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Abstract: Groundwater availability in semi-arid regions like the Widyan Basin, the King-
dom of Saudi Arabia (KSA), is a critical challenge due to climatic, topographic, and hydro-
logical variations. The accurate identification of groundwater zones is essential for sus-
tainable development. Therefore, this study combines remote-sensing datasets (Sentinel-2
and ASTER-DEM) with conventional data using Geographic Information System (GIS) and
analytical hierarchy process (AHP) techniques to delineate groundwater potential zones
(GWPZs). The basin’s geology includes Pre-Cambrian rock units of the Arabian Shield in
the southwest and Cambrian—Ordovician units in the northeast, with the Saq Formation
serving as the main groundwater aquifer. Six soil types were identified: Haplic and Calcic
Yermosols, Calcaric Regosols, Cambic Arenosols, Orthic Solonchaks, and Lithosols. The
topography varies from steep areas in the southwest and northwest to nearly flat terrain
in the northeast. Hydrologically, the basin is divided into 28 sub-basins with four stream
orders. Using GIS-based AHP and weighted overlay methods, the GWPZs were mapped,
achieving a model consistency ratio of 0.0956. The zones were categorized as excellent
(15.21%), good (40.85%), fair (43.94%), and poor (0%). The GWPZ model was validated
by analyzing data from 48 water wells distributed in the study area. These wells range
from fresh water to primary saline water, with water depths varying between 13.98 and
130 m. Nine wells—with an average total dissolved solids (TDS) value of 597.2 mg/L—fall
within the excellent zone, twenty-one wells are categorized in the good zone, fifteen wells
are classified in the fair zone, and the remaining wells fall into the poor zone, with TDS
values reaching up to 2177 mg/L. The results indicate that the central zone of the study
area is suitable for drilling new water wells.

Keywords: remote sensing; analytical hierarchy process; AHP; weighted overlay analysis;
groundwater potential zone; GWPZ; Saq Aquifer; the Kingdom of Saudi Arabia; KSA

1. Introduction

The scarcity of surface water in desert countries requires the exploration of alternative
water resources, such as groundwater, due to factors like population growth, rapid urban-
ization, and expanding economic and agricultural activities [1-5]. Therefore, mapping
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potential groundwater areas is essential for ensuring water security [6], and managing
water resources is necessary for sustainable development. This is particularly important
in areas where groundwater aquifers are replenished by rainfall and floods. Securing
additional water sources poses significant challenges due to climatic, hydrological, and
topographic conditions [7,8]. Climate change exacerbates these challenges by affecting the
spatial distribution and intensity of rainfall, which—along with geomorphological and
physical watershed characteristics—control the availability of water resources [9].

Groundwater is one of the most important natural resources that is stored in subsur-
face geological formations and serves as a source of water for domestic, industrial, and
agricultural uses [10-13]. The occurrence and availability of groundwater depend on the
recharge process, which is controlled by several factors such as physical geography, lithol-
ogy, lineation and drainage patterns, basin slope, land-use land cover (LULC), and climatic
factors such as rainfall, temperature, and evaporation [14-20]. Therefore, groundwater
potential varies greatly in space and time, sometimes by a few meters, even within the
same basin. This underscores the variability in groundwater potential that exists from
place to place [21,22]. Therefore, identifying global warming zones in these environments
becomes essential as it allows for more accurate research on water resources and a better
understanding of their long-term use. However, identifying potential groundwater areas is
complicated by the lack of a common understanding of many environmental, climatic, and
topographic factors. Identifying potential areas involves assessing many geospatial factors
based on scientific methods [23]. Therefore, accurately identifying potential groundwater
areas is essential for sustainable groundwater resource management [24].

Despite facing water resource challenges and lacking renewable surface water in
Saudia Arabia, the Al Qassim region maintains agricultural productivity through its agri-
cultural potential and reliance on groundwater from the Saq Sandstone Aquifer System.
This study focuses on Widyan Basin, located in Central Saudi Arabia (Figure 1a,b). It
extends from latitude 24°30'N to 27°30'N and longitude 42°00'E to 45°30’E. The basin
includes four main provinces: Al Qassim Province, which covers most of the basin; Riyadh
in the southeast; Hail Governorate in the northwest; and Al Madinah in the southwest. The
study basin has favorable geological and topographical characteristics for groundwater
availability including the Saq aquifer [25,26].

The methodology combines conventional and remote-sensing datasets with GIS and
AHP to achieve the research objectives—using several geological, topographic, and hydro-
geological features extracted from the datasets. Remote-sensing and GIS technologies are
particularly powerful for estimating natural resources, especially in arid regions. These
technologies facilitate rapid identification of potential groundwater zones in large ar-
eas [17,18,27]. High-resolution satellite imagery is a cost-effective alternative to traditional,
expensive survey techniques, particularly in inaccessible areas [28]. Previous studies have
extensively applied remote sensing for groundwater mapping in Saudi Arabia, including
works by [29-34].

The AHP, introduced by [35], is a robust tool for solving complex multi-criteria
decision-making (MCDM). It uses pairwise comparisons of spatial parameters, assign-
ing weights based on expert opinion [36,37]. AHP assesses the consistency in results,
reducing bias in decision-making [38]. Many researchers have demonstrated its reliability
for groundwater-related applications. Mapping of groundwater resources using GIS and
AHP techniques has been widely used by several authors, such as [1,39-45]. Recent studies
in Saudi Arabia have effectively applied GIS-based AHP to monitor and evaluate GWPZ
(e.g., [32,34]).
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The primary goal of this study is to identify and map GWPZ for drinking, indus-
trial, and agricultural water supply within the study basin. Specific objectives include
(1) analyzing the characteristics of climate change in the basin using Sentinel-2 LULC
remote-sensing data; (2) characterizing topographic and hydrological features using Ad-
vanced Spaceborne Thermal Emission and Reflection Radiometer—Digital Elevation Model
(ASTER-DEM) remote-sensing data; and (3) applying GIS-based AHP techniques to in-
tegrate and analyze various groundwater-related factors derived from conventional and
remote-sensing data using overlay techniques. The analysis incorporates nine multi-
thematic layers—surface geology, soil, slope, rainfall, drainage density, LULC, topographic
moisture index, and roughness index (RI)—to achieve the study objectives. After normaliz-
ing the weights of the thematic layers using the AHP procedure and assigning the rank,
these layers were combined using a raster calculator to produce a GWPZ map.
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Figure 1. (a) Location map of the Widyan Basin showing the main provinces and cities; (b) Google
Earth map of the study area, Widyan Basin, central part of KSA; (c) three-dimensional view of the
digital elevation model (DEM) of the study basin from ASTER data.

2. Geologic Setting

In the Al Qassim region, the landscape is dominated by a series of parallel, west-facing
escarpments, each capped by a limestone layer. The eastern margins of these escarpments
are characterized by relatively low relief, where tertiary and/or younger rock units intersect
older formations [26]. The region is mainly covered by the Paleozoic—-Mesozoic Khuff
Formation [46,47].

The geology of Al Qassim Province is known for its Paleozoic sedimentary rocks,
which form part of a curved belt along the northern, eastern, and southern margins of the
Arabian Shield. The exposed rocks predominantly belong to the Qassim Formation, dating
from the Middle-to-Upper Ordovician period. This formation consists of shallow marine
siliciclastic sequences (Figure 2) and overlies the Saq Formation, which is composed mainly
of sandstone with minor shale intercalations. The Qassim Formation is divided into four
distinct units: Hanadir, Kahfah, Raan, and Quwarah. The Hanadir Member consists of
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medium- to coarse-grained sandstone, while the Quwarah Member is characterized by
diagnostic gypsum and intermittent layers of silty claystone. These rock units are associated
with several tectonic-depositional and tectonic cycles, including the Cambro-Ordovician,
Late Ordovician, Early Silurian, Late Silurian, Siluro-Devonian, Devon-Carboniferous, and
Permo-Carboniferous [48]. Two significant glaciation phases occurred during the Late
Ordovician and the Permo-Carboniferous periods.
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Figure 2. Generalized lithostratigraphic column of the Pre-Cambrian Ordovician lithofacies of the
Saq and Qassim Formations and associated tectonic events (adapted with permission from [49]).

According to [46], the Cambrian-Ordovician Saq Formation represents a continental
river facies exceeding 600 m in depth and unconformably overlying the Arabian Shield rock
units. This formation exhibits distinct lithological facies and depositional environments,
transitioning from the lower Risha Member, characterized by continental river facies, to the
upper Sajir Member, which represents a coastal marine environment (Figure 2). The Risha
Member consists mainly of basal conglomerate and sandstone, while the Sajir Member
comprises silty and micaceous sandstones. The Saq sandstone aquifer system—shared by
Jordan and Saudi Arabia—is located in this arid region, characterized by high potential
evaporation rates exceeding 90% and annual rainfall of less than 75 mm [50]. This aquifer
slopes gradually northward under less-permeable formations.

3. Materials and Methods

Figure 3 illustrates the flowchart of the current study, which includes both conventional
and remote-sensing datasets to achieve the research objectives. The methodology includes
the use of the AHP method for analysis. The data used in this research are as follows:
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Figure 3. A flow chart showing the types of data and methods used in the current study.

3.1. Conventional Datasets

Some conventional datasets were utilized in this study, including surface geological
maps, digital soil maps, and digital rainfall data.

3.1.1. Surface Geological Data

Surface geology plays a key role in assessing groundwater potential as water infiltra-
tion and percolation are controlled by the hydraulic properties of the rocks [13,51]. The
geological map used in this study was obtained from the published map of the United
States Geological Survey [52] and Central Energy Resources (CERSC) Data Management
Services Project. These maps were used to delineate the different geological units prevailing
in the Widyan Basin.

3.1.2. Soil Data

Soil types significantly influence the amount of water that can infiltrate into the
subsurface formations, hence affecting groundwater recharge [1,53,54]. The digital soil data
for the study area were collected from the Food and Agriculture Organization (FAO) of the
United Nations and the UNESCO Soil Map of the World [55,56].

3.1.3. Rainfall Data

Rainfall serves as the primary source of groundwater recharge, especially in arid
and semi-arid regions. Infiltration and surface runoff are influenced by both the rainfall
intensity and the duration of rainfall. High-intensity, short-duration rain results in less
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infiltration and more surface runoff, whereas low-intensity, long-duration rain leads to
greater infiltration and less runoff [53,57].

To estimate the average annual rainfall in the study area, the Climatic Research Unit
Time-Series (CRU TS) datasets for 2021-2022 were employed. These datasets, which have
a resolution of 0.5°, cover all land areas except Antarctica and are supported by the UK
Natural Environment Research Council (NERC), the U.S. Department of Energy, and the
UK National Centre for Atmospheric Science (NCAS). High rainfall values were assigned
high weights, indicating regions with greater water potential, and vice-versa [57,58].

3.2. Remote-Sensing Datasets
3.2.1. Sentinel-2 LULC Data

The spatial distribution and characteristics of the land are assessed by LULC analy-
sis [59]. The LULC analysis gives essential information on various environmental factors
such as water infiltration, soil moisture, groundwater, and surface water [53,60]. Sea-
sonal changes in LULC significantly affect hydrological dynamics, including groundwater
storage and recharge [61]. For this study, the LULC data were obtained from the Esri
Sentinel-2 dataset, which offers 10-meter-resolution imagery of Earth’s land surface from
2017 to 2022. It comprises ready-made datasets containing high-resolution, comparable,
and timely land-use maps. These datasets were downloaded from the following website:
https:/ /livingatlas.arcgis.com/landcoverexplorer (accessed on 7 July 2024).

3.2.2. ASTER Global Digital Elevation Model (GDEM) Data

The GDEM data were downloaded from ASTER, as shown in Figure 1c. The ASTER
GDEM version 3 (ASTGTM) provides a global digital elevation model (DEM) of Earth’s
land areas with a spatial resolution of 1 arc second, approximately equivalent to a 30 m
horizontal posting at the equator. The DEM was resampled to a 30 m grid size. These
ready-made data were downloaded from the NASA Earthdata Search website: https:
/ /search.earthdata.nasa.gov/search (accessed on 18 April 2024). They were generated
through automated processing of the entire ASTER Level 1A archive of scenes acquired
between March 1, 2000, and 30 November 2013.

Topographic and hydrologic analyses of the study area were extracted using ASTER-
30 m DEM data. These analyses include evaluating the altitude, slope, aspect slope,
topographic wetness index (TWI), stream networks, and drainage density. ArcMap (10.8)
software was used for processing, with the GIS hydrology tool employed to determine
drainage basin boundaries and assess drainage density.

Topographic Analysis

Slope and topography describe the shape and relief of the land and are key parameters
in the evaluation of GWPZs. Flat areas promote a higher infiltration rate compared to
moderate or elevated terrains [22]. Surface water intruders are directly affected by the
inclination of the slope [62]. The GWPZ is greatly impacted by slope, which also has an
impact on runoff and infiltration rates. While moderate-to-severe slopes encourage surface
runoff and have little probability of groundwater recharge, flat or mild slopes encourage
strong infiltration and good groundwater recharge [45]. According to [57], soft slopes are
given a higher weight, while steep and extremely steep slopes are given a lower weight.

Slope aspect, the horizontal direction of the maximal slope, is measured in degrees
from north in a clockwise direction [63]. In the northern hemisphere, south-facing slopes
are brighter and drier than north-facing ones because they receive more direct sunlight.
Compared to the southern and western sides of mountains, the eastern and northern slopes
receive less sunshine. Water resources are often greater on north- and east-facing slopes
north of the equator than on south- and west-facing slopes [64].
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Hillshade—a grayscale, 3D representation of the surface shading by the sun’s relative
position—provides crucial data for environmental management, such as groundwater
potential mapping and landslides [65]. Based on a specified altitude and azimuth, it
calculates surface illumination with values from 0 to 255. Standard altitude (45°) and
azimuth (315°) values were used in this study.

According to [66], the TWI accounts for the possible infiltration of groundwater due to
topographic influences and calculates the topographic control over hydrological processes.
TWI is estimated using Equation (1):

Ln(x)

TWI = tan(B)

1)

where « is the upslope contributing area; and f3 is the slope gradient [1]. Higher TWI values
can be found in plain regions with recurrent flooding in a basin [67], which represent high
groundwater potential—and vice-versa [13,68].

Hydrogeologic Analysis

Water flow is the movement of water across the Earth’s surface in the form of streams.
Stream networks are designed to arrange the sinks according to their capacity. They were
derived from DEM data by applying an area threshold to the flow accumulation grid using
algebraic expressions. Stream networks were defined by those cells in the matrix that have
a flow accumulation value greater than an area threshold value. The drainage density
measures how well a basin is drained by stream channels and is controlled by several
factors such as lithology—which provides an important index of infiltration rate—slope
angle, vegetation, and soil type [12,69].

The drainage density has a considerable impact on groundwater availability and
contamination [70,71]. A negative correlation of drainage density with slope and hydraulic
properties of geological units was previously reported [72,73]. Drainage density is an
inverse function of soil permeability as the high drainage density indicates impervious soil
with a very steep slope. Therefore, it is an important parameter in the delineation of the
GWPZs. Determining GWPZs relies on the drainage density, which is obtained by dividing
the total stream length of all the rivers in a drainage basin by the total area of the drainage
basin [60]. Drainage density is inversely proportional to groundwater potentiality [45,74]
as the lower the drainage density value, the higher the groundwater potentiality. High
drainage density represents less infiltration and, hence, does not favor the groundwater
potential of the area. The groundwater potential is increased by low drainage density,
which indicates significant infiltration [1,57].

3.3. AHP and Mapping GWPZs

The AHP method was used to integrate and weight different objective layers [1,16].
This method decomposes the decision problem into four steps:

1.  Constructing the pairwise comparison matrix (PCM): A pairwise comparison matrix
(PCM; m x m) was created to prioritize each criterion, where m represents the number
of factors affecting the determination of groundwater recharge (GWR) [75]. Based
on Saaty’s scale (1-9), as shown in Table 1, each element in the matrix is assigned
a score of 1 when compared to itself, and values higher than 1 when compared to
another element;
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Table 1. Saaty’s scale for AHP method [75].
Intensity of Definition Explanation
Importance
1 Equal importance Two activities contribute equally to the objective
2 Weak or slight importance When compromise is needed
3 Moderate importance Expe}rlence and judgment slightly favor one
activity over another
4 Moderate plus When compromise is needed
5 Strong importance EXPe}'lence and judgment strongly favor one
activity over another
6 Strong plus When compromise is needed
v Very strong importance An activity is f.avored very stropgly over another;
its dominance is demonstrated in practice
8 Very, very strong When compromise is needed
9 Extreme importance The evidence favoring one activity over another is
P of the highest possible order of affirmation
If activity i has one of the above, non-zero
Reciprocals numbers are assigned to it when compared
of above with activity j, then j has the reciprocal value

when compared with i

Generating the normalized pairwise comparison matrix (NPCM): each value in the
PCM is divided by the sum of its respective column to generate the NPCM [17,76];
Calculating the normalized weights: Normalized weights are calculated to reduce
associated subjectivity [76]. Total weights for each variable are calculated by summing
the raw scores of the NPCM. Normalized weights for each variable are calculated by
dividing the row’s total weight of each variable in the NPCM by the sum of all total
weights. The sum of all normalized weights is always one [17];

Evaluating consistency: To evaluate the accuracy of the PCM, the consistency index
(CI), the random index (RI), and the consistency ratio (CR) are calculated based on the
number of parameters.

The eigenvector (Vp) for each raw score is calculated using Equation (2):

==

Vp = (W x Wy X ... x Wy) ()

where n is the number of criteria used in the analysis. The weighting coefficient (Cp) is

calculated by dividing each Vp by the sum of all Vp values. The consistency vector matrix

is calculated by multiplying the PCM matrix with the Cp matrix.

sum

Next, each column of the PCM is multiplied by its respective variable weight, and the
of the rows yields the weighted sum value. The weighted sum value is divided by the

variable weight to obtain the A value [17]. The eigenvalue (E) for each variable is calculated

by dividing the consistency vector by the Cp for the corresponding variable. The highest

matrix eigenvalue (Amax) is calculated by dividing the summation of eigenvalues (Es) by

the number of parameters using Equation (3) [35]:

LE_ M+h+.tA
n

(3)

)\max =
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The Cl is then calculated using Equation (4):

}\max—n
1= 4
Cl=-—""+ (4)

Finally, the CR value is obtained by dividing the CI by the RI, whose values are
listed in Saaty’s standard Table 2 [38,75,77]. A CR value of zero indicates a perfect level of
consistency in the pairwise comparison. If the CR value is less than 0.10, the consistency is
acceptable and the analysis can proceed. However, if the CR value exceeds 0.10, then the
judgment matrix must be revised to address inconsistencies [19,35].

Table 2. Saaty’s ratio index of random consistency for different N values [75].

n 1 2 3 4 5 6 7 8 9
RI 0 0 0.58 0.9 1.12 1.24 1.32 1.41 1.49

The sub-classes of thematic layers were reclassified using the natural breaks classifica-
tion method in a GIS platform to assign weights. Sub-class ranks for each thematic layer
were allocated on a scale of 1-5 based on their relative influence on groundwater develop-
ment [78]. The ranking values for each feature class were normalized using the geometric
mean criteria [79,80]. Raster pixel values were ranked—1 (very low), 2 (low), 3 (moderate),
4 (high), and 5 (very high)—based on their influence on groundwater potentiality.

The GWPZ map was created using ArcMap using the weighted overlay method to
integrate different thematic layers. The GWPZ is given by Equation (5):

GWPZ =Y (W, x Rp) (5)

where Wy is the weighted value of the pixel in each raster of variable thematic layers; Rp
is the rank value of a pixel in each raster of variable thematic layer’s sub-classes [1,45]; A
represents the number of integrated thematic layers; and B is the number of ranked layer’s
sub-classes.

4. Results
4.1. Conventional Data Analysis

The surface geological map (Figure 4a) shows that the study area consists of thirteen
distinct rock units, each represented by different colors: Quaternary Eolian (Qe), Qua-
ternary Fluvial (Qf), Quaternary Sahbka (QsK), Quaternary Volcanic (Qv), Tertiary (T),
Cretaceous (K), Jurassic (J), Triassic (Tr), Triassic Permian (TrP), Permian (P), Devonian
Silurian Ordovician (DSO), Ordovician Cambrian (OCm), and Pre-Cambrian undifferen-
tiated (pC). The study basin is classified into two categories as seen in the geologic map
(Figure 4b). The Arabian Shield is represented in green in the southwestern part of the basin,
and the Interior Homocline-Central Arch is marked in red in the northeastern part of it.

The digital soil map (Figure 4c) categorizes the area into six main soil types according
to the [54] classification system. These include Lithosols (I, dark green), Cambic Arenosols
(Qc, light green), Calcaric Regosols (Rc, light yellow), Haplic Yermosols (Yh, dark yellow),
Calcic Yermosols (Yk, orange), and Orthic Solonchaks (Zo, red).

The spatial interpolation map of rainfall distribution (Figure 4d) indicates that annual
rainfall in the study area for 2021-2023 ranged from 142.7 mm/year to 216 mm/year.
Based on these values, rainfall levels were categorized into five categories: very
low (142.7-158.8 mm/yr), low (158.9-172.9 mm/yr), medium (173-186.1 mm/yr), high
(186.2-198.8 mm/yr), and very high (198.9-216 mm/yr).
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Figure 4. (a) Surface geological map; (b) geologic province map; (c) digital soil map; and (d) annual
rainfall map of the study basin. The red squares represent drilled water wells.

4.2. Remote-Sensing Data Analysis
4.2.1. LULC Map

The LULC maps for the study basins from 2017 to 2022 are shown in Figure 5a—f.
These maps are categorized into water (blue zone), trees (green zone), flooded vegetation
(sky blue zone), crops (yellow zone), constructed area (red zone), bare ground (dark gray
zone), and snow zones (light gray zone).
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Figure 5. Sentinel-2-LULC maps of the study basin from 2017 to 2022 (a—f).
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4.2.2. ASTER-GDEM Maps

The hydrogeologic and topographic analyses of the study basin, based on ASTER-
DEM data (Figure 1c), show elevation values ranging from 432 to 1485 m above sea level.
The area is divided into ten categories, from 432-573.67 m (green) to 1103.5-1485 m (red).

Hydrogeologic Analysis

Figure 6a shows the boundaries of the basins extracted from ASTER-DEM data, fo-
cusing on the largest basin (light green) with drilled wells (blue squares). The primary
basin is further divided into 28 sub-basins (Figure 6b). The waterway network is classi-
fied into four ranks based on capacity (Figure 6¢)—small waterways (light green), second
rank (yellow), third rank (orange), and fourth rank (red)—with flow directed toward the
northeast. Figure 6d presents the drainage density map, categorized into five levels: very
low (0.0000-0.0195 km /km?, green); low (0.0196-0.0527 km/ km?, light green); moderate
(0.0528-0.0835 km /km?, yellow); high (0.0836-0.1210 km/km?, orange); and very high
(0.1220-0.2070 km/km?, red).
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Figure 6. Hydrogeologic analysis of the study basin from ASTER-DEM data: (a) basin boundaries
map; (b) sub-basin (watershed) map; (c) stream network map; and (d) drainage density map.
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Topographic Analysis

Figure 7a shows the study area’s slope, ranging from 0 to 66.18°, classified into five
categories: flat (0-2.595°, dark green); gentle (2.596-5.710°, light green); low-to-moderate
(5.711-10.640°, yellow); moderate-to-high (10.65-19.98°, orange); and steep to very steep
(19.99-66.18°, red). The terrain is predominantly flat with low-to-moderate slopes, with
some steep areas in the southwest and northwest. Figure 7b shows the slope aspect
map, indicating both direction and steepness. Ten categories are shown as follows: flat
(—1), north (0-22.5), northeast (22.5-67.5), east (67.5-112.5), southeast (112.5-157.5), south
(157.5-202.5), southwest (202.5-247.5), west (247.5-292.5), northwest (292.5-337.5), and
north (337.5-360). Southern slopes receive more sunlight and are sunnier and drier. Thus,
water resources are more abundant in the north, northeast, and northwest. The hillshade
map (Figure 7c) illustrates surface lightness values ranging from 0 to 254, based on an
azimuth of 315° and an elevation of 45°. Most of the basin is flat, with gradual rises in
the southwest and northwest. The TWI map (Figure 7d) ranges from 3.074% to 28.44%,
categorized into very low (3.074-7.649%); low (7.650-10.14%); moderate (10.15-13.02%);
high (13.03-16.50%); and very high (16.51-28.44%).
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Figure 7. Topographic analysis of the study basin from ASTER-DEM data: (a) slope map; (b) slope
aspect map; (c) hillshade map; and (d) TWI map.
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4.3. Analysis of AHP Method

This study employs nine criteria, derived from both traditional and remote-sensing
datasets, to identify shallow groundwater potential zones using geospatial approaches.
Using traditional and remote-sensing datasets, these thematic layers were combined in
raster format to manage the groundwater flow and storage factors. For these nine thematic
layers, the PCM and NPCM were created in descending sequence, as seen in Tables 3 and 4.
The weighting of these layers’ associations is based on their significance, the response to
the presence of groundwater, and the viewpoint of the researchers. On the groundwater
potential, a high-weight parameter indicates a layer with a greater impact, while a low-
weight parameter indicates a layer with a minor influence.

Table 3. Pairwise comparison matrix (PCM) of nine variables for AHP method.

Variable S:G Soil  Elevaion Slope Rainfall Drfima8¢ yyjce wp RI
Density
S:G 1 2 2 2 3 4 5 7 9
Soil 0.5 1 2 2 2 3 4 6 8
Elevation 0.5 0.5 1 2 2 3 4 6 8
Slope 0.5 0.5 0.5 1 2 3 4 6 8
Rainfall 0.33 0.5 0.5 0.5 1 2 3 5 7
Drainage density 0.25 0.33 0.33 0.33 0.5 1 2 3 6
LULC 0.2 0.25 0.25 0.25 0.33 0.5 1 2 4
TWI 0.14 0.17 0.17 0.17 0.2 0.33 0.5 1 3
RI 0.11 0.13 0.13 0.13 0.14 0.17 0.25 0.33 1
Total 3.54 5.38 6.88 8.38 11.18 17 23.75 36.33 54
Table 4. Normalized pairwise comparison matrix (NPCM).
Variable S:G  Soil Elevation  Slope  Rainfall %“‘i“f"ge LULC TWI RI TW NW NW*100
ensity
S:G 028 037 0.29 0.24 0.27 0.24 0.21 019 017 226 025  25.09
Soil 0.14 0.19 0.29 0.24 0.18 0.18 0.17 0.17 0.15 1.69 0.19 18.82
Elevation 0.14 0.09 0.15 0.24 0.18 0.18 0.17 0.17 0.15 146  0.16 16.18
Slope 0.14 0.09 0.07 0.12 0.18 0.18 0.17 0.17 0.15 126  0.14 14.04
Rainfall 0.09 0.09 0.07 0.06 0.09 0.12 0.13 014 013 092 0.1 10.23
Drainage density ~ 0.07 0.06 0.05 0.04 0.04 0.06 0.08 0.08 0.11 0.6 0.07 6.69
LULC 0.06 0.05 0.04 0.03 0.03 0.03 0.04 0.06  0.07 0.4 0.04 4.44
TWI 0.04 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.06 026  0.03 2.86
RI 0.03 0.02 0.02 0.01 0.01 0.01 0.01 0.01 002 015 0.02 1.65
Total 9 1 100

The surface geologic (SG) parameter was selected as the most important factor influ-
encing GWR compared to the others, followed by soil, elevation, slope, rainfall, drainage
density, LULC, and TWI. The RI parameter was considered the least important factor. The
normalized weights of these parameters were 25.09%, 18.82%, 16.18%, 14.04%, 10.23%,
6.69%, 4.44%, 2.86%, and 1.65%, respectively.

Table 5 shows the accuracy parameters of the PCM matrix. The highest eigenvalue
(Amax) and the CI are 9.35 and 0.142, respectively. A valid CR value of 0.0956 was obtained
depending on a ratio index (RI) value equal to 1.49 (Table 2) since nine variable thematic
layers were employed in this study. According to [75], if CR is less than 0.1, the PCM of the
nine objective layers is consistent. Therefore, the resulting GWP model is acceptable. The
description of each parameter, the normalized weighting procedure for each layer using
the AHP method, and the normalized rank of each class are given in Table 6.
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Table 5. The accuracy parameters and the consistency ratio of PCM matrix.

Variable Vp Cp D=AxCp E=DI/Cp Amax CI CR
S:G 3.15 0.25 2.36 9.34 9.35
Soil 2.36 0.19 1.79 9.42 9.35
Elevation 2.03 0.16 153 9.41 9.35
Slope 1.74 0.14 131 9.39 9.35
Rainfall 127 0.1 0.94 9.23 9.35

Drainage density 0.82 0.07 0.61 9.25 9.35 0.1424 0.0956

LULC 0.54 0.04 0.4 9.21 9.35
TWI 0.34 0.03 0.26 9.33 9.35
RI 0.2 0.02 0.15 9.59 9.35
Total 12.45 1 9.35 84.16 9.35

Table 6. The table illustrates the assigned rank and weights of thematic layers. Ranks 1, 2, 3, 4, and 5
are equivalent to very low, low, moderate, high, and very high ranks, respectively.

. Normalized Influence
Parameter Unit Weight (%) Intervals Ranks

Qe (Quaternary, Eolian)
Qf (Quaternary, Fluvial)
QsK (Quaternary, Sahbka)
Qv (Quaternary, Volcanic)
T (Tertiary)
K (Cretaceous)
Surface Geology None 0.25 25.09 J (Jurassic)
Tr (Triassic)
TrP (Triassic Permian)
P (Permian)
DSO (Devonian Silurian Ordovician)
OCm (Ordovician Cambrian)
PC (Pre-Cambrian undifferentiated)

Regosols (Rc)
Yermosols (Yh)
Arenosols (Qc)

Lithosols (I)
Yermosols (Yk)
Solon Chalks (Zo)

(432-640)
(640~740)
Elevation (Meter) 0.16 16.18 (740-833)
(833-945)
(945-1485)

Flat (0-1)°
Nearly level (1-2)°
Slope (Degree) 0.14 14.04 Gentle (2-5)°
Moderate (5-15)°
Steep to very steep (>15)°

Digital Soil None 0.19 18.82

RPN WER U LN WHER U, WNUTWW| kL UR s, sk s N -
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Table 6. Cont.

. Normalized Influence
Parameter Unit Weight (%) Intervals Ranks

(142.70-157.36)
(157.36-172.02)
Rainfall (mm/year) 0.10 10.23 (172.02-186.68)
(186.68-201.34)
(201.34-216.00)

(0.000-0.041)
(0.041-0.083)
Drainage Density  (Km/Km?) 0.07 6.69 (0.083-0.124)
(0.124-0.165)
(0.165-0.207)

Water
Trees
Flooded Vegetation
LULC None 0.04 4.44 Crops
Built Area
Bare Area
Snow

(03.074-8.147)
(8.147-13.220)
TWI (Percent) 0.03 2.86 (13.220-18.293)
(18.293-23.366)
(23.366-28.439)

(0.111-0.267)
(0.267-0.422)
RI (Meter) 0.02 1.65 (0.422-0.578)
(0.578-0.733)
(0.733-0.889)

PN WHR O U WO, WP R, WA O RPN WRO| U WO -

4.4. Groundwater Potential Zones (GWPZs)

Figure 8 shows the GWPZ map derived using the AHP method, integrating nine
layers with the raster calculator and the weighted overlay methods in ArcMap. The area
is classified into four categories—poor (0%), fair (43.94%), good (40.85%), and excellent
(15.21%)—as shown in Table 7. From each raster dataset, the mean and standard deviation
statistics of the integrated categories of GWPZs are 2.713 and 0.713, respectively.

Table 7. Groundwater potential zone classification and area coverage.

Classification of Zone Area (Km?) Area (%)
Poor GWPZ 1.72 0
Fair GWPZ 39,866.8 43,94
Good GWPZ 37,067.34 40.85

Excellent GWPZ 13,798.92 15.21
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Figure 8. (a) The GWPZ map of the study basin; (b) well areas; (c) TDS concentration map;
and (d) depth-to-water map from groundwater sample data.

5. Discussion

The geological characteristics of the basin play a critical role in determining ground-
water availability. As shown in Figure 4a, the southwestern part is dominated by Pre-

Cambrian rock units, which have low permeability and limited groundwater recharge

potential. In contrast, the northeastern region features Ordovician-Cambrian formations,

including the Saq aquifer—a highly permeable and porous groundwater reservoir. The
GWPZ map (Figure 8a) classifies 15.21% of the basin as excellent zones, primarily located
in the northeastern region where sandy lithologies enhance infiltration and storage. These
findings align with previous studies by [81], which identified the Saq aquifer as a key
hydrogeological unit for groundwater potential in neighboring basins.

Soil types further influence the delineation of GWPZs. As shown in the digital soil
map (Figure 4c), Arenosols—which are characterized by high permeability and low water

retention capacity—are predominant in the excellent zones, comprising 25% of this category.

Regosols and Lithosols, widespread in the central and southwestern regions, are classified

as fair zones, covering 43.94% of the basin. In contrast, Haplic Yermosols, Calcic Yermosols,

and Orthic Solonchaks exhibit limited infiltration due to finer textures, making them less

effective for groundwater recharge. The soil ranking is consistent with the thematic layer
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weighting (Table 6), where soil is ranked as the second-most influential factor (18.82%) in
groundwater potential determination.

Rainfall variability significantly affects groundwater potential across the basin. The
spatial interpolation map (Figure 4d) indicates that annual precipitation ranges from
142.7 mm to 216 mm. The northeastern region, receiving higher rainfall (198.9-216 mm),
corresponds to excellent groundwater zones due to enhanced recharge rates. In contrast,
the southwestern areas, where rainfall drops to 142.7 mm, correspond to fair or poor
groundwater zones due to insufficient recharge. The 74 mm difference in rainfall between
these regions underscores its pivotal role in groundwater recharge. These patterns align
with [6], who also identified rainfall as a major determinant of groundwater potential in
arid environments.

Topography and drainage networks significantly influence groundwater recharge dy-
namics. The slope map (Figure 7a) reveals that nearly more than half of the basin consists of
flat to gently sloping terrain (<5°), corresponding to excellent and good groundwater zones.
In contrast, steeper slopes (>10°)—which cover areas in the southwestern region—promote
surface runoff and reduce infiltration, aligning with poor groundwater classifications. Simi-
larly, drainage density, which ranges from 0.0000 to 0.2070 km /km? (Figure 6d), exhibits
an inverse correlation with groundwater potential. Areas with very low drainage density
(<0.0195 km/km?) represent excellent zones as they facilitate higher infiltration capacity.
These findings are consistent with [22], who emphasize the combined effects of slope and
drainage on groundwater recharge in semi-arid terrains.

The AHP-derived GWPZ model integrates nine thematic layers, with surface geology
(25.09%), soil (18.82%), and elevation (16.18%) emerging as the most influential factors
(Table 6). The consistency ratio (CR = 0.0956, Table 5) validates the reliability of the model.
To further validate the results, 48 groundwater wells were analyzed. These wells were dug
under the supervision of the Ministry of Agriculture and Water in the Al Qassim branch,
KSA. None of the wells are located in the poor zone. Fifteen wells are situated in an area
with fair groundwater potential, while twenty-three wells are in a good zone, and ten wells
are in an excellent zone characterized by heavy and intensive agricultural activities. As
shown in Table 8 and Figure 8b, wells located in excellent zones exhibit an average total
dissolved solids (TDS) value of 597.2 mg/L, indicating high water quality suitable for
domestic and agricultural use. In good zones, TDS values range from 680 to 1061 mg/L,
while in fair zones, TDS values rise to 2177 mg/L, reflecting higher salinity and reduced
recharge potential. Water table depth varies significantly, from 13.98 m in excellent zones
(e.g., wells 1, 2, and 5) to 130 m in the southwestern regions (e.g., well 29), where recharge
is hindered by steep slopes and lithological constraints.

Comparisons with prior studies in the KSA further confirm the model’s robustness.
Mahmoud and Alazba [81] reported similar weight values for rainfall (10.62%) and drainage
density (6.64%), closely aligning with our findings of 10.23% and 6.69%, respectively. How-
ever, minor differences in slope and LULC parameters highlight the unique hydrogeological
context of the Widyan Basin. Elsebaie and Kawara [82] assigned comparable weights to
rainfall (11%) and TWI (3%), supporting the reliability of remote-sensing- and GIS-based
AHP models for groundwater assessment. Similarly, El-Bana et al. [83] reported a slope
weight (12.3%) and drainage density weight (8.9%) closely matching our values and further
demonstrating the consistency of AHP-based groundwater potential mapping. In contrast,
Elsebaie and Kawara [82] and Kawara et al. [84] assigned significantly higher weights to
the slope (23%), emphasizing its dominant influence in their study areas compared to our
value of 14.04%. Benaafi et al. [85] placed the highest emphasis on geology (39%), whereas
our study assigned 25.09%, reflecting regional variations in geological influence on ground-
water occurrence. Additionally, Hassaballa and Salih [86] highlighted the significance of
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rainfall (19%) and TWI (15%), diverging from our findings, where TWI was given a lower
weight (2.86%), indicating differences in topographic control on groundwater recharge.

Table 8. The number and names of water wells within the study basin, the TDS concentration, and
the water depth from groundwater sample data.

TDS Water TDS Water
Well No. Well Name (mg/L) Depth (m) Well No. Well Name (mg/L) Depth (m)

1 Almustwei 1-Q-457 904 56.8 25 Al Muthnib 1-Q-320 681 130
2 Al Dahi 1-Q476 690 13.9 26 Al Muthnib 1-Q-321 638 130
3 North Buraidah 1-Q-480 915 69.44 27 Al Muthnib 1-Q-455 752 130
4 Al Moagel QA-2020-01(Muthnib) 785 16 28 Al Muthnib 1024 130
5 Al Dahi 1-Q476 650 13.9 29 Al Muthnib 980 130
6 Al Muthnib 1-Q-456 755 55 30 Al Muthnib 1061 130
7 Buraidah 850 65 31 Al Muthnib 985 130
8 Buraidah 679 62 32 Unayzah 1697 95.33
9 Buraidah 780 - 33 Unayzah 1680 76.8
10 Buraidah 7% 34 Unayzah 1200 111.42
11 Buraidah 874 35 Unayzah 1680 95
12 Buraidah 680 - 36 Unayzah 14 1880 92
13 Buraidah 778 37 Unayzah 1490 75
14 Buraidah 978 38 Unayzah 1 2262 75
15 Buraidah 785 39 Unayzah 2 736 82
16 Buraidah 685 - 40 Unayzah 845 75
17 Badaaya 1680 - 41 Unayzah 745 75
18 Badaaya 1725 42 Unayzah 785 72
19 Badaaya 1385 - 43 Unayzah 905 71
20 Badaaya 1605 - 44 Unayzah 1342 126
21 Badaaya 1457 - 45 Unayzah 1 864 60
22 Badaaya 1480 - 46 Unayzah 2 920 60
23 Al Muthnib 1-Q-318 817 57 47 Unayzah 3 992 50
24 Al Muthnib 1-Q-319 886 130 48 Unayzah 12 590 50

Further comparisons with studies in other regions confirm the robustness of our
model. Tasci et al. [87] in the Oltu Basin, Turkey, assigned higher weights to the rainfall
(16%) and slope (23%) compared to our values of 10.23% and 14.04%, while placing less
emphasis on geology, which in our study holds a significant weight (25.09%). Similarly;,
Kiran et al. [88] in Dediapada, India, assigned lower weights to rainfall (4%) and drainage
density (5%) compared to our values of 10.23% and 6.69%, respectively. However, their
weights for TWI (4%) and LULC (6%) were slightly higher than our 2.86% and 4.44%,
reflecting regional differences in groundwater recharge mechanisms. These variations
underscore the necessity of adapting AHP-based models to specific regional conditions,
ensuring accurate groundwater potential mapping in different hydrogeological settings.

Despite its reliability, the model has some limitations. Although multi-temporal
Sentinel-2 LULC data were used, rapid land-use cover changes and seasonal variations may
not be fully captured. The use of ASTER-DEM introduces uncertainties in the steep terrain
due to elevation interpolation errors and shadows. Higher-resolution datasets like LIDAR
or SRTM could improve accuracy. Additionally, seasonal recharge patterns and water usage
trends were not included, which could further refine the model’s predictive capabilities.

This study identifies 15.21% of the Widyan Basin as excellent GWPZs, providing criti-
cal insights for sustainable groundwater management. The integration of multi-thematic
geospatial data through AHP offers a robust framework for groundwater potential as-
sessment, validated by well data and consistent with regional studies. Future research
should focus on incorporating higher-resolution datasets (LiDAR and SRTM) to improve
topographic accuracy, integrating seasonal and dynamic recharge patterns to enhance
model precision, and expanding field validation efforts by incorporating hydrogeolog-
ical field surveys and borehole logging. By addressing these limitations, groundwater
potential models can be refined to support sustainable water resource planning in arid and
semi-arid regions.
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6. Conclusions

This study utilized a multi-criteria geospatial approach to delineate GWPZs in the
Widyan Basin, Central Saudi Arabia, by integrating remote-sensing and conventional
datasets. Key factors—including surface geology, soil type, rainfall, Sentinel-2 LULC,
and ASTER-DEM data—were analyzed to assess groundwater availability using the
AHP method.

The results classified 43.94% of the basin as having fair groundwater potential, 40.85%
as good, and 15.21% as excellent. The excellent zones, primarily located in central regions,
align with high-porosity sandy soils and the Saq aquifer, indicating significant recharge
potential. The good zones, found in the lower catchment, are associated with Quater-
nary sediments and moderate porosity soils. The validation, conducted using 48 well
sites, demonstrated strong agreement between the predicted GWPZ model and actual
groundwater data, confirming the accuracy of the methodology.

These findings highlight the effectiveness of geospatial analysis in identifying ground-
water resources, providing a valuable tool for sustainable water management in arid regions.
The results offer critical insights for prioritizing groundwater development, supporting
irrigation, and enhancing agricultural productivity. While the AHP-based model proved
reliable, future studies should integrate additional datasets, such as SRTM and LiDAR, and
consider more hydrological variables to further refine groundwater potential mapping.
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Abbreviations

The following abbreviations are used in this manuscript:

AHP Analytical hierarchy process

ASTER Advanced Spaceborne Thermal Emission and Reflection Radiometer
CRUTS Climatic Research Unit Time Series

CI Consistency index

CR Consistency ratio

DEM Digital elevation model

FAO Food and Agriculture Organization

GIS Geographic Information System

GDEM Global digital elevation model

GWPZ Groundwater potential zone

GWR Groundwater recharge
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KSA Kingdom of Saudi Arabia

LiDAR Light Detection and Ranging

LULC Land-use land cover

MCDM Multi-criteria decision-making

NCAS National Centre for Atmospheric Science
NERC Natural Environment Research Council
NPCM Normalized pairwise comparison matrix
PCM Pairwise comparison matrix

RI Random index

SRTM Shuttle Radar Topography Mission

TWI Topographic wetness index
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