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Abstract

The Swiss Agency for Development and Cooperation (SDC) has funded the
Rural Water and Sanitation Support Programme (RWSSP) that has increased
the access to public water supply throughout Europe’s youngest state—Ko-
sovo—in the past ten years. The Programme, implemented by Dorsch Inter-
national Consultants GmbH and Community Development Initiatives has,
among other activities, implemented groundwater protection methods. Nev-
ertheless, groundwater protection remains a challenge in Kosovo. The water
law describes that water source protection is similar to German rules, yet
modelling-based planning of water source protection zones remains chal-
lenging. In the present study, the development of the hydrogeological and the
mathematical groundwater model for the technical delineation of the well
head protection area for the Ferizaj well fields under limited data availability
is described in detail. The study shows that even when not all data are availa-
ble, it is possible and necessary to use mathematical groundwater models to
delineate well head protection areas.

Keywords

Water-Resources Conservation, Groundwater Protection, Numerical
Modeling, Limited Data Availability, Kosovo

1. Introduction

In the past decade, the Rural Water and Sanitation Support Programme in Ko-
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sovo (RWSSP) funded by the Swiss Agency for Development and Cooperation
(SDC) and implemented by Dorsch International Consultants GmbH and Commu-
nity Development Initiatives (CDI) has considerably increased the access to public
water supply of the rural population of Kosovo. However, groundwater protec-
tion is still a challenge [1] [2]. While protecting wells with modeled groundwater
protection zones is similar to German standards [3] [4] [5] and is well described
in Kosovar regulations [6]. The full implementation of modeling-based ground-
water protection areas, however, is yet to be achieved [7]. The programme is
thus supporting the Regional Water Companies of Kosovo to protect ground-
water resources used for public water supply.

This study describes the development of a consistent hydrogeological model
and the delineation of well head protection areas for the public wells in the Feri-
zaj region by applying a mathematical groundwater flow model under limited
data availability. However, data availability with a high degree of accuracy is not
always available which, at first sight may limit the use of mathematical ground-
water models. The study shows that even when not all data are available, it is
possible and necessary to use mathematical groundwater models to delineate
well head protection zones.

Data collection, field work, and evaluation of the data were carried out by
Dorsch International Consultants GmbH and Community Development Initia-
tives (CDI) in close cooperation with the Regional Water Company Bifurkacioni
in Ferizaj in 2018/2019.

2. Material and Methods
2.1. Study Area

The study area is in the south of Kosovo in the region of Ferizaj, which includes
the municipality of Ferizaj (Figure 1). Within the region, there are numerous
small villages in the valley. The study area comprises the upper part of the cat-
chment area of the Nerodime river including the alluvial valley plain and the
surrounding mountains. The elevation of the valley plain ranges from south to
north from 530 to 600 m a.s.l,, the average width of the valley is 5 km. The valley
is surrounded by mountains with a maximum elevation up to 1500 m a.s.l. The
study area has a total area of 195 km* with a maximal width of 20 km and max-
imal length of 10 km.

In the study area, 14 drilled wells have been implemented. Six wells are used
as production wells for drinking water supply. Of these, two wells each are lo-

cated near the villages Varosh, Gerlice and Begrace.

2.2. Climatic and Hydrologic Conditions

The region is characterized by an average continental climate, with relatively hot
summers and moderately cold winters. Based on meteorological/climatic data,
the region of Ferizaj is classified as climate “C” according to the nomenclature

defined by Képpen and Geiger [8].

DOI: 10.4236/jep.2022.132013

205 Journal of Environmental Protection


https://doi.org/10.4236/jep.2022.132013

A. Hajra et al.

N

MONTENEGRO

ALBANIA
Adriatic Sea

0 25 50 km

SERBIA

NORTH MACEDONIA

Nerodime e Epérm

Jezerc Nerodime e Po:

Manastircé

U -
$ Pleshing *
S
o
<

@)

Elevation

(ma.s.l)

500

600

700

800

%00
1000
1100
1200
1300
1400

.Gagké O

f’Rakaj @
Semajé Bajnicé =

Duraj‘.EIeZaj :Gabric”é
.

5rlicé e Epérme

O Observation well

@ Varosh production wells
@ Gerlice production wells
@ Begrace production wells

0 25
(b)], . (c)
Cartographic Information
Other Places Waters
Projection, Datum: Transverse Mercator, WGS 1984
D Study area City = River
o Village Hard-rock

Data Sources

Alluvial aquifer
d Vector Data: OpenStreetMap contributors, 04.2020

Figure 1. (a): Location of the study area. (b): Topographic map of the study area. (c): Map of the study area showing the location
of Ferizaj city, villages, Varosh-, Gerlice-, Begrace-well field, observation wells and the extent of the alluvial aquifer and the adja-

cent hard rocks.

The mean long-term annual precipitation for the time period 2002 to 2018 is
P = 737 mm/a, with 357 mm for the hydrological winter months (October to
March), and 380 mm for the summer months (April to September). February is
the driest month with a precipitation of 36 mm/month, May the wettest month
with a precipitation of 86 mm/month [9]. The mean annual temperature is T =
11.0°C, the mean winter temperature is 4°C, and the mean summer temperature
is 17.3°C [9].

The average long-term annual runoff measured in the Nerodime river at a
gauge station some kilometer south of the study area is Q = 1.2 m’/s (time pe-
riod 2015 to 2018). The corresponding catchment area is 214 km?, so the total
runoff is calculated at R = 177 mm/a (=5.6 1/s-km?) [9]. The mean annual evapo-
transpiration is thus calculated from the water budget at E = 560 mm/a. The

mean long-term water balance for the study area is:

P = E + R

737 = 560 + 177 [mm/a]
234 = 17.8 + 5.6 [l/s:’km?]
100 = 76 + 24 [%]

The total runoff R is made up of surface runoff and groundwater runoff. The
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groundwater runoff corresponds to the groundwater recharge Ig. The ground-
water recharge was calculated from the discharge data using the “MoMNQ-
Verfahren” by Wundt [10]. In this method, the average groundwater outflow
is determined by using the average of minimum monthly streamflow. For the
study area groundwater recharge was calculated to Ig = 122 mm/a (=4
1/s-km?).

2.3. Geological and Hydrogeological Settings

The study area is part of the so-called “External Vardar Subzone” bordering the
“Central Vardar Zone” to the east [11] [12] [13]. The main plains containing the
studied aquifer are part of the “Kosovo Basin™.

The emergence of this intra-mountainous basin started in Neogene. The de-
posits consist mainly of unconsolidated fluvial sediments of Pleistocene and
Holocene age formed in a floodplain environment of a meandering river. The
surrounding hard rocks comprise of consolidated sediments (sand-, lime-, clay-,
marl-, and siltstone), magmatic, and metamorphic rocks from Palaeozoic to Ter-
tiary age. The region is tectonically stressed. The main tectonic faults strike pa-
rallel to the axis of the valley. The hydrogeological map of the study area is
shown in Figure 2 [14]. Figure 3 shows a geologic cross-section of the alluvial
aquifer.

The alluvial aquifer can be characterized as an unconsolidated porous aquifer
[15]. The aquifer consists of an alteration of gravel, sand, silt, and clay. Its lateral
extent from west to east ranges from about 3 to 7 km. The aquifer thickness va-
ries between 160 to 260 m. The average thickness is about 200 m. The depth to
groundwater is only a few meters. The aquifer is underlain and surrounded by
hard rocks which form the bottom of the aquifer. The aquifer is in the upper
part in an unconfined state while deeper parts of the aquifer are considered to be
in a confined state.

The adjacent and underlying hard rocks can be characterized as aquitards.
The hydraulic conductivity and storativity of these hard rocks is very low com-
pared to the alluvial sediments even though the karstic parts in the limestones
may be considered of good permeability.

Hydraulic conductivity: The estimation of the hydraulic conductivity K was
done by the analysis and evaluation of 14 pumping tests carried out in the study
area. The names of the wells and the estimated K-values are shown in Table 1.
The K-values range from K = 7.52 x 107° to 3.30 x 10~ m/s. The average K-value
computed as the geometric mean is K = 2.00 X 10~ m/s.

Figure 4 shows a map of the spatial distribution of the hydraulic conductivity
values in the alluvial aquifer and the corresponding empirical frequency distri-
bution. The histogram shows that the logarithms of the K-values are normally
distributed [16], which was approved by the Kolmogorov-Smirnov Test (D =
0.22451, p = 0.05407). The standard deviation and the range are comparatively

low, which indicates a homogeneous structure of the aquifer.
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Figure 2. Hydrogeological map of the study area with location of the cross-section
through the alluvial valley sediments. Modified excerpt from the hydrogeological map of
Kosovo [14].

Legend

va Gravel with sand

~ Clay with sand = Clay Hard-rock

— Position of geophysical sounding — Position of well

Figure 3. Hydrogeologic cross-section of the alluvial aquifer (line of cross-sections is
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Figure 4. Map showing the spatial distribution of the hydraulic conductivity (K) in the

alluvial aquifer and the corresponding empirical
standard deviation, n = number of samples).

frequency distribution (K =mean, o=

Table 1. Hydraulic conductivity (K) from pumping test analysis for the wells in the al-

luvial aquifer.

Name of well K (m/s) Name of well K (m/s)
Begrace 1 2.15x107° Greme P1 9.80 x 1076
Begrace 2 3.31x107° Greme P2 7.52 x 107
Gerlice 1 2.78 x 107° Piezometer 1 1.74 x 107°
Gerlice 2 2.14x107° Piezometer 2 2.00 x 1073
Gerlice 3 3.18 x107° Varosh 1 2.37 x107°
Gerlice 4 2.26 x 107° Varosh 2 3.04x107°
Greme 1 1.37 x 107° Varosh P1 2.70 x 1073
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Transmissivity: The corresponding transmissivities estimated from pumping
test data are in the range from T = 3.5 x 107* to 2.4 x 107> m?/s. The average
T-value is T = 9.8 x 107* m?/s.

Porosity: Within the framework of this study no special investigations for the
estimation of total and effective porosity were carried out. However, it can be
assumed that the average total porosity of the alluvial sediments is in the range
of n = 10% to 20% and that there is no significant difference to the effective po-
rosity ng.

Groundwater dynamics: The main groundwater flow in the alluvial aquifer is
directed towards the Nerodime river, which represents the receiving river during
average flow conditions. A significant inflow from the river into the alluvial
aquifer occurs only during flood events. The values of the groundwater heads
ranges from about 600 m a.s.l. in the north to 520 m a.s.l. in the south. The hy-
draulic gradient under natural flow conditions is in the range of I = 5 x 107 to 1
x 1072 The natural groundwater flow velocity ranges from u = 0.1 to 0.5 m/d.
Besides groundwater recharge through precipitation and infiltration in the out-
crop area of the alluvial aquifer significant additional recharge occurs by ground-
water inflow from the slopes of the adjacent mountains. The total groundwater
volume in storage can be estimated from the aquifer volume which is about 11
km’ by multiplying this volume with the porosity of the aquifer. Assuming a
porosity of n = 0.1 to 0.2 the total groundwater volume in storage within the al-
luvial aquifer is in the range of 1.1 to 2.2 km’.

Groundwater abstraction: Within the study area actually three well fields for
the public water supply exist. These well fields are from north to south the Va-
rosh-, Gerlice- and Begrace-well field. Each well field consists of two pumping
wells. Information about the wells is given in Table 2.

The wells extract groundwater from the alluvial aquifer in the valley. The es-
timated actual groundwater abstractions are Q = 7.5 I/s for each well. The total
groundwater abstraction for public water supply is Q = 45 1/s. Besides the public

wells numerous private wells exist. These are shallow dug wells which are mainly

Table 2. Name, location, ground level, groundwater level, well depth and pumping rate
for the public wells in the study area.

Ground level Groundwater level Well depth Pumping rate

Name of well

m a.s.l. m a.s.l. m Us
Begrace 1 544.28 532.72 160 7.5
Begrace 2 544.07 531.13 147 7.5
Gerlice 1 530.98 527.02 34 7.5
Gerlice 4 530.90 528.05 256 7.5
Varosh 1 550.91 542.91 170 7.5
Varosh 2 551.59 548.29 172 7.5
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used for private irrigation of the gardens around the houses. The total ground-
water extraction through these wells is estimated to be low and therefore neg-
lected in the water budget analysis.

Observation wells: Since 2018, the RWSSP started the investigation of the Fe-
rizaj well fields. During this campaign a total of 80 private wells and piezometers
were identified, mapped, measured, and monitored. The main goal was to de-
termine the groundwater level at these observation wells to achieve a reliable ba-
sis for the construction of the groundwater head contours. The location of the

observation wells is shown in the maps.

3. Mathematical Groundwater Flow

3.1. Choice of Mathematical Model and Its Boundary Conditions

For the delineation of the well head protection areas and the quantification of
the water budget a 2-dimensional steady-state groundwater flow model assum-
ing average flow conditions was designed. As the well drawdown in the alluvial
aquifer is small compared to the total thickness of the aquifer confined aquifer
conditions were assumed.

For the numerical simulation of groundwater flow the program Modflow [17]
[18] was used. Pre- and post-processing was done with Processing Modflow
Version 8.047 [19] [20]. The delineation of the catchment areas of the wells and
the corresponding 50-day isochrones of the production wells were calculated
with the advective transport model PMPATH [21].

Model area: The model area comprises the upper part of the catchment area
of the Nerodime river including the alluvial aquifer and the hard rocks of the
adjacent mountains (Figure 5). That means that the model area includes the to-
tal catchment area of the production wells. This approach guarantees a feasible
estimation of the total groundwater budget, especially the estimation and distri-
bution of the groundwater inflow from the adjacent hard rocks of the mountain
area into the alluvial aquifer. The actual model area is limited to the extent of the
alluvial aquifer.

Model grid: A finite difference grid with 131,898 square cells with a constant
cell size of 50 x 50 m over an area of 329.745 km” was selected for the flow mod-
el. The area of the active cells is 190.273 km? There are 494 cells in the
x-direction (west to east) and 267 in the y-direction (north to south). This dis-
cretization gives a clear-cut idea of the groundwater flow field in the entire mod-
el area.

Boundary conditions: The boundary conditions are orientated on the natural
hydraulic boundaries (Figure 5). The watershed of the Nerodime river is simu-
lated as a no flow boundary. The southern boundary within the alluvial is a fixed
head boundary set to 523 m a.s.l. following the observed groundwater head con-
tour line for average groundwater flow conditions at this location. The river
reaches within the alluvial are simulated by a leakage boundary, while the rivers,

creeks and springs in the hard rock area are simulated as drains. This means that
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Figure 5. Map of the model area showing the boundary conditions for the flow model, the location of the well fields, the location

of the observation wells, the horizontal extent of the alluvial aquifer, and of the hard rocks.

in the first case effluent and influent conditions can be simulated, while in the
second case only an outflow of groundwater into the rivers respectively into the

drains is possible.

3.2. Calibration of the Groundwater Flow Model

Due to the limited data availability a simple calibration strategy was applied.
Within the model area two homogenous zones were defined. One zone corres-
ponds to the alluvial valley, the other zone to the area comprised by hard rocks.
For each zone the transmissivity of the aquifer and the groundwater recharge
from precipitation was estimated. While the data for the alluvial aquifer are from
field investigations, the values for the hard rocks are plausible estimates. Table 3
shows the average and the range of the model parameters transmissivity and
groundwater recharge from precipitation for the two zones.

The total abstraction rate of the 6 public wells is Q = 4.5 x 107> m’/s (=7.5 x
10~° m*/s per well). The leakage factor respectively the hydraulic conductance of
the river bed and drains were kept constant during the calibration process. For
the hydraulic conductance of the river bed a value of C,;, = 5 x 10™* m?/s was es-
timated, and for the hydraulic conductance of the drains a value of Cy,;,, = 2 X
10" m*/s. The high value of drain hydraulic conductance guarantees that the

drain acts as a perfect drain.
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Table 3. Input parameters for the calibration process (average, min., max. value): Trans-
missivity (T), groundwater recharge from precipitation (Ig) for the two zones (alluvial
aquifer, hard rocks).

Parameter =~ Unit Average value Min. value Max. value callgileasrtag:)n
T alluvial m?*/s 9.8 x10™* 3.5x10™ 2.4 %107 1.0 x 1073
Thardrock  m?/s 2.0x10™ 1.0x 107 3.0x10™ 2.0%x10™
Ig alluvial m/s 4.0x107° 2.0x107° 6.0 x107° 3.0x107°
Ighardrock  m/s 1.5x107° 0.5 % 10°° 2.0 x107° 1.0x 107°

During the calibration process transmissivity and groundwater recharge were
varied within the defined ranges by trial and error (Table 3). The simulation re-
sults were compared with measured head data from observation wells in the al-
luvial sediments. Observed head data from the hard rocks were not available, so
that a classical calibration of the groundwater heads in this zone was not possi-
ble. Constraints for modelling were that the simulated heads are smaller than
ground level, the hydraulic gradient is much smaller than the topographic gra-
dient, and the inflows into the alluvial aquifer are plausible. However, the simu-
lated head distribution in the hard rock area is not unrealistic. It is controlled by
the drainage network.

The values for the best parameter fit from the calibration and sensitivity anal-
ysis are displayed in Table 3 (column: best fit calibration). The comparison
shows that there is no big difference between the measured field data and the ca-
librated data for the transmissivity and groundwater recharge in the alluvial
aquifer. The calibrated values correspond nearly the average values from the
field data.

Figure 6 shows the corresponding scatter plot (h eyt VEIsus hopgereq). It can
be seen that the deviation between the calculated and observed heads is reasona-
ble taking into account the simple zonation approach of the model in only two
hydrogeological units in respect to transmissivity and groundwater recharge.

The calculated mean square deviation of the fit is MSD = 27.62 m?* (the MSD
is defined as the mean squared error between observed and calculated heads).
The error can be considered compatible with the aims to be pursued in this re-
search.

Figure 7 shows the calibrated piezometric head distribution in the alluvial
aquifer for steady state conditions. It can be seen that the groundwater dynamic
within the aquifer is strongly dependent from the inflow from the hard rocks
and the outflow in the Nerodime river which acts as gaining river, that means
that the biggest part of groundwater discharges into the river.

The water budget for steady state flow conditions is shown in Table 4 and in
Figure 8. The arrows correspond to the inflows and outflows. Inflows are counted

positive, outflows negative.
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Table 4. Groundwater budget for the alluvial aquifer for steady state conditions.

Budget component Flow rate Q (I/s)
Groundwater recharge from precipitation 171
Boundary inflow from west 75
Boundary inflow from east 19
Total inflow 265
Outflow into Nerodime and Lepenci river -207
Groundwater abstraction by wells —45
Outflow fixed head boundary -13
Total outflow -265

From the total volume of groundwater in storage V and the total flux in or out
of the alluvial aquifer Q the mean residence time (T,) of the groundwater in the

aquifer can be calculated to T, = 132 to 263 years.

4., Results and Discussion

On the basis of the calibrated groundwater flow field the groundwater protection
areas of the wells were calculated. For the calculation of the 50 days isochrone
and the travel times an effective porosity of n; = 10% and an average aquifer
thickness of m = 200 m was supposed.

For the delineation of the groundwater protection zones, the licensed average
groundwater abstraction rates for the pumping wells are required [3]. In the
present case, however no reliable data on groundwater extraction were available.
Therefore, an estimation of the expected pumping rates was achieved by apply-

ing standard procedures for a drinking water network. By calculating the water
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demand until 2034 for the supply area and taking into consideration possible
water losses the total abstraction rate of the 3 well fields was estimated to Q = 45
I/s. Finally, after checking the specific capacity and pump size of the wells the
discharge rate of the six pumping wells was set to Q = 7.5 I/s for each well.

The simulated extent of the well head protection areas for the well fields
within the alluvial aquifer on the basis of the simulated steady state flow field is
shown in Figure 9. In accordance with the general groundwater flow direction,
the catchment areas run from west to east. The width of the catchment areas
ranges from about 1.2 to 3.4 km. The groundwater travel time from the boun-
dary of the alluvial aquifer to the well fields is in the magnitude of 25 to 40 years.

It can be seen that all well fields get a significant boundary inflow from the
adjacent hard rocks. This inflow rate is of the order of about a third to half of the

pumping rate of the wells. This means that part of the groundwater extracted by
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Figure 9. Extent of the groundwater catchment areas for the well fields within the alluvial
aquifer simulated on the basis of the steady state flow field. The red arrows show the
boundary inflow rates from the adjacent hard rocks.
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Figure 10. Example of groundwater protection area with 50-day isochrones for Gerlice well field.

the wells is replenished in the outcrop area of the hard rocks and not within the
catchment area of the alluvial aquifer. Due to missing data, the delineation of the
catchment areas within the hard rock area is not possible at the moment. A sim-
ple delineation only based on the groundwater recharge rate and the corres-
ponding recharge area in the outcrop of the hard rocks is too inaccurate. There-
fore, additional investigations of the hydrogeological conditions in the hard
rocks are recommended.

Besides the simulation of the catchment areas, the extent of corresponding
zone II of the well head protection area was calculated. The groundwater protec-
tion area zone II is for the protection against bacteriological pollution. The size
of this area is defined by a 50-day isochrone around the pumping well. The
groundwater travel time from the border of this zone to the well is 50 days. As
an example, the 50-day isochrones and the corresponding pathlines for the two
wells of the Gerlice well field is shown in Figure 10. The area of each zone is ap-

proximately 1600 m? the maximum length and width are 44 and 50 m.

5. Conclusions

The study showed that for the technical delineation of well head protection areas
the application of groundwater models is strongly recommended. A consistent
quantitative interpretation of all hydrogeological data even under limited data

availability is only possible with a mathematical groundwater model.
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Furthermore, the analysis of the data with a model shows shortcomings in the
data basis as well as in the understanding of the hydrogeological model and
helps in the planning of additional investigations.

For the state of Kosovo where the protection of the groundwater resources is
currently being carried out groundwater protection areas based on groundwater
models will lead to scientifically proven protection areas which will have a high-

er public acceptance.
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