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Abstract. The radius of influence of groundwater sources is a highly important parameter that indicates the re-
charge conditions of the captured aquifer. It is usually determined through a pumping test on a single well, using
analytical and semi-empirical equations. However, when multiple tapping objects (e.g., wells) are operating si-
multaneously, the individual well hydrographs become overlapped, resulting in a superposition of their hydraulic
effects and the formation of a distinct spatial groundwater flow field. In such cases, the use of empirical formulas
requires considerable simplification of real conditions. Today, the most reliable approach to determining the radius
of influence of groundwater sources is the application of a hydrodynamic model combined with the particle track-
ing method. This paper presents an example of using a hydrodynamic model to determine the radius of influence for
two complex groundwater sources in the Becej area of Serbia. The complexity of these sources lies in their mutual
interaction and in the fact that the wells capture water from three aquifer layers.

Keywords: complex groundwater source, 3D numerical model, model recalibration, particle tracking,
multi-screened well.

Introduction

The importance of understanding the radius of in-
fluence of groundwater sources lies in the fact that
this parameter is defined by the recharge conditions
of the captured aquifer and serves as a representa-
tive indicator of the groundwater balance within a
relatively wide zone surrounding the tapping ob-
jects and the source itself (Polom¢i¢, 2021). Con-
sequently, determining the radius of influence is
of great importance in the design and protection
of groundwater sources, as it enables the optimal
placement of individual tapping objects, the deline-
ation of sanitary protection zones, and the sustain-
able use of groundwater resources.

© Bbbarapcko reoJoruuecko ApyxecTBo U bbiarapcka akanemus Ha Haykute, 2025

The radius of influence represents the distance
from the location where groundwater is abstracted
to the boundary of the zone within which the extrac-
tion of groundwater causes hydraulic changes in the
groundwater regime, primarily manifested as a lower-
ing of the piezometric level. Depending on the scale of
analysis and the number of tapping objects considered,
a distinction is made between the radius of influence of
an individual tapping object (such as a well or a radial
collector well) and the radius of influence of an entire
groundwater source. Unlike the radius of influence of
a single abstraction facility, the radius of influence of a
groundwater source refers to the cumulative (or result-
ant) effect of all tapping objects operating within the
source area (Polomc¢i¢, 2021).
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This parameter is not constant over time. It de-
pends on the total capacity of the source, which is a
temporally variable, as well as on the configuration
of the source in terms of the spatial arrangement and
capacities of individual tapping objects. Therefore,
the cumulative radius of influence of a groundwater
source should be defined for specific time intervals,
preferably in relation to the total groundwater re-
serves for which an exploitation permit has been is-
sued by the competent authorities (Polomci¢, 2021).

The determination of the radius of influence of a
groundwater source can be achieved through analyti-
cal methods, field investigations, or numerical mod-
eling. Analytical approaches involve considerable
simplifications, and the results obtained are usually
of an approximate nature. Field investigations typi-
cally include conducting a pumping test at the source
while observing piezometric level variations in pi-
ezometers located outside the source area, or by per-
forming continuous monitoring of source operation.
The numerical approach involves the use of hydro-
dynamic models, which allow for the determination
of the radius of influence of groundwater sources
composed of multiple tapping objects.

There is a large number of successfully execut-
ed applications of the particle tracking method to
groundwater sources. Quaranta et al. (2020) applied
a numerical model with particle tracking to deter-
mine recharge zones and groundwater flow direc-
tions in deep aquifers within the Alessandria Basin
(Italy), intending to protect future drinking water
sources. Within the Alder Creek watershed (Ontar-
i0, Canada), four different model codes and two de-
lineation methods (particle tracking and transport)
were compared to assess their accuracy in defining
recharge zones in complex hydrogeological systems
(Chow et al., 2016). Additionally, the particle track-
ing method integrated with MODFLOW and MOD-
PATH codes was applied to simulate flow patterns
and capture zones in Groundwater Circulation
Wells, where vertical flows between sandy layers
have a decisive influence on circulation patterns and
contaminant desorption (Toscania et al., 2022). Fur-
thermore, reverse particle tracking applied at Ives
Road Fen demonstrated detailed source attribution
and intricate flow path delineation for geographical-
ly isolated systems with multilayer sandy aquifers
(Sampath et al., 2015). In the study by Polomc¢i¢ et
al. (2022), numerical modeling and particle track-
ing were used to develop sustainable groundwater
source management plans in riverbank filtration
environments, as well as to illustrate the effective-
ness of protection systems in industrial zones repre-
senting potential contamination sources. Kresojevi¢
et al. (2024) used a regional numerical model with
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dozens of groundwater sources as a control method
to determine groundwater flow velocities in an al-
luvial aquifer.

Methodology

The applied methodology is based on the simula-
tion of three-dimensional aquifer flow, which in-
volves the development of a 3D numerical model,
its calibration, and the application of particle track-
ing analysis, with the aim of determining the radius
of influence of the groundwater source.

The particle tracking method represents an alter-
native to computationally and time-intensive solute
transport models. It assumes that advection is the
only process governing the movement of substances
in the aquifer flow, while dispersion and diffusion,
which depend on fluid density, are of lesser signifi-
cance. The fundamental assumption of the method
is that it deals with fictitious particles, and that their
movement along the aquifer flow paths is analyzed,
while the particles are inert with respect to chemi-
cal and biochemical reactions with groundwater and
the porous medium. The application of the method
requires a known groundwater velocity field within
a discretized flow domain, which implies that pi-
ezometric head distributions and hydraulic conduc-
tivity have been computed using a hydrodynamic
model, along with the specification of effective
porosity in each model cell. The method allows for
rough estimations of particle trajectories, travel dis-
tances, and mean travel times (Polomci¢, 2025).

The method allows for particle tracking either
forward or backward in time relative to a reference
moment. To determine the radius of influence of
the groundwater sources, backward particle track-
ing was applied, identifying the locations from
which water reaches the abstraction structures of
the source within a specified particle tracking time.

In this study, the radius of influence of the Soja
Protein source and the municipal Vodokanal source
were analyzed.

The developed hydrodynamic model encom-
passes the municipal groundwater source of Becej —
Vodokanal, the Soja Protein source, and eight ad-
ditional sources. The hydrodynamic model is based
on the simulation of three-dimensional groundwa-
ter flow. In selecting the concept for the numerical
model of the sources, the decisive factors were nat-
ural conditions, such as the type and characteristics
of the represented geological formations, the distri-
bution of aquifers and aquitards, the hydraulic prop-
erties of the porous medium, and the conditions,
mechanisms, and patterns of groundwater flow.



Figure 1 shows the locations of the groundwater
sources within the area covered by the model, which
were used to define the spatial characteristics of the
schematized lithological units. For the development
of the model, all relevant data from previous targeted
geological and hydrogeological investigations con-
ducted in the broader area of this groundwater source
were utilized (Polom¢ic et al., 2011). The production
wells at the source abstract groundwater from three
aquifer layers. The aquifer layers are separated by
clayey sediments. In certain parts of the area, clay
lenses occur within the aquifer layers, which are of
a local character. Table 1 presents the schematized
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subsurface layers and the depths at which the aquifer
layers are located at the source site.

The actual geometry of the captured aquifer lay-
ers in the model is represented (simulated) in ac-
cordance with their spatial distribution within the
study area, both in plan and in profile. The determi-
nation of the contours of the individual lithological
units and their transfer into the model’s coordinate
system was carried out based on the available data
from lithological logs obtained during the drilling
of production wells and piezometers distributed
across the broader area of the groundwater source
(Polomcic¢ et al., 2011).
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Fig. 1. Discretization grid (green lines) and boundary conditions of the aquifer layers in the wider area of the Soja Protein and
Vodokanal source (red circles — production wells; green contours — general head boundary; blue square — boundary of Soja Protein

source).
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Table 1. Schematized lithological layers in the study area

Lithological Unit Model layer and description
Complex of c}ayey and sandy 1 Clayey and sandy sediments
sediments
) ) o 2 Upper part of the first aquifer layer
First aqulfer. layer in Pliocene sands 3 Clay lens laterally transitioning into the sands of the first aquifer layer
with a clay lens
4 Lower part of the first aquifer layer
Clayey sediments 5 Clayey sediments
) o 6 Upper part of the second aquifer layer
Second aqulfe;r layer in Pliocene 7 Clay lens laterally transitioning into the sands of the second aquifer layer
sands with a clay lens
8 Lower part of the second aquifer layer
Clayey sediments 9 Clayey sediments
) ) o 10 Upper part of the third aquifer layer
Third aqulfe? layer in Pliocene 11 Clay lens laterally transitioning into the sands of the third aquifer layer
sands with a clay lens
12 Lower part of the third aquifer layer
Clayey sediments 13 Clayey sediments

As an illustration of the schematization of the
geometric relationships of the lithological units in
the study area, Fig. 2 presents the result of this ap-
proach in the form of a 3D block diagram.

According to the fundamental concept of mod-
eling using the finite-difference increment method
applied here, the number of schematized layers cor-
responds to the number of their respective matrices.
The matrices of all layers have identical dimensions
in plain view, covering the entire area of the sche-
matized domain. The basic dimensions of the matrix
encompassing the study area are 12.8 x 13.2 km,

Komarov sal.

covering an area of 168.96 km? The discretization
of the flow field in plain view was carried out using
a basic cell size of 400 x 400 m, which was refined
in the zone of other water sources with a grid of
25 x 25 m squares, and further refined in the area
of the sources with a grid of 12.5 x 12.5 m squares.
The terrain included in the model is divided into a
grid of squares and rectangles with 334 rows x 202
columns, consisting of 846,628 active model cells
(Polomcic¢ et al., 2011). In the vertical direction, the
study domain is discretized into 13 model layers
(Table 1).

Vodokanal g

P-6]Soja Protein[Agrobece; B -

Fig. 2. 3D hydrogeological profile of the study area.Legend: 1, 3, 5, 7 — low-permeability layers; 2, 4, 6 — aquifer layers; 8 — multi-
screened well; 9 — well screen; 10 — piezometers; 11 — clayey lens.
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Hydraulic characteristics of the porous
medium

The hydraulic properties of the schematized model
layers were defined through the values of hydraulic
conductivity and specific yield. These porous me-
dium parameters were assigned as representative
values in each discretization cell.

During the calibration of the model for the
broader source area (2010), matrices of hydraulic
conductivity and specific yield distributions were
obtained for each model layer. Minor adjustments
were made during the model re-calibration process
(2014). For the re-calibration, hydraulic conductiv-
ity values were assigned based on the interpretation
of pumping test results from the Soja Protein source,
falling within the range of values determined during
the 2010 model calibration (Table 2).

The issue of accurately determining the hydrau-
lic conductivity, as well as the representativeness
of measured groundwater levels, relates to the fact
that only a small number of wells and piezometers
within the model domain fully penetrate a single ag-
uifer layer. In the majority of the installations, the
well screens are located across two or three aquifer
layers.

Boundary conditions

In the hydrodynamic model of the broader Soja
Protein and Vodokanal source areas, the follow-
ing boundary conditions were applied: effective
infiltration (the “vertical balance” condition), the
general head boundary (GHB) condition, and the
specified-flow boundary condition.

Effective infiltration. In the overall groundwater
balance, i.e., the so-called “vertical balance” of the
study area, effective infiltration does not have a sig-
nificant impact on the confined aquifer layers, given
their depth and the thick low-permeability depos-
its above the first aquifer layer. The term vertical
balance refers to the effective, resultant infiltration.
This quantity is composed of the sum of precipi-
tation infiltration, groundwater-level evaporation,
and evapotranspiration. In addition, the depth to the
groundwater table, soil moisture status, and the lith-
ological composition of the vadose zone are of con-
siderable importance. An initial value of effective
infiltration of 10% of precipitation was assumed,
and this boundary condition was applied only to the
first model layer.

Figure 3 shows the average monthly precipita-
tion for the period 1978-2008 at the Becej meteoro-
logical station.

Table 2. Hydraulic conductivity values determined from
pumping tests at wells of the Soja Protein source

Hydraulic conductivity

Aquifer Specific yield (-)

(m/s)
L 1II 1.3 x10* 2.1x10°
11, 111 2.0x10* 1.9 x 1073
111 2.5%x10* 1.7 x 107
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Fig. 3. Average monthly precipitation values for the period
1978-2008, Meteorological Station “Bece;j”.

General head boundary (GHB). In the broader
Soja Protein source area, several aquifer layers are
present, three of which are captured for water sup-
ply. Considering the sedimentation conditions and
the development of these aquifer layers, their re-
charge sources are located well beyond the bounda-
ries of the study area. The influence of these distant
recharge sources in the hydrodynamic model of the
investigated source was defined through the GHB
condition for each aquifer layer (Fig. 1).

Compared to the initial hydrodynamic model of
this area, minor refinements of the conductance val-
ues assigned through this boundary condition were
made during the model recalibration process (for
each layer separately and for each boundary side,
depending on the assigned GHB condition). For the
purposes of the hydrodynamic analysis of ground-
water flow at the study area, the existing model was
updated to include the results of recent investiga-
tions at the site — primarily the recorded piezometric
levels in the source wells (Fig. 4). Given the un-
certainty regarding the magnitude of parasitic loss
in these wells, the presented hydrographs do not
represent the actual piezometric levels within the
captured aquifer layers and should be considered
indicative. Figure 1 illustrates this type of boundary
condition using the example of the second aquifer
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layer. The same GHB condition was applied to the
first and third aquifer layers as well.

Production wells — Specified-Flow Cells. The in-
fluence of production wells at the sources was simu-
lated using the specified-flow boundary condition.
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Fig. 4. Hydrographs of groundwater abstraction and water-lev-
el fluctuations in wells at the Soja Protein source for the period
July 7,2012 — July 31, 2013.
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Fig. 5. Measured groundwater level hydrographs in piezometer
P-6 (August 1, 2012 — March 1, 2013) and hydrographs ob-
tained using the first model (2010) and the recalibrated model
(2014).
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Fig. 6. Measured groundwater level hydrographs in piezometer
P-8 (August 1, 2012 — March 1, 2013) and hydrographs ob-
tained using the first model (2010) and the recalibrated model
(2014).
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The locations of the wells within the model domain
are shown in Fig. 1. The discharge rates of wells at
other sources included in the model were assigned
values corresponding to the period for which the
model was calibrated. At the Soja Protein source,
well discharge rates and groundwater levels were
available for the period from August 1, 2012, to
March 1, 2013 (Figs 4-6).

The positions of the well screen constructions
at the Soja Protein and Vodokanal sources, as well
as at other sources, were defined according to their
actual installation depths, represented as multi-
segment screens located within one, two, or three
aquifer layers. In the MODFLOW code, the MNW-
2 package was used to simulate the multi-segment
well screens.

Results and discussion

The first hydrodynamic model of the study area was
successfully calibrated for the period from August
1, 2007, to May 28, 2010 (Polom¢ic¢ et al., 2011).
Based on monitoring data from the operating regime
of all four wells at the Soja Protein source during
the period from August 1, 2012, to March 1, 2013,
the hydrodynamic model was recalibrated. The re-
calibration of the model, therefore, refers only to
the adjustment of model parameters within the Soja
Protein source area. On the other hand, since there
are no piezometers installed at the Soja Protein
source, the nearest piezometers from the Vodokanal
source were used. Piezometer P-6 has screens in the
second and third aquifer layers, while piezometer
P-8 has a screen in the first aquifer layer. The ex-
ploitation regime at the other sources was retained
as defined in the initial model (Fig. 1).

The model was recalibrated under transient flow
conditions, with a time step of 1 day for the entire
period (August 1, 2012 — March 1, 2013), which,
at a lower iteration level, was divided into 10 sub-
steps of unequal duration (factor 1.2). The recali-
bration process was conducted both manually and
automatically (using the PEST software).

Figures 5 and 6 show groundwater levels recorded
at the observation points and those obtained by nmeri-
cal modeling — for the first model (2010) and after
model recalibration (2014) — in both piezometers.

Radius of influence of the Soja Protein
and Vodokanal sources

The radius of influence was determined for the Soja
Protein source and the Becej municipal source —



Vodokanal. The total pumping capacity of the Soja
Protein source was 42 1/s, while that of the Vodoka-
nal source was 150 Is.

The determination of the radius of influence ex-
erted by the production wells of these two sources
was performed through a backward particle tracking
simulation for a period of 200 days. This simulation
established the distance from which groundwater
flows toward the production wells of the respec-

tive sources. The calculation results are presented
in Figs 7-9. In these figures, arrows along the flow
paths directed toward the production wells indicate
10-day travel segments of a fictitious particle (to-
ward the well).

From Figs 7-9, it can be observed that the inten-
sity of groundwater flow within the aquifer layers,
represented by flow lines, is not identical across all
layers. Several factors influence the calculated ra-

Fig. 7. Distribution of flow lines and equipotential lines around the production wells of the Soja Protein and Vodokanal sources
in the first aquifer layer, showing the distance required for water to travel through the aquifer and reach the wells within 200 days.

Fig. 8. Distribution of flow lines and equipotential lines around the production wells of the Soja Protein and Vodokanal sources in
the second aquifer layer, showing the distance required for water to travel through the aquifer and reach the wells within 200 days.

277



2000 m

1000

Fig. 9. Distribution of flow lines and equipotential lines around the production wells of the Soja Protein and Vodokanal sources in
the third aquifer layer, showing the distance required for water to travel through the aquifer and reach the wells within 200 days.

dius of influence of the Soja Protein and Vodokanal
sources. First, the wells have different pumping ca-
pacities. Second, the majority of wells intercept two
or three aquifer units, so a well’s total capacity, and
consequently its influence within the aquifer system,
is apportioned according to the thickness and filtra-
tion characteristics of the captured aquifer layer.

For a travel time of 200 days for fictitious par-
ticles, and for a total pumping capacity of 42 I/s at
the Soja Protein source and 152 I/s at the Vodokanal
source, the maximum particle travel distance from
the wells is:

— 750 m in the first aquifer layer;

— 1150 m in the second aquifer layer;

— 1200 m in the third aquifer layer;

Conclusion

The presented example of determining the radius
of influence of a groundwater source leads to the
conclusion that, for complex sources such as those
described in this study, this parameter can be deter-
mined correctly only through groundwater modeling
combined with the particle tracking method. Al-
though the particle tracking method has certain limi-
tations, it currently represents the primary approach
for defining the radius of influence of sources.

The complexity of the presented groundwater
sources is reflected in several aspects. First, both
sources contain multiple wells: four wells at the
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Soja Protein source and 14 wells at the Vodokanal
source. The presence of a larger number of wells
generates mutual interactions among the individual
well hydrographs, affecting both the piezometric
level and the velocity field within the aquifer sys-
tem. Consequently, the determination of the radius
of influence using other methods produces results
that deviate from reality.

Second, the existence of three aquifers at the
sources requires determining the radius of influence
separately for each aquifer. In the present case, this
factor reduces the representativeness of the obtained
results. Most wells and piezometers have screen
constructions spanning two or three aquifer layers.
On one hand, the groundwater levels measured at
such piezometers do not represent the hydraulic
pressure conditions within each aquifer layer. On
the other hand, it is not possible to precisely deter-
mine the discharge with each segment of the multi-
screened well.

However, the presented method has no alterna-
tive for determining the radius of influence of (com-
plex) groundwater sources.
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