTeHama (Y
uaTepBay 360—1150 m nyOune). 3a XUAPOTEONIONIKY
CTPYKTYypY ,,Centepc’ Oame rpaHuiia mmely Xumapo-
JUHAMHUYKE 30HE YCIIOPEHMX M BEOMa YCIIOPEHHX
polieca Bojgo3aMeHe Hajasu ce ucrnox 1,3 km ayoure.
HeduHucameM MpoCTpaHCTBA PETMOHAIHUX Pasiio-
MHHX 30Ha Y KOjEMa ce yTIJhOKHcese Bozie popmMupajy u
00HaBJbA]y, YIAJBEHOCTH OOIACTH TPUXPAUBakha Off
W3BOpHUILTA U TyOHWHE JOCe3ama yIJbOKHUCEINX BOJA,
omoryhasajy ce parnuoHamHHja U e(ruKacHHja XHIPO-
TeOJIOIIKa UCTPakKUBamba — 3a MoTpede moBehama m3-
JALTHOCTH M3BOPHILTA, H3HAIAKEHha BOJA BUILIMX TEM-
reparypa H peliaBamba ApyruxX KOHKPETHHUX 3aaTaKa.





