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Hydrogeological and hydrodynamic characteristics of groundwater

sources for the public water supply of BeCej (northern Serbia)

DuSAN PoLoMCIC!, OLIVERA KRUNIC' & VESNA RISTIC-VAKANJAC!

Abstract. The existing groundwater source for the public water supply of Becej City in Serbia is tapping
groundwater from three water-bearing horizons over 15 wells with a summary capacity over 100 1I/s. It is one
of the characteristics of sources that several water-bearing layers are most frequently tapped simultaneously
by wells. Two layers are tapped simultaneously by 12 wells; all three layers are tapped by ten wells, while one
water-bearing layer is tapped by only three wells. The groundwater table at the source was recorded for a peri-
od of 30 years. In the conducted hydrodynamic analysis of the groundwater regime, it was concluded that in
the mentioned period, a relatively low fall of the water table occurred, far lower than the previously predict-
ed values. The results of a simulation of the exploitation regime of both the town and surrounding sources are
presented in this paper for a period of more than two and a half years and the results of the identification of
the basic hydrogeological parameters of the tapped water-bearing layers are presented in this paper. In addi-
tion, a balance for each element in the water-bearing layers exploited as sources of tapped water for the town
are presented.

Key words: water-bearing layer, groundwater source, rheometric measurements, groundwater modeling,
groundwater balance.

Anctpakr. [Toctojehe uzBopuITe NOA3EMHUX BO/A 32 BOMOCHAOIEBakhe cTaHOBHUINITBA y beuejy (Cpou-
ja) 3axBara IoJ3eMHEe BOJIC U3 TPH BOIOHOCHA CJI0ja peko 15 OyHapa cymapHor KanamurteTa of mpeko 100 1/s.
Jenna on xapakTepHCTHKa M3BOPHINTA je na cy OyHapuMa Hajuemrhie MCTOBPEMEHO KalTHPAaHO BHIIE BO-
JIOHOCHHUX ciiojeBa. [IBa ciioja Cy UCTOBpeMeHO KanTupaHa Ha 12 OyHapa, cBa Tpu Ha 10, a Tpu OyHapa KanTu-
pajy camo jexaH BoJoHOCHHM cioj. TokoM mepuona ox 30 roarHa perncTpoBaH je HUBO MOA3EMHUX BOJA HA
W3BOPHIITY. Y CIIPOBEICHO] XUAPOAMHAMUYKO] aHAJIM3H PEKMMA MOI3EMHHX BOJIa 3aKJbYUEHO je J1a je y To-
MEHYTOM TEPHOIY AOIUIO JI0 PEJIaTHBHO MAJIOT Ollajama HHBOA, JAJIEKO Mame OJl PaHHje MPOTHO3UPAHUX
BPEIHOCTH.Y pajly Cy NPE3eHTUPAHH PE3yNITaTh CUMYIIalllje eKCIUIOATAOHOT PEXKUMa IPAJICKOT 1 OKOJIHUX
M3BOPHIITA Y IEPUOAY OJ] IPEKO [[BE U 10 TOAMHE U PE3YATATH HICHTU(PHKAIM]E OCHOBHUX XHUPOTCOIOIIKAX
napameTapa KalnTHPaHUX BOJOHOCHHX ciiojeBa. Takohe, MPEe3eHTOBAHU Cy €IEMEHTH OHIaHCca MPaJICKOT U3BO-
pHIITa Ha HUBOY CBAKOT' KAaTHPAHOT BOJOHOCHOT CIIOja.

Kiby4He pedyn: BOZOHOCHHM CJI0j, M3BOPHUINTE NMOA3EMHUX BO/IA, PEOMETPH]CKa MEPEHa, MOJEIHPAhE ITO/I-
3eMHHX BOJIa, OMJIAHC MOJ3EMHUX BOAA.

Introduction

The studied terrain on which the public groundwa-
ter source lies is located west of Becej, north of Novi
Sad (Vojvodina). The terrain considered in the re-
search and mathematical model takes the form of a
rectangle with sides of 12.8 x13.2 km and covers an
area of 168.96 km? (PoLOMCIC et al. 2011) (Fig. 1).

To meet the water supply requirements of the pop-
ulation and industry of the wider area of Becej, the
groundwater is tapped from three water-bearing layers
located at depths from 60 to 13 meters. The town
source of Becej (Vodokanal-Becej) comprises about
15 exploitation wells tapping the three mentioned
water-bearing layers. The source is characterized by a
relatively rapid ageing of the wells and relatively low
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Fig. 1. Geographical location and positions of the groundwater sources.

head losses, being far lower than the predicted values.
Several water-bearing layers are most frequently
tapped by wells: two layers are tapped simultaneous-
ly by 12 wells, and all three by 10 wells, while one
layer is tapped by three wells. In order to determine
the hydrogeological parameters for each of the water-
bearing layers, as well as the ground water balance of
the Vodokanal-Becej Source, a hydrodynamic model
for each of the tapped water-bearing layers was devel-
oped. During the exploitation regime, a simulation of
both the town and surrounding sources for a period of
more than two and a half years and an identification of
the basic parameters of the hydrogeological environ-
ment were performed and the balance of the ground-
water elements was also determined.

Geologic setting of the wider surroundings
of the Vodokanal-Becej Source

From a geological point of view, the study area be-
longs to the large Pannonian Plain. The stratigraphical
column in the study area is made of rocks of Precam-
brian—Palaeozoic, Mesozoic, Miocene, Pliocene and
Quaternary age. The oldest rocks in the study area are
comprised of crystalline shale, most likely of Precam-
brian—Palaeozoic age. The crystalline shale is found at
depths between 1424 m and 1528 m in deep boreholes
in Becej itself and its surroundings. Discordant sedi-
ments of the Upper Jurassic and the Upper Cretaceous
overlie the crystalline shale. Among the Mesozoic
members, the Upper Cretaceous, comprised of car-
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bonate and flysh sediments, is the most widely distrib-
uted. Upper Cretaceous formations in the Becej area
are found at depths from 1357 m to 1900 m.

The thickness of the overall Neogene series is
about 1250 m. This series most frequently overlies
transgressively Upper Cretaceous, Sennonian, flysh
and carbonate formations. Sediments of Miocene age
are represented by sandstone, reef limestone, marl,
clayey marl, and Badenian conglomerates, while the
formations of Pannonian age are comprised of clayey
marl, marl, sandy—clayey marl and sandstone. Badeni-
an sediments are not of high thickness but are very
good aquifers in which a carbon dioxide deposit was
discovered. Unlike them, Pannonian sediments are ty-
pical aquifuges. Sediments of Pliocene age are repre-
sented by Upper Pontian sandy—marly clay, marl,
sandstone and clayey marl, and by Paludina deposits
comprised of clay, sand, sandy coal-bearing clay and
lignite. The thickness of the Upper Pontian sediments
is estimated to be 400—450 m, and the thickness of
sandy layers within them ranges from several meters
to about 250-300 m. These layers are significant aqu-
ifers. It is thermo-mineral water with the presence of
dissolved gases that occurs in the deep regions.

Quaternary deposits cover the whole surface of the
study area. The thickness of the Quaternary deposits
ranges from about 130—140 m. Generally, the Quater-
nary, in relation to Paludina deposits, is characterized
by a higher content of the Psammite component and
more frequent alternation of sand and clay. Tapped
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water-bearing layers in the Becej town source belong
to the Quaternary, predominantly the Upper and part-
ly the Middle Pleistocene, deposited under river-lake
and river-marsh conditions.

Hydrogeological characteristics
of the wider area of Becej town source

In the study area, there have been developed five
water-bearing layers were developed in a vertical pro-
file to a depth of about 170 m.

The shallowest water-bearing layer lies to a depth
of 30 m (Fig. 2). Its horizontal distribution is signifi-
cant. Lithologically, its composition is not homoge-
nous. It is comprised of loess sediments in the upper
part and fine-grained, locally clayey sand, in the lower
one. An unconfined aquifer, the water of which is used
neither for the public water supply nor for industrial
needs, formed in these heterogeneous sediments.

Three deeper water-bearing layers lying at depths of
60 m to 130 m are comprised of fine-grained to medi-
um-grained sand and are used for domestic and indus-
trial water supplies. All three layers are distributed
regionally extending beyond the study area. These
three deeper water-bearing layers represent a hydroge-
ological complex formed under similar sedimentary
river-lake and river-marsh conditions during the Lower
and the Middle Pleistocene. From the surface of the ter-
rain, these layers are marked by Roman numbers I, 1I
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Fig. 2. Hydrogeological profile across the Vodokanal-Becej Source. Legend: 1, unconfined aquifer; 2, confined aquifer; 3,
conditionally waterless sediments; 4, head of the confined aquifer; 5. position of the well screen.
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and III (Fig. 2). The thickness and depth of some water-
bearing layers were determined based on data obtained
by well drilling and logging measurements in the
majority of the wells and are presented in Table 1.

Table. 1. Thickness of water-bearing layers in wider study
area.

Water- bearing layer

I I I11
Thickness [Thickness [Thickness

(m) (m) (m)
9.1-16.1 | 6.6-18.1 | 7.0-23.0

Groundwater Source

"Vodokanal" - BeCej

"Soja Protein" 6.0-8.7 |12.5-12.9(16.2-16.5
"Linde Gas" 23 14.6
"Nova farma - Sinkovi¢" 17.6 7.69 15
"Inkubatorska stanica - Sinkovi¢” 17 11 14.3
Komarov salag 17.7 10 16
"Hotel Fantast"

"Zalivno polje Agrobece;j" 13.8 27.4
RadiCevic¢ 26 11 20
"Svinjogojstvo" 16.9 I1.5 21

Backo Petrovo Selo
"Zivinopromet" 18 10 14.6

The water-bearing layers I, II and III are separated
by packages of clay and sandy clay with the thickness
of 5-20 m. This insulation is not complete and allows
partial hydraulic communication and the construction
of an aquifer with the table under pressure. Additio-
nally, northwest in the area of the Linde Gas Source,
the water-bearing horizons of I and II merge into one.
All this indicates a complex hydrodynamic whole.

It was perceived by analysis of logging diagrams
that interlayers and lenses of clay material with a
thickness of 2—6 m occur within some water-bearing
layers (MILOSAVLIEVIC & PoLoMCIC 2010). The distri-
bution zones of the clayey interlayers in the water-
bearing layers are presented in Figure 3. The signifi-
cance of these intercalations of clay is that the thick-
ness of the water-bearing layers of the city sources is
really smaller, by the thickness of the clay intercala-
tions. In order to simulate the real hydrogeological
conditions in the exploratory area, these interbeds
were later included in the hydrodynamic model,
which resulted in increase of number of the model
layers from 7 to 13.

The water-bearing layer IV, tapped under pressure
only by the piezometer P7/1, was recorded in the un-
derlying layer of the water-bearing layer 111, at depths
of about 149-155 m, and 161-167 m, but owing to the
unfavorable quality of the groundwater, it is not used as
a water supply.

The way of recharging the complex aquifer tapped
in sources in the wider area of Becej has not been
studied especially and it can be discussed only based

on general knowledge of the geological and hydroge-
ological features of the terrain and head loss analysis
over a long period of time. The overlying layer of the
water-bearing layer I is comprised of loess, sand,
clayey sand and sandy clay. Partial precipitation infil-
tration into the water-bearing layer I is allowed by
such a lithological composition. Infiltration certainly
occurs very slowly and in complex ways. As the
aquifer is distributed regionally, recharging occurs
over a wider area where water permeable sediments
prevail in the overlying layer or in zones where the
aquifer communicates directly with the surface of the
terrain or river flows.

The aquifer is drained by about 70 wells distributed
over the area with a diameter of 15-20 km: by the town
source in Becej, Novi Becej, Backo Petrovo Selo, Veli-
ko Gradiste and other minor settlements, as well as by
the factories: Sojaprotein, Linde—Gas, Agricultural In-
dustrial Company Becej and the companies: Agropro-
dukt Sinkovié, etc.
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Fig. 3. Distribution of clayey interlayers (I to IIT) within the
tapped water-bearing layers of the town source.

Physico-chemical characteristics
of the groundwater

In the past, numerous chemical analyses of the town
source were conducted in order to determine physico-
chemical characteristics of the groundwater. As the
largest number of wells tap water from two or three
water-bearing layers simultaneously, only a common
mixed water type could be determined. Only in a few
cases were the conditions given for groundwater sam-
pling from only one water-bearing layer (Table 2).
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Table 2. Comparative analysis of physico-chemical characteristics of some water-bearing layers.

Mark of water-bearing layer
Parameter

11, 111 I, 11, 111 111 v
Electrical conductivity (1S/cm) 699-808 785-832 792 1.133
Evaporation residue (mg/1) 440-501 450-526 499 702.5
Total Hardness (°dH) 13.5 17.6-18.6 - 3.8
Consumption KMnO, (mg/1) 3.5-6.1 2.4-5.5 4.5 24.2
Ammonia (mg/l) 2.2-2.8 1.6-34 3.5 3.0
Sodium (mg/1) 86.1 83.9-108.1 - 243.0
Magnesium (mg/l) 36.5 43.3-50.0 — 13.1
Total Iron (mg/1) 0.4-0.8 0.2-0.5 04 0.1
Arsenic (mg/l) 0.035 0.001-0.005 — 0.076
Chlorides (mg/l) 6.0-6.9 6.0-10.1 5.7 18.6

Based on the analysis of a large number of ground-
water samples taken from wells and piezometers in the
period from the year 2004 to the year 2010, a mixed
water type could be with certainty confirmed, but with-
out the possibility of the analysis of some water-bear-
ing layers (MILOSAVLIEVIC & PoLoMmCIC 2010).

According to the Alekin classification, the ground-
water belongs to the hydrocarbonate class and the so-
dium—magnesium—calcium group. The chemical com-
position of the groundwater according to the classifica-
tion of Kurlov can be expressed by the following for-
mula:

HCOss
(Na+ K);y Mgy, Ca,,

M0,4470,53 16,9

Concerning the groundwater of the town source in
Becej, the general evaluation from the point of view of
the quality of the potable water is that the water is of a
good quality after specific treatment in the water-pro-
cessing factory. The, to some extent, increased content
of ammonia is common for deeper water-bearing hori-
zons. The increased iron content, recorded only in some
samples, does not affect health but can affect the color
and taste of the water. An increased arsenic content was
recorded in only some samples; thus, there is no gener-
al increased presence of arsenic. Additionally, it has not
been determined whether the arsenic occurrence in the
water is organic or inorganic.

The head in the water-bearing layers I, II, and III,
indicating to a hydraulic connection of these three
water-bearing layers, was realized outside of the study
area. In order to confirm this hypothesis, an analysis
was performed and the physico-chemical characteris-
tics of the water from some water-bearing horizons
were determined. Comparing the content of some com-
ponents of the chemical composition of the groundwa-
ter, it was confirmed that the contents of specific com-

ponents from the water-bearing layers I, II and III are
very similar and that, undoubtedly, one aquifer formed
in the three water-bearing horizons with almost identi-
cal hydrodynamic and hydrochemical indicators
(MILOSAVLIEVIC & PoLomci¢ 2010) (Table 2).

The physico-chemical characteristics of the deeper
water-bearing layer 1V, tapped by the piezometer P-
7/1, are essentially different from the nearest layer I11.
The difference can be seen in all parameters, which
indicates that there is no, or very little, hydraulic con-
nection between them.

Hydrodynamic characteristics
of the Vodokanal-Becej Source

In the past 30 years, from the year 1980 to the year
2010, about 25 wells were drilled in the Becej Town
Source, of which 15 are active, two out of use and
eight are destroyed. Several layers were most fre-
quently tapped simultaneously by wells: two layers
were tapped simultaneously by 12 wells, all three lay-
ers were tapped by 10 wells simultaneously, and only
one layer was tapped by three wells.

The filtration characteristics of the porous media in
the Becej Town Source were determined based on test
pumping data, being partly the result of parameter
identification from a hydrodynamic model of the
source (CHENG & MOROHUNFOLA 1993). The tapped
water-bearing layers with the values of their hydraulic
conductivity are presented in Table 3.

In the period from the year 1980 to the year 2010,
groundwater monitoring was realized at the source.
The states of the head from the year 1980 to the year
2010 are presented in Figure 6. The groundwater table
measured in the year 1980 was at almost at same
depth in all three layers. To some extent, the higher
differences in the head measured in the year 2010 are
the consequence of the small distance from the wells
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Table 3. Survey of water-bearing layers being tapped at
Vodokanal-Becej Source and surrounding sources with
survey of hydraulic conductivity values.

Hydraulic
Mark of Tapped water- conductivity
well -bearing layer (m/s)
VODOKANAL Source
BO-1 I, 111 1.90 x 10"
B0-2 I, 10, 11 121 x 10"
BI-2/1 IL, 11 1.46 x 10*
BI-3 L1 5.00 x 10™
BI-3/1 I, 1L, 111 121 x 10"
BI-4 I 11 5.50 % 10"
BIII-1 I, II, 111 1.75 x 10™
BIll-1/a I 11, I 1.42 x 10"
BIII-2 I 11, 111 293 x 10"
BIII-3 L II, 111 3.19 x 10"
BIII-4 11 8.50x 10"
BIII-4/1 I, I1, 111 1.90 x 10™
BIII-5 111 9.70 x 10"
BIII-6 IL, 111 1.90 x 10*
BS-5 L II, 111 3.98 x 10"
BS-6 I 11, 111 3.33 x 10"
SOJA PROTEIN Source
B-1 11 230 x 10"
B-4 IL, 111 2.04 x 10"
LINDE GAS Source
B-1 | I |  6.18x10°

and the varied pumping intensity. The highest head
losses were observed at the piezometers located in the
central part of the source (P-1, P-4, P-6 and P-7/2),
where pumping is the most intensive, while the lowest
head losses were observed at the piezometers located at
peripheral part of the source (P-2, P-3 and P-5). The
recorded values of the groundwater table at the
piezometers confirmed that these three water-bearing
layers represent a unique hydrodynamic whole.

Based on the cross-section of the head states cover-
ing the span of 30 years (1980-2010) (MILOSAVLIEVIC
& Poromcic 2010) (Fig. 4), it can be seen that the
head loss was below all expectations and previously
given prognoses.

A head loss of 3.04 m was recorded at the piezome-
ter P-7/1, the filter of which is located in the water-
bearing level IV, in the period of 1980 to 2010 years. As
this water-bearing layer is not tapped by any wells in
the vicinity, the only explanation is that the groundwa-
ter “pours off” into the nearest water-bearing layer III.

In order to determine the yield of the water-bearing
layers, rheometric measurements were realized at 10

wells (Fig. 5) and the following results were obtained
(MILOSAVLIEVIC & PoLomcic 2010):
— at the wells where layers I and II are tapped (BO-
2 and BI-3/1), layer I works with 86.5-90 % and
layer II with only 10—13.5% of the total capacity,
— at wells where layers II and III are tapped (7
wells), the layers mainly gave unequal amounts
of water and
— in case of water tapping from all three layers, mea-
surements were performed at only one well (BIII-
1), where the layers were also unequally active.
By having access to the well capacity, it can be seen
that initial capacity of the wells was relatively high
(17-37 I/s), and that it decreased rapidly with exploi-
tation owing to fast ageing of the wells. Working age
of wells according to past experience at the Becej
Town Source is, on average, 8 to 9 years (Fig. 6).
Revitalizations were frequently performed; on aver-
age, one or two per well. After revitalization, the age
of the wells was extended by two to five years.

Hydrodynamic model of wider area of the
Vodokanal-Becej Source

A hydrodynamic model was developed in order to
simulate the current groundwater exploitation at the
Vodokanal-Becej Source and to determine the ground-
water balance. The code selected to develop the
numerical model was MODFLOW-2000; a modular,
three-dimensional finite difference groundwater flow
model developed by the US Geological Survey
(HARBAUGH et al. 2000). The program Groundwater
Vistas 5.33b (Environmental Simulations Internati-
onal, Ltd.) was used in the present study. The devel-
opment concept of the groundwater source hydrody-
namic model for the Becej water supply is based on
the simulation of three-dimensional finite difference
groundwater flow. The development of this model in-
cluded the steps from the basic interpretation of input
data, the schematization of porous environment, flow
field and flow conditions to the formation and calibra-
tion of the model. Natural factors, such as the type and
characteristics of distributed geological members, the
distribution of water-bearing layers and aquafuges,
filtration characteristics of the porous environment,
conditions, mechanism and the groundwater flow re-
gime, as well as a the desired goal within the set as-
signment had decisive impacts on the selection of the
basic characteristics of the mathematical model of the
Vodokanal-Becej Source (PoLoMcIC 2001).

Flow field geometry and discretization of the wider
area of the Vodokanal-Becej Source

The developed hydrodynamic model includes the
wider area of the Vodokanal-Becej Source. Locations
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Fig. 4. State of the head at Becej Town Source measured between 1980 and 2010. A, Diagram of groundwater level in the
piezometers; B, Table with average annual decline in the groundwater level observed in the pieozometers.
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Fig. 5. Results of rheometric examinations at the Becej
Town Source.

of facilities in the area included in the model used for
defining of spatial characteristics of isolated schema-
tized lithological members are given in Fig. 1. The per-
formed schematization of the hydrogeological environ-
ment is based on the existence of water impermeable
overlying and underlying sediments, and the three wat-
er-bearing layers being separated by clayey sediments

and clayey interlayers of limited distribution within each
water-bearing layer (PoLoMCIC 2002). To summarize,
observed from the surface of the terrain, the correspon-
ding model layers and terrain are presented in Table 4.

Although in total five water-bearing layers were re-
corded in the study area, only the tapped layers are
included in the model. The shallowest water-bearing-
layer, being neither in direct hydraulic connection with
the lower layers nor used for water supply, is also in the
first model layer. The water-bearing layer IV (not being
used for water supply) is not included in the model.

The three-dimensional hydrogeological model in
two cross-sections within the wider area of the Vodo-
kanal-Becej Source is shown in Figs. 7 and 8. The tap-
ped water-bearing layers, in which filter constructions
of the exploitation wells are placed, are marked in dark
grey color. As stated before, the overlying layer, the
underlying layer, and interlayer deposits are composed
of poorly permeable and water impermeable sediments.

The distribution of all layers can be seen in the pre-
sented three-dimensional profiles, thereby the exis-
tence of clay interlayers in the water-bearing layers at
particular localities and the merge of the first and sec-
ond water-bearing layers (at the locality of the Linde
Gas Source) are evident.
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Fig. 6. Survey of working age and number of revitalizations of the wells of the Vodokanal Becej Source.

Table 4. Lithological members and model layers of wider area of groundwater source Vodokanal-Bece;.

Complex of clayey and sandy overlying 1 | clayey and sandy sediments
sediments
2 | overlying part of I water bearing layer
[ water-bearing layer with clay interlayer 3 | clay interlayer grading laterally into sands of I water bearing layer
4 | underlying part of I water bearing layer
clayey sediments 5 | clayey and sandy sediments
) . ) 6 | overlying part of II water bearing layer
IT water-bearing layer with clay interlayer 7 | clay interlayer grading laterally into sands of II water bearing layer
8 | underlying part of II water bearing layer
clayey sediments 9 | clayey sediments
10 | overlying part of III water bearing layer
[1I water-bearing layer with clay interlayer | 11 | clay interlayer grading laterally into sands of III water bearing layer
12 | underlying part of III water bearing layer
floor clayey sediments 13 | clayey sediments

Basic dimensions of the matrix included in the
study area are 12800 m x 13200 m, covering an area
of 168.96 kmZ2. The discretization of the flow field in
the plan was performed with a basic cell value of 400
m x 400 m, which is condensed in the source zone by
a square net with dimensions of 25 m x 25 m (PoLOM-
CIC 2004). The terrain included in the model is divid-
ed by a net of squares and rectangles with the dimen-
sions of 322 rows x 197 columns and is comprised of
824 642 active model cells (PoLOMCIC et al. 2011).

Boundary conditions

The following boundary conditions were applied in the

hydrodynamic model of the Vodokanal-Becej Source:

— “vertical balance”, result (effective) infiltration,
as a result of infiltration differences of precipita-
tion and evapo-transpiration

— general head boundary

— boundary condition with a set flow — a discreti-
zation net cell (“inner contour™).
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Fig. 7. 3D hydrogeological profile of the model of the town source: cross-section north—south. Legend: 1, poorly permeable
layer; 2, water-bearing layer; 3, well structure; 4, well screen; 5, piezometer.
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Fig. 8. 3D hydrogeological profile of the model of the town source: cross-section SW-NE. Legend: 1, poorly permeable
layer; 2, water-bearing layer; 3, well structure; 4, well screen.

In the overall groundwater balance, the so-called  balance implies the effective resultant infiltration (Po-
“vertical balance” of the study area affects the tapped ~ LomcCIC 2008). This value is comprised of the sum of
water-bearing layers to some extent. Here, the vertical  infiltration by precipitation, evaporation from ground-
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water and evapo-transpiration. Additionally, the depth
to groundwater table, the state of humidity, as well as
the lithological composition of the soil in the zone
above the aquifer are highly significant. A precipita-
tion value of 10 % was taken as the initial value of
effective infiltration and this boundary condition was
set only in the first layer of the model. Average
monthly values of precipitations at the Becej Meteo-
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Fig. 9. Average monthly values of precipitations for period
from 1978 to 2010 (M.S. Becej).

rological Station for the period from 1978 to 2008 are
shown in Fig. 9.

As stated before, there are several water-bearing
layers at the wider area of the Vodokanal-Becej
Source, three of which are tapped for water supply.
With regard to conditions of sedimentation and the
development of these water-bearing layers, their
sources of recharge are situated far from the study
area. The impact of these distant recharge sources on
the hydrodynamic model of the Vodokanal-Becej
Source was set via the boundary condition of the gen-
eral head for each of the water-bearing layers.

A hydrodynamic analysis of the groundwater regi-
me according to the recorded groundwater table was
conducted in order to determine the value of the head
to be set by this boundary condition for each water-
bearing layer. Groundwater hydrographs at the piezo-
meters of the Vodokanal-Becej Source for the period
from 1st August 2007 to 28th May 2010 are presented
in Fig. 10.

The general conclusion from Fig. 10 is that identi-
cal fluctuation trends of the head were recorded at all
piezometers, characterized by lower levels during the
summer and early autumn months as a consequence of
higher tapping of groundwater. In addition, from an
analysis of the values of the hydraulic head registered
at each piezometer separately, it can be concluded that
all three water-bearing layers are in the hydraulic con-
nection. In the exploratory area, the connection of the
first and second water-bearing layers was registered in
the area of the source “Linde Gas” (Fig. 8). The head
oscillations in the piezometers indicate that the hydra-
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Fig. 10. Hydrographs of the head at the monitoring facili-
ties of Vodokanal-Becej Source in the period from 1st
August 2007 to 28th May 2010.

ulic connection of the three water layers was realized
outside the investigation area. The exception is the P-
7/1 piezometer, the filter of which is located in the
fourth water-bearing layer, which is not tapped by
wells in the study area and is not included in the
model.

The impact of the exploitation wells at the sources
was simulated via the set flow boundary condition.
The locations of wells in the area included in the
model are shown in Figure 1. The values of well yield
of and groundwater table in the wells at the Vodoka-
nal-Becej Source were recorded for the period from
1st August 2007 to 28t May 2010 (Fig. 11).
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Fig. 11. Diagram of the recorded single well flows at the
Vodokanal-Becej Source in period from 1st August 2007 to
28th May 2010.

The capacity values of the remaining wells located
at the other sources on the area included in the model
were set at values recorded during exploitation of
several years and range from 1.0-13.3 1/s (MiLo-
SAVLJEVIC & PorLomciC 2010). Well screens at the
Vodokanal-Becej Source and the remaining sources
were set according to their real mounting position as
multi-segmented ones in one, two or three water-
bearing layers.
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Results of the model calibration

The calibration of the model is realized under tran-
sient flow conditions with a time of one day for the
analyzed period of time (15t August 2007 to 28t May
2010), being at the lowest level of the iterations divid-
ed into 10 parts of unequal duration (factor 1.2) (Po-
LOMCIC 2004). The groundwater flow model was cal-
culated and simulated as real flow under pressure or
with a free table in each discretization cell individual-
ly, whereby the flow model conditions were changed
with time in accordance with the real conditions.

The model calibration was completed when, accord-
ing to the evaluation of the model author, satisfactory
concordance between the recorded groundwater tables
and those obtained in the calculations (Figs. 12, 13 and
14). The head layout in the tapped water-bearing layers
at the end of the period for which the model was cali-
brated is shown in Figures 15-17 (28th May 2010).
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Fig. 12. Diagram of the observed and calculated heads in
the piezometers which screened only in the second (P5),
and in the third water-bearing layer (P1 and P2) for the
whole model calibration period.
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Fig. 13. Diagram of the observed and calculated heads in
the piezometers which screened only the first water-bear-
ing layer for the whole model calibration period.

The groundwater balance was analyzed for the Vo-
dokanal-Becej Source for each well. Respecting the re-
sults of the rheometric investigations (Fig. 5) and the
performed simulation of the town source work, the ave-
rage well capacities and inflows from the water-bearing
layers for each the wells were obtained (Table 5).
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Fig. 14. Diagram of the observed and calculated heads in
the piezometers which screened the second and third water-
bearing layers for the whole model calibration period.

The largest amount of water flow up comes from
water-bearing layer 111 (43.93 %) as a consequence of
the largest number of wells tapping water from this
layer. Then follows the inflow from layer II (33.4 %)
and the least from water-bearing layer I (22.57 %)).

Table 5. Groundwater balance at Vodokanal-Becej Source.

= _8 |BE_ |33 _|BE_

2 | 2% |E22| 2% |E:s2
BO-1 8.1 0.00 4.72 3.38
B0-2 11.5 9.95 1.55 0.00
BI-2/1 5.9 0.00 3.06 2.84
BI-3/1 6.4 5.76 0.64 0.00
BI-5 7.9 0.00 1.30 6.60
BI-6 5.3 0.00 1.63 3.67
BII-1 5.0 1.75 1.25 2.00
BIII-1 8.0 2.10 5.05 0.85
BIII-2 6.0 1.48 3.48 1.04
BIII-3 8.0 1.36 4.96 1.68
BIII-4/1 5.7 0.00 0.00 5.70
BIII-5 11.7 1.76 2.46 7.49
BIII-6 9.9 0.00 2.75 7.15
BS-5 9.5 1.14 3.52 4.85
BS-6 7.5 0.98 2.63 3.90
Total 116.4 26.3 39.0 51.1

Conclusions

Groundwater from three water-bearing layers com-
prising a unique hydrodynamic whole is used for
domestic and industrial water supply to the wider area
of Becej. The stated layers are located at depths from
60 to 130 m. There are clayey interlayers within water-
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Fig. 17. Map of the head layout in water-bearing layer III in the wider surroundings of the Vodokanal-Becej Source at the

end of the model calibration period.

bearing layers at the Vodokanal-Becej Source that
serve for water supply to the population and industry of
Becej. The Source is comprised of 15 drilled wells the
filter structures of which tap one or more water-bearing
layers. The quality of the groundwater is burdened with
an increased content of ammonia. Increased contents of
arsenic and iron were recorded in some water samples.
The water must be treated in the water treatment plant
before usage. According to the Alekin classification,
the groundwater belongs to the hydrocarbonate class,
sodium—magnesium—calcium group.

Fast ageing of the wells is present at the Source.
The average working life of wells at the town source
is 8-9 years.

During past 30 years, groundwater table has been
monitored. Recorded values of groundwater table at pi-
ezometers confirmed that the three tapped water-bear-
ing layers represent a unique hydrodynamic whole. The
results of hydrochemical examination additionally con-
firmed this statement.

A multilayer hydrodynamic model with overall 13
layers was developed for the determination of the
groundwater balance at the Vodokanal-Becej Source.
The relatively large area included in the model and the
numerous layers conditioned the existence of 824 642
active model cells. The model included the town and
11 surrounding groundwater sources. The simulation

of the working of the sources was performed under
non-stationary conditions for a period of over two and
a half years.

The conducted hydrodynamic analysis of the
groundwater regime at the Vodokanal-Becej Source
showed that the highest amount of water flow is from
the water-bearing layer III (43.93 %), then from layer
II (33.4 %), and the least from the water-bearing layer
1(22.57 %).

The result of the performed investigations states
indicate that it is possible to tap considerably higher
amounts of groundwater than those being tapped
presently.
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Pe3nme

Xuaporeosionike U XuJApoIMHAMHYKE
KapaKTepUCTHKe U3BOPUIITA MOJA3eMHHUX
BO/1a 32 jaBHO BoJOCHa0neBame beveja
(ceBepna CpoOnja)

3a moTpebde cHaOmeBama BOAOM CTAaHOBHUINTBA H
WHAYCTpHje Ha mupeM noapydjy beueja, 3axBarajy ce
MOJ[3eMHE BOJIe M3 TPW BOJOHOCHA CJI0ja KOja ce Ha-
naze Ha myomnama ox 60 mo 130 m. I'pamcko m3Bo-

puimre beueja (,,Bomoxanan—beuej*) cactoju ce ox 15
eKCIUIOaTallMONHX OyHapa KOjU KallTUpajy HaBeAeHa
TPHU BOJOHOCHA CJI0ja. V3BOpHINTE KapaKTepHIle pe-
JATUBHO Op30 cTapeme OyHapa, W PEaTUBHO Majo
omajame IHje30MeTapcKor HHUBOa. byHapuma je
Hajuenrhe KanTHpPaHO BUIIE BOJOHOCHHUX CIIOjeBa: Ha
12 OyHapa kanTupaHa Cy HCTOBPEMEHO JIBa CIIoja, Ha
10 cy xanrTupaHa cBa TpH, a Ha 3 OyHapa je KanTupan
jenaH cioj.

Ha m3ydaBaHoM TepeHy y BepTHKaIHOM MpOohuiIy
o ayomne oko 170 m pa3BHjeHO je TeT BOMOHOCHUX
ciojeBa. Hajrmuhu BomoHOCHU €I10j 3amexe 10 nyOu-
He oko 30 m M MMa BEJIMKO XOPHU3OHTAIHO PacIpo-
cTpameme. M3rpaljen je om meconmHux cequMeHara y
TOPEHEM U CUTHO3PHHUX, MECTUMHYHO 3aTJTHEHCHUX TIe-
CKOBa y JIO-EM JIeTy. Y OBHM XEeTEPOT€HUM CEeTUMEH-
TiMa (popMupaHa je W3gaH ca CIOOOOHHM HHBOOM
YHje ce BOJIE HE KOPHCTE 3a jaBHO BOAOCHAOEBam-€
WM 32 TIOTpede HHIyCTpHje.

Tpu 1y6spa BOIOHOCHA CI10ja, KOja Jieke Ha JyOUHU
on 60—130 m, m3rpaljeHa cy ox CUTHO3PHHUX IO CPe-
HBE3pHUX MEeCKOBAa W KOPUCTE C€ 3a BOIOCHAOIeBame
CTAaHOBHHINTBA M WHAYycTpuje. CBa TpH clioja UMajy
PETHOHAITHO PacIPOCTPAkEHhE U MIPEICTaBIbajy jefaH
XUIPOTEOIONIKH KOMIIEKC CTBapaH y CIMIHUM CeJlH-
MEHTOJIOIIKIM PEYHO-j€3ePCKUM W PEYHO-0apCKUM
YCIIOBUMa y TOKY JOHET U CPENmer IUIEHCTOIEHA.
Kantupanu Bomonocuu ciojeu (I, II u III) mehy-
coOHO Cy pa3[IBOjeHM TMAaKeTHMa IJIMHE U TECKOBHUTE
ruHe nebsprHe 5-20 m. OBa m3o0nanwja HUje MOT-
MmyHa 1 oMoryhaBa IeTMMHUYHY XUAPayIndKy ToBe3a-
HOCT. Y pernoHanHoj pa3Mmepu, usrpalyjy jemHy uz-
JIlaH ca HABOOM Tiof mpuTuckoM. Ilopen Tora, mpema
CEBEPOMUCTOKY Y AOMEHY U3BOpHUIUTA ,,JInHae rac, I u
II BomoHOCHY XOpH30HTH ce CIajajy y jemaH. CBe 0BO
yKazyje Jla ce pajid O jeIIHOj CIOKEHO] XUIPOAMHAMH-
YKOj LIETHHU.

AHaIM30M KapOTaKHUX JHjarpaMa youeHo je a ce
yHyTap IOjeJUHUX BOJOHOCHHX CJIOjeBa jaBJbajy
MPOCJIOjIIM U COYMBA ITIMTHOBUTOT MaTepujajia Ae0sbu-
He 2—6 m.

VY nonuan kantupasor Il BogoHOCHOT ctoja Ha 1y-
oman ox oko 149—155 m m ox oko 161-167 m pe-
ructpoBad je IV BOMOHOCHM CII0j TIOA MPUTHCKOM
koju je 3axBaheH jemuHo mujezomerpoM I17/1 u 360r
HEMOBOJHHOT KBaJIUTETa MOJ3EMHUX BO/Ia HE KOPUCTH
ce 3a BomocHabzieBame.

[uje3omeTapcku HUBOM Y KallTHPAHUM BOJIOHOCHHAM
cnojesuma I, II u Il moTBpammm cy ma ce paad o
XHUIPAYJIUIKO] TIOBE3aHOCTH OBa TPH BOAOHOCHA CIJI0ja
Koja ce OCTBapyje M BaH HM3ydaBaHOT mpoctopa. Kao
JIOZIaTHAa TIOTBpPZAA IOBE3aHOCTH OBa TPU BOJOHOCHA
cioja cy (U3NIKO-XeMHjCKe KapaKTepHCTHUKE BOAA W3
MOjeINHUX BOJOHOCHUX XOpH30Hara. YmopehemeM ca-
IIpXKaja TIOjeMUHUX KOMIIOHEHTH XEMH)CKOT cacTaBa
MOA3EMHUX BOZa YTBpHEHO je na Cy campikaju ofape-
hennx xommonentu u3 I, I u Il BomoHOCHOT cioja
BEOMa CIIMYHH U J]a C€ HECTIOPHO PAJI¥ O jeTHO] M3IaHH
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(hopmupaHoj y TpH BOJZOHOCHA XOPH30HTA Ca CKOPO
WCTOBETHUM XHUIPOIWHAMUYKAM W XHAIPOXEMH]CKIM
nmokasaresbuMma. [Ipema xnacudukanuju AnekuHa
MOA3EMHE BOJIE MPHIAAjy XUAPOKAPOOHATHO] KIIACH,
HaTPHj YMCKO-MarHe3Hj YMCKO-KaJIIHjYMCKO] TPYTIH.

Ha ocHOBy mpeceka crama mHje30METapCKUX HH-
Boa y pacmnoHy ox tpuzaecer rogmHa (1980-2010)
yTBpheHo je ia je maj Mmuje30MeTapcKor HIBOA UCTION
CBUX OYEKHMBama M PaHHje MOCTABJLEHNUX IPOTHO32, U
Ja n3Hocu 621 cm roauime.

Y mupy yTtBphuBama M3mamHOCTH onpeheHnx
BOJIOHOCHHUX CJIOjeBa, BPIIIEHA Cy PEOMETpPHUjCKa Me-
pema Ha 10 6yrapa. Ha ocHOBY 0BUX Mepema je yTBp-
heHo je ma cy KamThpaHH CIOjeBH YIIIABHOM JIABAJIH
HejeTHaKe KOJMIUHE BOE.

3a motpebe m3Bohema cumymnanuje nocrojehe exc-
TUIoaranyje MoJ3eMHUX BoJa Ha W3BOpUIITY ,.Bomo-
kaHan—beue]“ m yTBphuBama OwniaHca MOA3EMHUX
BoZla opMHpaH je XuaponuaMudku Mosen. Konmen-
Mja u3pajge XUAPOAUHAMHUYKOT MOJeNa 3aCHHBA Ce
Ha CHMYJANHjd TPOJUMEH3NOHAIHOT CTpyjama TOA-
3eMHHX BOJ]a IPUMEHOM METOJle KOHAYHUX pa3jIKa.
Tepen oOyxBaheH MOZIEIIOM je U3/IEJhEH MPEKOM KBa-

IpaTta ¥ MpaBOyraoHWKa auMmensuja 322 pema x 197
KOJIOHE U cacToju ce on 824.642 akTWMBHHUX MOe-
ckux hemmja, y 13 Monenckux ciojeBa. Etanonupame
MOJIeJNa je CIIPOBEICHO Y HECTAI[IOHAPHUM yCIIOBHMA
CTpyjama, ca BpeMEHCKUM KOPaKOM Off jeHOT JaHa 3a
aHanm3upanu BpemeHckn nepuoxn (01. 08. 2007. — 28.
05. 2010. Tox.), KOju je Ha HIDKEM HHBOY HTepallvja
mofiesbeH Ha 10 menoBa, HejegHaKOT Tpajama ((akTop
1,2). I[locturHyTO je Beoma AOOPO clarame perucTpo-
BaHUX W MPOPadyHATHX BPETHOCTH IHj€30METapCKUX
HuBoa. Kao pesynrar mporeca xamubpamnuje Mozena,
no0mjeHe cy KapTe pacropesa Mije30MeTapCcKor HUBoa
3a CBaKH BOIOHOCHH CJIOj M 32 CBAaKH BPEMEHCKH TIpe-
cek (mpekxo 1000 mpeceka). Takohe, onpehenu cy ene-
MeHTH OwWiaHca BOJOHOCHHX CIJI0jeBa Ha TPaJICKOM
m3Bopuiuty beueja. Hajsehe xommunHe Boga notndy u3
IIT BomoHocHOT cnoja (43,93 %) xao mocienuna Haj-
Beher Opoja OyHapa Koju 3aXBarajy BOJIe U3 OBOT CJI0ja.
[lorom cnenu notuniaj w3z 11 (33,4 %), u Ha kpajy u3 |
BOZIOHOCHOT cioja (22,57 %).

Kaxo pesynrar crpoBeIeHHUX HCTpaKUBamba CTOjU
na je moryhe 3axBaratm W 3HaTHO Behe KommumHe
MTOJI3€MHUX BO/Ia HETO IIITO CE JTaHAC 3aXBaTajy.
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