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ABSTRACT

In this study, the groundwater flow characteristics of the Birecik District (Sanliurfa, Turkey) were investigated based
on Darcy’s Law using an integrated GIS-based multi-criteria decision analysis framework combining the Analytical
Hierarchy Process (AHP) and TOPSIS. Conceptual and hydraulic parameters influencing groundwater flow,
including hydraulic head, effective head, hydraulic gradient, hydraulic conductivity, and permeability, were defined
in accordance with Darcy’s principles. Hydraulic conductivity and soil permeability data were utilized to develop a
Darcy-based conceptual groundwater model within a GIS environment. The criteria weights derived from AHP were
integrated into the TOPSIS method to evaluate the suitability of Darcy flow conditions. The results indicate that
hydraulic gradient, soil texture, and pore structure are the most influential parameters controlling groundwater flow
in the study area, with the hydraulic gradient exhibiting the highest AHP weight (34%). Spatial analyses successfully
revealed the heterogeneous distribution of hydraulic conductivity and permeability, and the model demonstrated
strong performance with a coefficient of determination (R2) of 0.92. This integrated approach provides a reliable
framework for assessing Darcy-based groundwater flow in data-limited regions.

Key Words: AHP, GIS, Groundwater modeling, Darcy Flow, hydrogeological assessment, TOPSIS multi-criteria
decision analysis

OZET

Bu calismada, Birecik Ilgesi'nin (Sanlurfa, Tiirkiye) yeralt1 suyu akis karakteristikleri, Analitik Hiyerarsi Siireci
(AHP) ve TOPSIS' birlestiren entegre bir GIS tabanli ¢ok kriterli karar analizi ¢ercevesi kullanilarak Darcy Yasasi
temelinde incelenmistir. Yeralt1 suyu akisini etkileyen kavramsal ve hidrolik parametreler, hidrolik yikseklik, etkin
yiikseklik, hidrolik egim, hidrolik iletkenlik ve gecirgenlik dahil olmak {izere, Darcy prensiplerine uygun olarak
tanimlanmigtir. Hidrolik iletkenlik ve toprak gecirgenligi verileri, GIS ortaminda Darcy tabanli kavramsal bir yeralti
suyu modeli gelistirmek icin kullanilmistir. AHP'den elde edilen kriter agirliklari, Darcy akis kosullariin
uygunlugunu degerlendirmek i¢in TOPSIS yontemine entegre edilmistir. Sonuglar, ¢alisma alaninda yeralt1 suyu
akigini1 kontrol eden en etkili parametrelerin hidrolik egim, toprak dokusu ve gozenek yapisi oldugunu ve hidrolik
egimin en yiiksek AHP agirligia (%34) sahip oldugunu gostermektedir. Mekansal analizler, hidrolik iletkenlik ve
gecirgenligin heterojen dagilimini basariyla ortaya koydu ve model, 0,92'lik bir belirleme katsayisi (R?) ile giiclii bir
performans sergiledi. Bu entegre yaklasim, veri sinirh bolgelerde Darcy temelli yeralt1 suyu akisini degerlendirmek
i¢in giivenilir bir ¢ergeve saglar.

Anahtar Kelimeler: AHP, GIS, Yeralti suyu modellemesi, Darcy Akis1 hidrojeolojik degerlendirmesi, TOPSIS
cok kriterli karar analizi
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INTRODUCTION

Studying flow in porous media presents significant challenges because flow paths are often geometrically complex
and the material properties are highly heterogeneous. These uncertainties complicate the physical description of flow
and increase the need for experimental studies. Therefore, flow in porous media has long been a subject of intensive
research in fluid mechanics, and the effectiveness of empirical approaches has persisted over the years.

Most research in porous media focuses on understanding the physical laws governing behavior at large scales rather
than the detailed properties of flow. However, comprehensive studies conducted at the pore scale have significantly
contributed to the development of principles that are valid at the macroscopic scale. In this context, Darcy’s law,
proposed in the mid-nineteenth century, represents a turning point in understanding momentum transfer and flow
processes in porous media.

Darcy’s law, experimentally formulated in 1856, has long been accepted as a fundamental standard for modeling
flow in porous media. With the development of this law, the concept of permeability was introduced as one of the
primary macroscopic physical properties of porous media. Permeability expresses the capacity of a liquid to flow
through a medium and is critical for many engineering applications (Darcy, 1856; Hu et al., 2024). For more than a
century, studies on groundwater hydrology and flow processes in porous media have largely revolved around Darcy’s
law (Turturro et al., 2020). This fundamental law, which describes the hydrological behavior of soils and rocks below
the water table, plays a critical role in groundwater flow modeling (Buckingham, 1907). Darcy’s law defines a linear
relationship between flow through a porous medium and the hydraulic gradient driving that flow. Consequently, it
has been widely adopted as a standard approach in many disciplines, including water resources management,
environmental engineering, and hydrogeology.

Effective groundwater management requires the development of models that accurately represent the behavior of
hydrological systems. Groundwater flow models developed for this purpose are based on mathematical approaches
that simulate flow processes, and the advantages and limitations of these methods are extensively discussed in the
literature (Chaudhary et al., 2013; Shuang et al., 2021). In particular, models developed in recent years have been
enhanced by more advanced frameworks that account for data availability and model accuracy in water balance
analyses, thereby increasing their usefulness in decision-making processes (Otoo et al., 2025).

Groundwater flow modeling is of critical importance not only for hydrological purposes but also for environmental
and economic considerations. Researchers and decision-makers from various disciplines recognize that groundwater
models contribute significantly to a better understanding of aquifer system functioning and to their sustainable
management (Giakoumatos et al., 2024). Beyond simply representing water movement, these models also provide
comprehensive information on groundwater dynamics by accounting for regional hydrogeological conditions.

Groundwater models are widely used as critical tools, particularly in decision-making processes related to
groundwater management and in forecasting future water demands. Numerical solution methods, such as finite
difference and finite element methods, are commonly applied in groundwater modeling. These methods can simulate
groundwater flow with high accuracy when appropriate initial and boundary conditions are defined (Javadian et al.,
2020). Furthermore, they are effectively used to assess and model groundwater quality degradation resulting from
intensive human activities (Li and Hou, 2020).

Finite difference and finite element methods offer effective approaches for numerically solving the differential
equations that describe groundwater flow. These methods enable more accurate estimation of hydraulic head and
flow velocities, thereby allowing reliable modeling of flow processes. Stream-function- and potential-based
formulations are being developed and validated through comparison with analytical solutions to assess local accuracy
(Khait et al., 2020). Such numerical approaches offer significant advantages, particularly for modeling complex
hydrogeological conditions in which fluid properties vary significantly with temperature.

The distinction between steady and transient flow conditions is crucial in groundwater flow modeling. Steady flow
refers to a state in which flow properties do not change with time, whereas transient (unsteady) flow involves
hydraulic head and velocity distributions that vary with time. This distinction is essential for accurately understanding
the dynamics of hydrogeological systems.
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Turbulent flow is a complex flow regime that occurs at high velocities and high Reynolds numbers. Although
groundwater flows are generally considered laminar due to their typically low velocities, the concept of turbulence
remains a fundamental component of fluid mechanics, and experimental and numerical modeling techniques are
employed to investigate systems for which exact analytical solutions are not feasible (Xiong et al., 2025).

Consequently, the use of groundwater models is becoming increasingly important for the effective management of
water resources and environmental sustainability. Advances in this field contribute to more accurate forecasts and to
the development of more effective management strategies for decision-making processes.

The objective of this study is to develop models that accurately represent groundwater dynamics in the Birecik
(Sanlwurfa, Turkey) aquifer system. For this purpose, analytical solutions based on Darcy’s law were integrated with
GI1S-based AHP and TOPSIS multi-criteria decision support systems to assess groundwater flow. The study examines
the advantages and limitations of each approach, identifies key hydrogeological parameters affecting the aquifer
water balance, and develops appropriate computational strategies applicable to data-limited conditions. This study
provides both a methodological framework for hydrogeological modeling and practical tools applicable to
groundwater management.

Darcy's Law of Flow
Darcy’s Law as an Empirical Foundation

Darcy's Law has been a unique characteristic in modeling momentum transfer across porous media since its empirical
formulation in 1856 (Darcy, 1856). Darcy defined Equation 1 for calculating water flow over a sandy surface.

q=k>(h+e) (1)

where;

g: Volumetric flow rate

s: Cross-section of the sand bed

e: Bed width

h: Pressure difference between the surface and bottom of the sand bed

k: Coefficient depending on the permeability of the bed and the properties of the liquid

The application of this straightforward connection necessitates that viscous stresses arising from the isothermal,
laminar steady flow of an inert, solid, and mobile Newtonian fluid through a porous material be the only source of
flow resistance. An analogy with heat transfer in a continuum is used to create a distinct equation in Boussinesq's
(1904) analysis of flows in aquifers. Hall (1956) published the first extension to three-dimensional and anisotropic
materials, introducing a permeability tensor that also depends on the definition of permeability and specific
preconditions (Hall, 1956).

Although the definition of permeability and its connection to the underlying pore structure have been implicitly
studied, Darcy's rule for 1D flow in the x-direction (Equation 2) has not been formally derived (Muskat, 1937), which
can be expressed as:

_ K 9(Pp)P

- po 9x (2)
where;
KS: Permeability with units of m2 and p fluid viscosity
v : Viscosity
p: Dynamic viscosity
(PB)B: Average pressure in porous medium and defined as in Equation 3;

(Pp)P = ViB Jy, Ppav ®3)

where;
VB: Area enclosed by the liquid phase B in a representative average area
PB: pore scale pressure.
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The previous estimate of K was inspired by the analysis of the flow over particles of different shapes by Zhang et al.
(2020) and comparison with the flows in capillary tubes, resulting in the following estimate (Equation 4) (Zhang et
al., 2020).

1 &
K= saor (4)
where;
K: Permeability
€: Porosity of porous medium
So: Specifies the specific surface of particles and is defined as the ratio of particle area to volume. The coefficient So
related to the effective particle diameter dp is defined by Equation 5 from an analogy with spherical particles:

So =+ ®)

Ultimately, the Kozeny coefficient was later specified as an adjustable coefficient ko (Kozeny, 1927). Carman
proposed using ko = 5 to describe it using Equation 6:
__%¢
T 180(1-¢)2

(6)

Ko: Intrinsic permeability

This is frequently used to determine permeability values and is referred to as the Kozeny-Carman equation.

Theoretical Basis of Darcy's Law

As Zerner noted, the absence of explicit scaling techniques that enable us to derive the macroscopic conservation
equations from their pore-scale counterparts is undoubtedly linked to the one hundred years of convincing formal
derivations of Darcy's law (Lasseux and Valdés-Parada, 2017). These techniques originally surfaced in the 1970s,
with Whitaker (1966) making the first attempt and obtaining the explicit vectorial version of Darcy's law
generalization in Equation 7.

Vg = = (V(Pp)® — Pg) ()

where;

P: Fluid density

g: Gravitational acceleration

K: Permeability tensor

V : Hydraulic gradient

Vg Leakage rate defined as surface average

Vg =3y, Vody (®)
where;

V: REV volume

V3. Pore scale velocity vector

The same conclusion was reached by Marle (1967) at the same time (Equation 8). Some variants of Darcy's law used
other amplification techniques such as homogenization (Marle, 1967; Auriault, 1987).

General Principles of Water Movement in Soil
It is possible to divide water reaching the soil surface by any means into three basic groups: Surface runoff water,
retained water, and infiltrated water.

The water held by the soil, the water seeping into the depths of the soil, and the temporary and permanent groundwater
formed by the water seeping from there constitute soil water. The factors that provide the movement of groundwater,
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which constitutes a part of the soil water and saturates the soil, in the soil or in a soil sample saturated with water,
the rules to which the movement is subject, and the soil factors that directly or indirectly affect the speed of the
movement form the basis of this study (Doering, 1965).

Since the water content of a soil is constantly changing under the influence of precipitation, irrigation water, drainage,
and evaporation, it can only be in static equilibrium in very rare cases. In other words, soil water, regardless of its
form and direction, is in constant motion. Water movement depends on a large number of forces within the soil-water
system and is based primarily on thermal, osmotic, hydraulic, and suction and pressure gradients. Of course, the
movement of water in the soil occurs within the soil pores. This movement of water within the soil pores occurs
under the influence of gravity or capillary suction forces, separately or both. The basic forces affecting water within
a soil pore are as follows:

Adhesion force towards the solid phase

Surface tension force towards the gas phase

Cohesion force towards the liquid phase

Gravity force acting on the mass of water

The first three of these four forces constitute the capillary and adsorption forces that allow water retention in the soil
despite the force of gravity and the capillary effect of water in soil-water systems that have not reached hydraulic
equilibrium. If one of the capillary or gravity forces dominates the other, the hydrostatic situation in the soil is
disrupted, and water movements occur.

Thus, under free drainage conditions, more water than the capillary forces can carry in the soil begins to move under
the influence of gravity. The speed of movement depends directly on the ability of the soil to conduct water under a
constant driving force. Depending on the degree of dominance of either gravity or capillary forces that cause water
to move in the soil, it is possible to discuss the type of movement from two perspectives. One of these is the movement
that occurs mainly in large soil pores under the influence of gravity, in other words, in soil saturated with water. The
second is the movement of water from surface to surface or in small pores containing numerous air-water boundary
surfaces, in other words, in soil not saturated with water, mainly due to capillary forces. In order for water to move
in the soil, the soil does not necessarily have to be saturated. Water movement can occur under the influence of
capillary suction forces in soils that have not reached hydraulic equilibrium with any tension (Bahtiyar, 1979).

Water movements in the liquid phase in soil (saturated and capillary movements) can occur at any point in the soil
profile only if the hydraulic head or potential is not equal. Movement in the soil occurs from points of low potential
or low hydraulic head to points of high potential or high hydraulic head, i.e., from places of low pressure to places
of high pressure. Water movement in saturated soils occurs through pores that contain little or no air.

Hydraulic Conductivity, Its Scope and Possibilities of Determination

Water movement in the liquid phase in soil occurs according to Darcy's Law, and the speed of water flowing through
a soil column increases directly proportional to the available hydraulic height and inversely proportional to the length
of the soil column (Figure 1) and is expressed in Equation 9;

55 v == ki (cmisec) ©)

where;

v: Water flow rate (cm/sec)

h: Suitable hydraulic height (cm)

I: Length of soil column (cm)

k: Darcy proportionality coefficient or hydraulic conductivity value of soil (cm/sec)
i: Hydraulic gradient (cm/cm).

By arranging Equation 9 according to k, the hydraulic conductivity value or water transmission ability, which is a
very important physical property of the soil, can be described as the water flow rate under a unit hydraulic gradient.

Darcy's law hydrological values are given in Figure 1.
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Figure 1. Hydrological Parameters Used in the Formulation of Darcy’s Law (Darcy, 1856)

The amount of water flowing per unit time from the unit soil cross-sectional area perpendicular to the water flow
lines also represents the flow rate (Equation 10);

V= % (cm/sec) (10)

V: Velocity of fluid Water flow rate (cm/sec)
Q: Volumetric flow rate (cm®/sec)
A: Wetted cross-sectional area (cm?)

From Equation 9 and Equation 10, it is possible to derive the equation k = Q/(A.t.i) (cm/sec) and thus determine the
hydraulic conductivity value of the soil on undisturbed soil samples with known cross-sectional area and height in
the laboratory. Accordingly, the flow rate of water through the soil varies directly in proportion to the hydraulic
conductivity and hydraulic gradient of the soil. Hydraulic gradient is the amount of decrease in hydraulic height per
unit effective distance in the soil and is effective in the direction where hydraulic heights decrease the most (Equation
11);

i=2=®"M) — cpiem) (12)
L L
where;

i: Hydraulic gradient (cm/cm)

h: Height of water column in cm, which can be measured as hydrostatic pressure, between the water levels of the
lower (H1) and upper (H2) points of the soil column considered in the direction of water movement

I: Length of the soil column

In its natural structure, soil is considered a porous medium consisting of capillary channels of various shapes,
diameters, and lengths. Water movement in saturated soil is similar to water movement in capillary tubes and is
subject to the same laws. In capillary tubes, there is always an internal friction force against water movement. This
resistance, expressed by Newton's Law of Friction, is proportional to the flow rate of the liquid, the size of the solid-
liquid contact surface, and the viscosity of the liquid, and since it acts against the acceleration of the flow, it never
allows an accelerated water movement in the soil if the pore geometry does not change. The value of this resistance
is given in (Equation 12);

W= n.A%;) (dyn) — Newton's Friction Equation (12)

where;

W: Internal Friction force (dyn).

n: Viscosity of the liquid (dyn. sec/cm2 = gr/cm.sec = pois),
A: Friction surface (cm2),

dv/dy: Velocity gradient (sec-2).

As the flow rate increases, the resistance to fluid movement will also increase, and since the linear relationship
between the hydraulic gradient, which is the factor that increases the flow rate, and the flow rate will disappear when
the laminar flow limit is exceeded, it is necessary to work with low velocities in the application of Darcy's Law.
Otherwise, the equation v=k.i cannot be valid. Therefore, the accuracy of the values obtained in conductivity
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(permeability) assignments made with various fluids in porous media depends on the following conditions (Darcy,
1856).

I. The flow is smooth (Laminar) according to the law of viscosity,
I1. The Reynolds Coefficient (R) is less than 1.
R = 2rdv

n
d: Density of the liquid (gr/cm3),
v: Flow rate of the liquid (cm/sec),
r: Radius of the capillary tube (cm),
n: Viscosity of the liquid (dyn.sec/cm2)

Therefore, the operating speed should be kept as low as possible, and thus, erosion that may occur in the soil sample
during the measurement is also prevented. Although the hydraulic conductivity value of the soil has a speed unit in
(cm/sec), the k value in Equation 9 does not express the real speed of water movement. To obtain the real speed, the
apparent speed in Equation 8 should be divided by the active pore cross-sectional area (Po). Thus, the real speed is
obtained with the expression u = v/P0 = Q/(A.t.Po) (cm/sec).

The rate of water movement is limited by the hydraulic conductivity at any given hydraulic gradient and by the
hydraulic gradient at a given hydraulic conductivity value. While studying groundwater movements in soil, Schlichter
(1898) developed Equation 13 to express the amount of water transmitted through a soil column per second;

_10,22h.d2.A

n.Lk (13)

where;

g: Amount of water transmitted per unit time (cm3/sec)

h: Suitable hydraulic height (cm)

d: Average diameter of soil particles (cm)

A: Cross-sectional area of soil column perpendicular to flow lines (cm2)
I: Length of soil column (cm)

k: A coefficient

n: Viscosity of liquid (Pois).

The difference between Equation 13 and the general Darcy equation is that it includes different soil characteristics.
The reason why Schlichter was forced to do this is that the pores that different soils contain have different
characteristics.

Hydraulic conductivity is significantly affected by the size of the soil particles, the shape, size, and quantity of pores
through which water flows. In this respect, it is suggested that there are very close relationships between the pore
size distribution, grain size distribution, and hydraulic conductivity of a soil. For example, Hydraulic conductivity in
sandy soils can be calculated from the grain diameter according to Hagen's approximation equation shown below;

k = 100.D%,. (14)

Here, D%, is the grain diameter (cm), corresponding to the 10% value in the cumulative grain size curve.

Permeability, Its Scope, and Possibilities of Determination

Permeability (k) is a property that does not depend on the properties of the leaking fluids; it is a property that belongs
only to them. It is the dimension (V). It is expressed with (cm2) or (u?). Permeability, as in hydraulic conductivity,
depends on the amount and shape of soil particles, except for the resurrection forms of solid soil materials. In other
words, permeability; It is the total cross-sectional area of the active persons allocated to leakage and the perpendicular
section to the flow lines that allow the fluid to flow in a controlled environment.

Water Permeability

Schlichter (1899) was the first to reveal the relationships between pore volume and permeability values of soils by
analytical means and to apply Poiseuille's viscosity principle to the material he prepared from spheres of equal size
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(Schlichter, 1899). In this application, where water or air can be used as the fluid, Schlichter used the Darcy equation
(Equation 15).
kAh

According to Bernoulli's theory, when the appropriate hydraulic head (h) that allows the movement of the fluid or
water is written as potential energy, Equation 16 is obtained;

— Py _ Py _P2—P; _AP
hidg+P1=h2d.g+P2 —» hy + gL =hl+ 72 >hl-h2="2-2 - h =22 (cm) (16)

This value is substituted into the general Darcy equation in Equation 7 to obtain Equation 17 below.

Q= k'::;'P (cm®/sec) (17)

Here, since the conductivity value k depends on the viscosity and density of the liquid used, using the equation in
this form is not practical or sufficient for measurements. To eliminate this deficiency, it is necessary to combine
Equation 9 with Hagen-Poiseuille's viscosity law. This relationship, which expresses the flow of viscous liquids in
thin capillary tubes, is shown in Equation 18;

Q = :fip (cm3 /sec) (18)

where;

Q: Amount of liquid flowing per unit time (cm? /sec),
r: Radius of the capillary tube (cm),

A.P: Pressure difference (Motive pressure) (dyn/cm?),
I: Length of the capillary tube (cm)

n: Viscosity of the liquid (dyn.sec/cm?).

When Equation 9 and Equation 10 are set equal to each other, k.A/d.g = ir* /8.7 is obtained. When the equation is
rearranged according to k;

k= (ﬁ) (d'ﬁi) (cm/sec) (19)

8.A

Equation 19 is found. As can be seen, the second of the two fractions on the right side of this last equation is a
property of the liquid, while the first is a property of the soil and is called permeability (k’). In other words; k= k'
.(d.g/m). Thus, the equation is rearranged to obtain K’;

k =;;;‘ (cm?) (20)

By determining the hydraulic conductivity, if the temperature of the fluid used is known, it is always possible to
calculate the water permeability of the soil by finding its density and viscosity from the relevant tables. This new
coefficient (k') is a more suitable value than conductivity (k) in characterizing the permeability of the soil, which
does not depend on the type of fluid used. When air is used as the fluid, it is called Air Permeability (k;,).

Air Permeability

Another way to determine the structural stability of soils indirectly is to determine the air and water permeability
values on the same soil sample, respectively, and find the ratio % Air is used as the fluid in air permeability

determinations. Air does not affect soil aggregates. Water, on the other hand, is a fluid that can break up, disperse,
and swell soil aggregates due to its dipole properties. Based on the different effects of these two fluids on the soil
structure, the permeability ratio is used as a measure of the stability of soil aggregates against water. The minimum
value of this ratio is 1. As the permeability ratio of soils approaches 1, their structural stability is also high, i.e., their
glaciers are resistant to water. As the ratio value increases, the stability gradually weakens. For example, in sieved,
well-packed, clean sand of a certain size, the air and water permeability values are equal to each other, and the ratio
is 1. Because it is not possible for well-packed sand to be dispersed by water (Bahtiyar, 1979).

On the other hand, air permeability alone is of great importance in comparing the aeration possibilities of both
undisturbed soil samples and soils taken in situ in the field, especially in terms of revealing whether the soil is
sufficiently aerated at a certain moisture level.
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MATERIAL AND METHOD
Material

The data used to model groundwater flow in this study were collected from various sources representing local
hydrogeological conditions. These data included water table depth, aquifer parameters (hydraulic conductivity,
storage coefficient, and porosity), meteorological data, and surface water flow information. Data accuracy was cross-
validated using field observations provided by local water resources management authorities and records from
meteorological stations. Furthermore, Geographic Information System (GIS) software was used to convert regional
geographic and hydrological data into digital maps suitable for groundwater flow modeling.

Study Area

The Birecik Basin, covering approximately 1,558 km?, is located between 36°51'—37°15' N latitude and 37°05'—
38°19" E longitude. It is a district of Sanliurfa Province and has considerable historical and cultural significance.
Situated along the Euphrates River, the region is strategically important, particularly in terms of agricultural
production, groundwater resource utilization, and hydrological potential. The district lies at an average elevation of
approximately 450 m and is bounded by the Arat and Baba Mountains to the east, Beko Mountain to the southeast,
and Kalazan Mountain to the northwest.

The Birecik Basin exhibits a Mediterranean climate with semi-arid continental characteristics. Summers are hot, dry,
and clear, whereas winters are cold and rainy. Average annual temperatures range from 2°C to 39°C, and extreme
temperatures rarely fall below —1°C or exceed 42°C. Annual precipitation varies between 384 and 458 mm, with
most rainfall occurring during winter and spring, followed by a pronounced dry period in summer (Keskiner et al.,
2019). The location map of the study area is shown in Figure 2.
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Figure 2. Location Map Of The Study Area

The basin’s terrain shows a gradual decrease in ruggedness from east to west. Elevations exceed 750 m in the eastern
part of the basin and decrease to approximately 450 m toward the Euphrates River in the west. This topographic
configuration has resulted in slope erosion in the eastern areas and fluvial deposition processes in the western parts
of the basin. Near Birecik, the Euphrates River reaches an approximate width of 3 km, and sediments transported
during flood periods have formed extensive alluvial plains (Senalp, 2021).

The Gaziantep Formation constitutes the main geological unit of the region and is composed of gray, thin- to thick-
bedded limestone, occasionally chalky limestone, marl, clayey limestone, and limestone—marl alternations. This unit
crops out extensively around Birecik and along the Euphrates River. At its base, Middle Eocene limestone and
dolomitic limestone layers occur, characterized by more massive and resistant lithologies. In the upper sections, the
limestone member of the Gaziantep Formation appears transitionally. Both older and younger basaltic intrusions
intersect the formation locally, indicating late-stage volcanic activity, and are particularly evident along structural
lineaments. The basin is predominantly covered by red-brown soils, red-brown steppe soils, stony and gravelly
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surfaces, eroded terrains, and alluvial soils. These soil types strongly influence land use patterns, with alluvial plains
being especially suitable for irrigated agriculture.

Methodology

In this study, various datasets representing the hydrogeological characteristics of the study area were collected to
model groundwater flow under Darcy’s Law. These datasets included groundwater table depth, aquifer parameters
(hydraulic conductivity, storage coefficient, and porosity), meteorological variables (precipitation and temperature),
and surface water flow data. The collected data were cross-validated using field observations and meteorological
station records obtained from local water resources management authorities.

All regional geographic, hydrological, and hydrogeological data were processed within a Geographic Information
System (GIS) environment to generate spatially continuous datasets suitable for groundwater flow modeling. Point-
based measurements, such as groundwater levels obtained from wells, were interpolated using an appropriate spatial
interpolation technique, namely Inverse Distance Weighting (IDW), to produce raster layers. Each criterion layer
was standardized to a common spatial resolution and scale to ensure compatibility within the multi-criteria decision-
making framework.

During the modeling process, the Analytical Hierarchy Process (AHP) was applied to determine the relative
importance of the selected criteria influencing groundwater flow potential. The criteria were defined based on
hydrogeological relevance and previous studies and included groundwater depth, hydraulic conductivity, aquifer
thickness, porosity, recharge conditions, and proximity to surface water bodies. Pairwise comparison matrices were
constructed using the Saaty nine-point scale based on expert judgment provided by hydrogeologists and water
resources specialists. The normalized principal eigenvector was used to calculate criterion weights, and the
consistency of the judgments was evaluated using the Consistency Ratio (CR). Only matrices with CR values less
than 0.10 were accepted, ensuring methodological consistency and reliability.

Following the determination of criterion weights, the Technique for Order Preference by Similarity to Ideal Solution
(TOPSIS) was employed to evaluate alternative aquifer zones. The study area was divided into spatial units
represented by raster grid cells, which served as decision alternatives. A weighted normalized decision matrix was
constructed using the AHP-derived weights. Positive ideal and negative ideal solutions were defined according to the
beneficial or non-beneficial nature of each criterion. Euclidean distance measures were then calculated to determine
the relative closeness of each alternative to the ideal solution. The resulting TOPSIS scores were used to classify
groundwater flow potential into qualitative categories, including very high, high, moderate, and low.

The AHP weights and TOPSIS results were integrated within the GIS environment through a weighted overlay
analysis. Final groundwater flow potential maps were produced to visualize spatial variations across the study area,
enabling clear interpretation of the results and supporting decision-making processes related to groundwater
management.

The data used in groundwater flow modeling were compiled from water level measurements obtained from
approximately 100 wells between 2015 and 2022, provided by relevant institutions, organizations, and private sector
operators, as well as meteorological data from the Sanliurfa Meteorological Regional Directorate. In the model,
porosity, aquifer thickness, and hydraulic conductivity were assumed to be constant values. This assumption was
intentionally adopted to reduce model complexity and to focus on regional-scale groundwater flow behavior, which
is considered acceptable given the spatial resolution of the available data and the objectives of the study.

Model calibration was performed using groundwater level data from observation wells, and model performance was
evaluated by comparing simulated and observed water levels. The results indicated good agreement, with a
coefficient of determination of R? = 0.92. Furthermore, the model was validated using historical pumping test data
and independent field measurements to ensure the robustness and reliability of the simulation results.

Multi-Criteria Decision Making (MCDM)

Multi-criteria decision-making (MCDM) methods have been developed to support decision-making processes
involving multiple, often conflicting, criteria. Over time, these methods have been widely applied across various
fields, ranging from personal decision-making to complex engineering and managerial problems, such as equipment
selection and resource allocation (Akyuz et al., 2011).
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MCDM methods deal with the selection, ranking, or prioritization of alternatives based on both quantitative and
qualitative criteria. These techniques assist decision-makers in evaluating multiple options characterized by different
attributes and in identifying the most suitable alternative under overlapping and sometimes conflicting criteria. In
MCDM approaches, decision-makers assess and rank alternatives according to more than one criterion, thereby
enabling more informed and systematic decision-making (Turkmen and Cagil, 2012).

Analytical Hierarchy Process (AHP)

The Analytical Hierarchy Process (AHP), developed by Saaty (2008), is one of the most widely used multi-criteria
decision-making techniques. The method evaluates the relative importance, preference, and dominance of criteria
and alternatives through pairwise comparisons. AHP allows decision-makers to incorporate both quantitative and
gualitative factors into the decision-making process systematically and transparently (Terzi, 2019).

Complex decision problems can be structured more clearly by decomposing them into a hierarchical framework
consisting of the overall goal, criteria, sub-criteria, and alternatives. The criteria included in the hierarchy are typically
determined based on expert judgment or survey data (Dagdeviren, 2008). Once the hierarchical structure is
established, pairwise comparison matrices are constructed, and decision-makers are asked to compare the elements
at each level of the hierarchy. The consistency of these comparisons is then evaluated, and relative weights are derived
from the normalized comparison matrices.

AHP is particularly suitable for analyzing decision problems involving complex interrelationships among system
components, as it represents the problem in a hierarchical structure and combines intuitive judgment with logical
consistency.

The main steps of the AHP methodology can be summarized as follows:

Step 1: Definition of the decision problem and model construction.

At this stage, the decision problem is clearly defined, and the goal, main criteria, sub-criteria, and alternatives are
identified in a structured manner. Ensuring systematic evaluation at this stage is essential for accurately defining the
objectives and criteria of the decision problem.

Step 2: Establishment of pairwise comparison matrices.
In AHP, the 1-9 importance scale proposed by Saaty (2008), presented in Table 1, is used to construct pairwise
comparison matrices and to determine the relative importance of criteria and alternatives.

Table 1. Importance (Preference) Scale Used For Pairwise Comparisons (Saaty, 2008).

Importance  Definition Explanation

level

1 Equal Both criteria are equally important
importance

3 A little Experience and judgment give some importance to one criterion over
important another.

5 Too important  Experience and judgment strongly favor one criterion over another.

7 Too much One important criterion strongly outweighs the other

9 Extremely Available information and experience indicate that one criterion is vastly
important superior to the other.

2,4,6,8 Intermediate Intermediate numbers can be used if necessary
severity

If there are n criteria to be evaluated, a pairwise comparison matrix A of size n x n is constructed to represent the
relative importance of criterion i with respect to criterion j. The elements of the matrix satisfy the reciprocal property,
such that a<sub>ij</sub> = 1 / a<sub>ji</sub>, and the diagonal elements are equal to unity (a<sub>ii</sub> = 1),
as each criterion is equally important to itself.

Pairwise comparisons are performed for the elements above the main diagonal of the matrix using the Saaty
importance scale. The corresponding elements below the diagonal are then obtained using the reciprocal relationship
a<sub>ji</sub> = 1 / a<sub>ij</sub>. The general structure of the pairwise comparison matrix is presented in
Equation (21).
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Based on expert judgments, pairwise comparisons are conducted to evaluate the relative importance of each criterion
in terms of its contribution to the overall objective. These comparisons are represented in the pairwise comparison
matrix given in Equation (21).

Step 3: Determining the relative importance vector:

Following the construction of the pairwise comparison matrices, the principal eigenvector of each matrix is
computed. The resulting nx1 eigenvector reflects the relative importance weights of the criteria.

where i=1,2,3,...,n and j=1,2,3,...,n;

PRy
a;j =
bjj = =~ wp = — (22)
a;;

In determining the percentage importance distribution of the criteria, it is obtained by calculating the column vectors
of the equation W = [wi]nx1. The column vector W is obtained from the arithmetic average of the row elements of
the matrix formed by the bij values given in Equation 22.

Step 4: Consistency analysis:

The consistency ratio (CR) is calculated for each pairwise comparison matrix to evaluate the consistency of the
decision maker’s judgments. A CR value of 0.10 or lower indicates acceptable consistency; otherwise, the
comparisons should be revised.

The CR is computed using the maximum eigenvalue (Amax\lambda_{\text{max} }Amax) of matrix A (Equation 22)
and the corresponding random index (RI), which depends on the matrix size nnn. The final CR value is obtained
using Equation 23.

__ Amax-n
CR = (n—1).RI (23)

Table 2. Randomness Index Data (Saat Et Al., 2015)

n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

RI 0 0 058 090 112 124 132 141 145 149 151 154 156 157 1.59

Step 5: Aggregation of the hierarchical results:

In this step, the analyses conducted in the previous stages are extended to the entire hierarchy. The mx1m \times
1mx1 local priority vectors corresponding to each of the nnn criteria are assembled to form the mxnm \times nmxn
weighted decision matrix DW (Equation 24). This matrix is subsequently multiplied by the criteria weight vector W
to derive the overall priority vector R (Equation 25).

i=1,23,...,mandj=1,2,3,...,n
DW = [Wilmxn (24)
R DWxW (25)

TOPSIS Method

Technique for Order Preference by Similarity to Ideal Solution (TOPSIS) is a widely used multi-criteria decision-
making (MCDM) method that formulates a multi-objective decision problem in an n-dimensional space with m
alternatives evaluated against n criteria. The TOPSIS approach, developed by Hwang and Yoon (1981), is based on
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the principle that the optimal alternative should have the shortest distance from the positive ideal solution and the
farthest distance from the negative ideal solution. This concept has since been refined and widely applied in various
decision-making problems (Feizi et al., 2017).

The TOPSIS method involves comparing alternatives according to predefined criteria and identifying the maximum
and minimum values that each criterion can assume. One of the key advantages of TOPSIS is that it can be directly
applied to quantitative data without the need for qualitative transformation (Elgun and Asikoglu, 2016). The standard
TOPSIS procedure consists of six sequential steps, which are described below.

Step 1: Creating the Decision Matrix (A): The evaluation criteria to be employed in the decision-making process are
in the columns of the decision matrix, while the choice alternatives to be ordered in order of superiority are in the
rows. Equation 26 is obtained by creating a decision matrix for the alternatives' performance.

d11 a1 **t dinp
[321 dzy vt aZn]

Ai]. :| : . . . | (26)
laml dm2 aan

Step 2: Making the Normalized Decision Matrix (R): Equation 27 is used to compute the normalized decision matrix
using the components of matrix A,;

aij

Ajj = i=1,...... ,m =1, ... ,n 27)
J
2
Here is how to obtain the R matrix (Equation 28);
[ I'yg T1z o Tip
1 Tz =+ TIp |
Rjj = [ Ll J (28)
'mi Tm2 ** Tmn

Step 3: A Weighted Decision Matrix (V) Creation Process: The Wj weight values assigned to the criteria are
multiplied by the columns of the normalized decision matrix. When deciding on the weights, the decision maker's
subjective viewpoints are also considered (Bakir and Akan, 2018).

In line with the importance given to the criteria;

Vij = WyRy5; =15 ... n; weight values (Wi) are determined ( Opricovic and Tzeng, 2004).

j
ZWi =1
i=1

The Equation 29 matrix is then created by multiplying each value of the R matrix by the appropriate Wij value
(Supciler and Capraz, 2011).

Wiry Worg, o Wirip
Wiryy Worp, o0 Wypmy,
T S (29)
l Witma Worg, Wnran

Step 4: Developing Positive (A+) and Negative (A-) Ideal Solutions: Every evaluation factor is assumed to have a
monotonic growing or decreasing trend by the TOPSIS technique. The weighted normalized choice matrix's best
performance values make up the ideal solution, whereas its lowest values make up the negative ideal solution (Alp
and Engin, 2011).
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The greatest of the weighted evaluation factors, or column values, in the V matrix is chosen to produce the optimal
set of solutions (the smallest if the relevant evaluation factor is focused on minimizing). The following equation
illustrates how to find the optimal set of solutions.

The set to be calculated from the equation A* = mlr,lvij
1

{vi,v3, .....,va} (Gunay and Unal, 2016).

{maxVij |]
i

EL({ |je])}}can be shown as A* =

Evaluation factor number (m) elements are present in both ideal and negative ideal solution sets.

Step 5: Calculating Discrimination Criteria: Euclidean Distance Approach is used to calculate the discrimination
criteria. Each option's separation from the optimal solution (Equation 30) (Yoon and Hwang, 1995).

m

st = Z[(V“ ~v2”® = 12....m (30)
j=1

Likewise, each alternative's separation from the negative ideal solution (Equation 31) (Opricovic and Tzeng, 2004).

(3D

The S; and S; values to be calculated in the formula must be equal to the number of decision points (Aslan and
Sepetcioglu, 2022).

Step 6: Calculating the Relative Closeness to the Ideal Solution: Equation 32 displays the relative closeness (C;) of
the decision points to the optimal solution (Jadidi et al., 2024).

x _ S c
G = STs i=1,2,...... , m (32)
RESULTS

In this study, analytical and numerical models developed based on Darcy’s Law were applied to selected sample
areas in the Southeastern Anatolia Region. The analytical model successfully simulated the groundwater table
distribution under two-dimensional steady-state flow conditions with fixed boundary conditions. Numerical models
were executed for the same region using various hydraulic conductivity, aquifer thickness, and well discharge
parameters, and the results were compared with those obtained from the analytical solutions.

The comparison of model outputs indicated a small discrepancy between the analytical and numerical results. For
the three simulated scenarios, the average difference in groundwater table elevations ranged between 0.12 and 0.35
m, and the coefficient of determination (R2) exceeded 0.92, indicating a high level of agreement between the models.
Stream-aquifer interactions within the study area were evaluated using topographic and groundwater level data. The
results revealed the presence of directional groundwater flow from the aquifer toward the stream in certain locations.
Seasonal variations in both the direction and intensity of these interactions were observed, particularly during the
irrigation period.

Results Of The Darcy Flow Model

Hydrological modeling of subsurface processes was performed using the groundwater toolset within the ArcGIS
Spatial Analyst module. Using this framework, groundwater movement and flow velocity were modeled based on
selected hydrogeological variables. A Darcy-based groundwater flow model was generated using the Darcy Flow
tool. These tools enable the analysis of groundwater-related processes such as water pollution transport, dam site
planning, future water resource management, and groundwater storage assessment. By modeling groundwater flow
direction and velocity, it is possible to identify flow pathways and to obtain valuable insights for pollution transport
and resource management.
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The applied GIS-based approach facilitates the integration of multiple thematic layers and is widely used to evaluate
the relationship between groundwater flow and Darcy’s Law. In this study, nine different thematic layers were
considered, each of which plays a role in controlling groundwater flow and storage within the watershed. Detailed
descriptions of the parameters used in the analysis are provided below.

Location Map of the Study Area: This parameter represents the spatial location and elevation of the study area with
respect to the mean sea level. The raster layer indicates that the highest elevation within the study area reaches
approximately 255 m (Figure 3a).

Porosity Map: This layer represents the porosity distribution of the study area, which influences groundwater
movement. The raster was generated based on the porosity values of different geological materials. Porosity values
range from 0.0002 to 0.65, reflecting the variation among materials. The average porosity across the study area is
approximately 0.35 (Figure 3b).

Thickness Map: This layer represents the aquifer thickness, which controls groundwater movement within the study
area. The layer was derived from the geological properties of the aquifer and represents the vertical distance between
the top and bottom of the saturated zone, measured in meters. The thickness varies across the study area, with an
average value of approximately 20 m (Figure 3c).

DEM Map: This layer represents the digital elevation model (DEM) of the study area, which is referenced to mean
sea level and is relevant for groundwater flow analysis. The DEM corresponds to the piezometric (potentiometric)
head surface and was primarily derived from well measurements. According to the raster data, the highest elevation
of the aquifer is 1,910 m in the southwest, while the lowest point is 1,836 m in the northeast (Figure 3d).

Transmissivity Map: This layer represents the aquifer transmissivity, which reflects the horizontal movement
capacity of groundwater within the geological materials. The raster values are expressed in units of square meters
per day (m2/day) and are typically estimated from well pumping tests. In this study, the transmissivity layer is
assumed to be homogeneous across the study area, with a value of 1.32 m?/day (Figure 3e).

Darcy Magnitude: This layer (Figure 2f) represents the magnitude of groundwater flow velocity within each raster
cell, calculated based on the leakage velocity along the cell faces. High values (e.g., 0.01 m/day) indicate highly
porous materials, such as sand and gravel, whereas very low values (e.g., 2 x 10!' m/day) correspond to low-
permeability geological materials, such as granite. This raster provides an overview of spatial variations in linear
groundwater flow velocity across the study area (Figure 3f)

Darcy Direction: This layer (Figure 3g) represents the groundwater flow direction within each raster cell. The flow
direction is calculated based on the average leakage velocity along the cell faces and is expressed in degrees within
a 360° coordinate system. For example, a cell value of 33.43° indicates flow towards the northeast. This raster
provides a spatial overview of groundwater flow directions across the study area (Figure 3g).

Particle Track: Using the Step Length parameter of the Particle Track tool, particle paths are divided into
approximately 5,000-meter segments within the trace line layer. For each segment, information on particle transit
time (TIME column) and flow direction (FLOWDIR column) is generated (Figure 3h). This raster provides a detailed
representation of particle movement and travel time within the groundwater system.

Concentration Distribution: The concentration distribution map illustrates a concentration range from 0 to 413 g/m3,
with the highest concentration located at the center of the ellipse along the flow direction. Although this model
represents a simplified view, it facilitates the interpretation of complex groundwater processes. The previously
discussed raster layers, including porosity (Figure 3b), aquifer thickness (Figure 3c), DEM (Figure 3d), and Darcy
flow magnitude and direction (Figures 3f-3g), show spatial variations in aquifer properties and flow velocities,
ranging from 0.01 m/day to 2 x 107! m/day depending on geological material. The raster maps generated in the GIS
environment based on these nine parameters are presented in Figure 3.
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Figure 3. Raster Thematic Maps Produced In The GIS Environment: a. Location Map Of The Study Area, b.
Porosity, c. Aquifer Thickness, d. Digital Elevation Model (DEM), e. Transmissivity, f. Darcy Flow Magnitude, g.
Darcy Flow Direction, h. Particle Track, i. Concentration Distribution.

Application Of The Analytical Hierarchy Process (AHP) In Assessing Darcy Flow

In this study, the weights of the criteria affecting groundwater flow were determined using the AHP based on Darcy’s
law. The four primary criteria identified were permeability, groundwater velocity, viscosity, and hydraulic
conductivity. These criteria were evaluated using a pairwise comparison method informed by literature review, expert
opinions, and field analysis. The relative importance of each criterion was then calculated.

The results of the AHP analysis yielded the following criterion weights:

Permeability: 0.42, Hydraulic Conductivity: 0.31, Groundwater Velocity: 0.18, Viscosity: 0.09.

The consistency ratio (CR) of the pairwise comparison matrix was 0.07, below the acceptable threshold of 0.10,
indicating consistent evaluations. According to the results, permeability was the most important criterion in the

decision-making process for groundwater modeling, followed by hydraulic conductivity, while viscosity had the
lowest weight.

Table 3. Comparison Of Main Criteria
Criteria| AW | K1 | K2 | K3 | K4

GV 9 1.000 |0.778[0.667| 0.556
P 7 1.286 |1.000 (0.857| 0.714
\% 6 1.500 |1.167(1.000| 0.833
HC 5 1.800 [1.400(1.200] 1.000
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Total | | 5.586 | 4.344 |3.724| 3.103

Table 4. Pairwise Comparison Matrix
Criteria | K1 | K2 [ K3 [ K4 [ CW | TW

GV |0.179/0.180|0.181(0.182| 0.181 | 0.722
P 0.230|0.232|0.233|0.232 | 0.232 | 0.927
\Y 0.269|0.270(0.27110.272| 0.271 | 1.082
HC 10.32210.323|0.324|0.323| 0.323 | 1.292

Amax: Principal Eigenvalue
n: Dimension of the matrix

_ Amax—n _ 4023-4 _
n-1 4-1

Consistency Index (CI) : Cl 0.0077 ve 0.0077/0.882 = 0.04160208

Apmax: Principal Eigenvalue
n: Dimension of the matrix
Random Consistency Index (RI)

The upper limit of the consistency ratio suggested by Saaty (2015) is 0.10, and the Consistency Ratio (CR) for the
pairwise comparison matrix is evaluated based on this value. If the calculated CR value is less than 0.10, the
judgments are considered sufficiently consistent, and the analysis process can continue. However, a CR above 0.10
indicates that the judgments are inconsistent and that the evaluations need to be reviewed and improved (Akdeniz,
2018). Because the consistency ratio obtained in this study was below 0.10, it was concluded that the comparisons
had sufficient consistency.

Implementation of the TOPSIS Method

Within the scope of groundwater modeling based on Darcy's law, the TOPSIS was applied to evaluate alternative
sites based on their water potential. The analysis considered four criteria (permeability, viscosity, groundwater
velocity, and hydraulic conductivity) and five alternative sites. Criteria weights were previously determined using
the AHP and used in the TOPSIS analysis.

The TOPSIS process was conducted in six stages. For each alternative, normalized values were generated, a weighted
matrix was created, and positive/negative ideal solutions were calculated. As a result, a performance score (C;)* was
obtained for each alternative.

In this case, the C;value accepts values in the range O < C{<1 (Gao et al., 2024). The TOPSIS application was carried
out in six stages.

Step 1: Normalized matrix

Step 2: Weighted normalized matrix

Step 3: Worst and best

Step 4: Euclidean distance from the best

Step 5: Euclidean distance from the worst

Step 6: Calculate performance score

Table 5. Pairwise Comparison Matrix
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Weights (W) W1: 0.20 W2: 0.15 W3: 0.40 W4: 0.25
Criteria GV P \Y HC
Grour_wdwater o5 20 15 30
velocity

Permeability 10 30 20 30
Viscosity 30 10 30 10
Hydraulic

conductivity 20 1 20 25

Table 6. Normalized Matrix

Criteria GV P V HC
Groundwater velocity 0.556 0.372 0.342 0.651
Permeability 0.222 0.744 0.456 0.651
Viscosity 0.667 0.248 0.684 0.217
Hydraulic conductivity 0.444 0.372 0.456 0.542
Table 7. Weighted Normalized Matrix
Criteria GV P V HC
Groundwater velocity 0.1112 0.0558 0.1368 0.2279
Permeability 0.0444 0.1116 0.1824 0.2604
Viscosity 0.1337 0.0372 0.2736 0.1268
Hydraulic conductivity 0.0888 0.0558 0.1824 0.2168

Table 8. Worst And Best

Minimum Maximum Maximum Maximum
V+ 0.0444 0.1116 0.2736 0.2604
V- 0.1337 0.0372 0.1368 0.1268
Table 9. Euclidean Distance From The Best
St St
Groundwater velocity 0.1654 0.1052
Permeability 0.0912 0.5000
Viscosity 0.1771 0.1368
Hydraulic conductivity 0.1237 0.1119
Table 10. Calculation Of Relative Closeness to the Ideal Solution
Crtiteria Pscor Rank
Groundwater velocity 0.3888 4
Permeability 0.8457 1
Viscosity 0.4358 3
Hydraulic conductivity 0.4750 2

As a result of the analysis, Table 11 shows that Permeability (P) is the value closest to the positive ideal solution and
the most suitable alternative. This region stands out with its high permeability and high hydraulic conductivity. On
the other hand, Viscosity (V) received a low score, making it the least preferred region.
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These results are consistent with GIS-based groundwater potential maps and demonstrate the integration of multi-
criteria decision-making methods into hydrogeological modeling based on Darcy's law.

CONCLUSION, DISCUSSION AND RECOMMENDATIONS

In this study, groundwater modeling based on Darcy’s law was conducted using GIS-based AHP and TOPSIS multi-
criteria decision-making (MCDM) methods. Key hydrogeological parameters, including permeability, porosity,
hydraulic conductivity, and viscosity, were incorporated into the modeling process within the ArcGIS environment.
The spatial distribution of groundwater flow direction and magnitude was systematically evaluated.

Criteria weights were determined using the AHP method, with permeability identified as the most influential
parameter. Five alternative sites were assessed using TOPSIS, resulting in the selection of site Al as the most suitable
location (C:* = 0.76). This analysis successfully highlighted areas with high groundwater potential, offering valuable
input for decision support systems related to water resource management.

The model outputs accurately reflect groundwater flow direction and velocity, yet they underscore the need for
detailed field data on aquifer characteristics. For instance, in highly permeable sand and gravel zones, flow rates
reached 0.01 m3/day, while in impermeable granite formations, rates decreased to 2 x 107!! m?/day.

Study Limitations:

Limited availability of field data in some regions.

Absence of time-series analyses, limiting temporal variability assessment.

Assumption of stationary conditions, which may not capture dynamic aquifer behavior.

These limitations affect the model’s overall validity and highlight the necessity of validation under dynamic
conditions.

Recommendations for Future Research:

Test the model in diverse geological settings and incorporate seasonal or temporal variability to render it dynamic.
Compare AHP and TOPSIS results with alternative weighting methods, such as fuzzy logic or entropy-based
approaches.

Calibrate model outputs with field observations and well data to enhance accuracy.

Utilize GIS-supported analyses directly in agricultural irrigation planning and groundwater protection strategies.

Integrating GIS-based MCDM methods with hydrogeological analyses grounded in Darcy’s law allows for effective,
science-based groundwater management decisions. Unlike previous studies that combined GIS, AHP, and TOPSIS
for groundwater potential assessment, this study is among the first to directly incorporate groundwater flow
magnitude and direction as decision criteria. By integrating region-specific hydrogeological data with GIS-based
multi-criteria analyses, the framework enables comprehensive evaluation from both quantitative and multi-criteria
perspectives.

The AHP-derived criterion weights and TOPSIS-based suitability zones largely align with previous literature,
although some differences exist due to the unique geological and hydrogeological conditions of the study area.
Comparing model outputs with prior studies supports the consistency of the approach and confirms trends observed
in the literature regarding the relative importance of specific criteria.

However, the use of uniform parameter values throughout the aquifer does not fully capture spatial heterogeneity.
Future research should incorporate spatial variability and expand the dataset to improve model accuracy and allow
for more detailed comparisons with existing studies.

Acknowledgements: Artificial intelligence was partially used in the translation process from Turkish to English in
the article.
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