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Abstract: There is an urgent need to explore and analyze new aquifer recharge potential zones (ARPZ)
in arid regions exposed mainlyto hard rock local aquifers, whether fractured or non-fractured, for
investment and fulfillment of the Saudi Vision 2030. Over-pumping, seawater intrusion, climatologi-
cal changes, population growth, lack of traditional water supplies, expensive desalinized water, and
excessive evaporation have characterized the Duba region of Tabuk province of Saudi Arabia (SA).
Aquifer productivity and potentiality are affected by surface geology, rainfall, lineament density,
drainage density, slope, elevation, soil, and normalized difference vegetation index (NDVI). This
study aims to demarcate the ARPZ using integrated remote sensing and geographic information
system (GIS) and (RS) approaches. The relative importance of each parameter was determined based
on its impact on the aquifer’s potential through the analytical hierarchical process (AHP). The ARPZ
zones are categorized into five classes starting from very low to very high potentiality. Southern,
western, and northern areas have high to very high aquifer potentiality and recharge. They made
up roughly 43% of the area that was examined. About 41.8% of the research area is comprised of
low to very low groundwater potentiality, and this potentiality is dispersed over the western and
central regions of the region. The medium aquifer potentiality level reflects about 15.2%. The high to
very high aquifer potentiality areas coincide with low concentrations of total dissolved solids (TDS),
electrical conductivity (EC), and nitrate (NO3). The outcomes emphasized the decisiveness of the
entire study and its applicability to any place with similar groundwater aspirations and management.

Keywords: groundwater; analytical hierarchical process; remote sensing; ARPZ; Duba; Saudi Arabia

1. Introduction

Groundwater isone of the most valuable and scarce subsurface resources, with sig-
nificant value to human, aquatic, and terrestrial ecosystems [1–3]. Water demand has
risen dramatically in recent decades, particularly in arid and semi-arid regions of the
world. The ever-increasing demand for water has put tremendous pressure on scarce
freshwater resources.A significant increase in freshwater resources is required due to the
rising population density, contamination, seawater intrusion, industrialization, agricultural
development, high cost of desalinated water, and urbanization [4–13]. Exploration and
exploitation of aquifers through geophysics, geology, and hydrogeology are expensive and
time-consuming [14]. Occasionally, hydrological, hydrogeological, and geological data
are scant or nonexistent. Consequently, it is necessary to determine the ARPZ on a local
and regional scale with the optimal pumping rate [15–20]. The ARPZ is the initial step
in aquifer management and resource allocation. The aquifer potential area suggests that
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the rate of aquifer abstraction was high [21]. Geospatial techniques were applied for data
modeling and analysis at the regional level, saving time and money.

Topography, lithology, tectonics, lineaments density, fractures concentration, slope,
porosity, permeability, soil types, land use land cover (LULC), and drainage networks all
impact the groundwater recharge [22]. The ARPZ was determined using the specified
weightsfor the abovementioned variablesbased on their contribution to groundwater po-
tentiality. The approaches for extracting aquifer potentiality used RS and GIS. Geographic,
hydrogeological, and geological data were distributed using GIS. The LULC, soil types,
and fractures are identified using RS techniques. They then switched to GIS for analysis
and overlay. The AHP tool was utilized for the delineation of ARPZ [18,23–25]. It manages
the outputs and simplifies complex opinions to pair-wise series comparisons.In recent
years, GIS techniques have been utilized in conjunction with multi-criteria decision-making
(MCDM) technologies, such as the analytic hierarchy process (AHP) [26], to assign weights
to thematic layers [27]. These techniques can effectively incorporate structure, suitability,
and precision into decision-making [23,28]. The application of AHP techniques in envi-
ronmental problem-solving and management is now widespread. Numerous scientists
have utilized AHP in ecological impact assessments [29–31] and solid waste manage-
ment [32,33]. The most extensively used and successfully implemented application of
AHP technology [34–41] is potential groundwatermapping and locating suitable sites for
artificial recharge.

According to the World Bank [42], if appropriate plans are not implemented, freshwa-
ter in SA will deteriorate and become a source of concern by 2025. Most aquifers along the
Red Seascoast suffered from seawater intrusion due to over-pumping. In many parts of
SA, the expansion of agricultural activities contaminates the aquifers with NO3 pollutants.
According to FAO/WHO [43], water consumption in SA grew from 2352 × 106 m3 in 1980
to more than 20,000 × 106 m3 in 2004. 88% of it is used for irrigation in agriculture, 9% for
domestic purposes, and 3% for industrial requirements. Agriculture wastewater production
keeps rising over time. Due to the limited fractures and joints lacking hydrogeologic inter-
connectedness, mostaquifers were composed of hard rocks and represented local rather
than regional aquifers. In the northern and eastern regions of SA, sedimentary aquifers
are concentrated. High temperatures throughout the year caused the shallow aquifer to
evaporate, which raised the groundwater’s TDS concentration. The aquifer reserves were
determined at 1919 × 109 m3, of which 160 × 109 m3 is stored in deeper aquifers [44]. The
presence of inorganic contaminants from rock–water interaction (desorption) alleviates the
problemeven though the aquifer was generally free of microbial contamination [45]. The
main aquifers in SA are impacted by lithogenic and anthropogenic sources.

High aridity and low precipitation are the two main environmental factors responsible
for the country’s meager surface water resources; this necessitates improved knowledge
and mapping of the country’s existing freshwater resources. Most aquifer resources in
hard rocks are found in fractured and jointedrocks, whereas unfractured rocks contain
very little groundwater. 57% of the studied region consists of igneous rocks, whereas
43% consists of sedimentary sequence and Quaternary deposits [46]. The only source
of freshwater that replenishes SA’s aquifers is precipitation. The precipitation seldom
occurred in a relatively brief period and for unexplained reasons. Overexploitation of the
hard rock aquifer resulted in a dry well and submersible pump damage. Consequently,
aquifer productivity falls, which has a detrimental impact on agricultural goods and the
living conditions of inhabitants. Tabuk province, located in the northwest of SA, is one
of the promising regions for agricultural expansion and tourism (Figure 1). In this region,
groundwater is the only water source for domestic, agricultural, and industrial use. The
terrain elevation of the basin is large and steep (reaches 3000 m), implying that most
precipitation turns into runoff and flows directly to the ocean. One of the major issues that
Tabuk is currently dealing with is the freshwater crisis caused by temperature and rainfall
fluctuation. Population growth, agriculture, industry, and tourism require more water
consumption, exacerbating the water crisis [47].About 1,730,767 ha of land were equipped
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during the 2000 period for irrigation, meaning an average increase of 0.9%/year since
1992. Only around 70 percent were actually irrigated with groundwater resources [48].The
scientific board is attempting to manage water usage to address this issue. Because of the
need for water supply, detecting and managing aquifers is a major concern in Tabuk. The
investigated aquifers were coastal and characterized by seawater intrusion (Figure 1). It
dramatically changed the groundwater into unsuitable for utilization. The diffusion zone
length and wide depend on aquifer geology, hydrogeology, pumping rate, recharge, and
anthropogenic sources.
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The main parameters controlling ARPZ are evaluated based on their impact and influ-
ence on water leakage and surface runoff. These factors are soil lithology, land use/cover,
lineament density, hydrography expressed as slope, and drainage density [49]. These
parameters have the most effective and reliable impact on the aquifer recharge potentiality.
In most scientific studies, the criteria for delineation of aquifer recharge potentiality zones
have often been used for geomorphology, geology, drainage density, soils, lineament, and
land use [50–52]. In the current study, geological, hydrogeological, and hydrological data
were used to determine prospective extraction zones for aquifers. The findings identify the
most lucrative regions for aquifer exploration and exploitation, which support increased
urbanization, agriculture, and investment. People who live in the coastal region rely pri-
marily on groundwater resources, and for them, the water supply is the most alluring
problem that worsens the balance of population density between rural, urban, coastal, and
desert areas.

The urgency of this study was attributed to the water demand in SA being lower
than the water supply. The annual consumption of freshwater resources during 2010 was
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17.9 × 109 m3 and is predictedto be 19.5 × 109 in 2050 [53,54]. The continual increase
in population growth puts pressure on the water supply and needs much more water
resources. The population density increased from 27.6 to 32.6 to 38.5 to 45.5 to 53.8 million in
2010, 2015, 2020, 2025, and 2030, respectively [55]. Another reason for the importance of this
research wasto redistribute population density through SA. The groundwater exploitation
and exploration in urban, rural, and desert zones attract dwellers and Bedouins to invest,
especially in agriculture, which is beloved to them. Therefore, the population density
redistributesitself among all zones of SA not localized in urban areas. The main recharge
aquifers were rainfall, which was low values and very rare. They are 100–200 mm/year
in the north and <100 in the south, except near the coast, annual rainfall drops below
100 mm. Long-term average annual precipitation has been estimated at 245.5 km3/year,
which is equal to 114 mm/year over the whole country (AQUASTAT Survey 2008). The
aquifer abstraction increased in SA to reach 17 × 106 × 106 m3/year in the last three
decades [56]. About 80% of water supply demand was from aquifer water resources [57].
The net annual groundwater recharge is very low with respect to aquifer pumping. The
declining groundwater levels also impact its quality [58].

2. Study Area

The investigated area is located in the Duba city of Tabuk province on the Red Sea
coast, northwest of SA, between 35◦ to 36o 30′E and 27◦ to 28◦ 10′N. Duba is known as
the “Pearl of the Red Sea” by locals. It is divided into three valleys: Dahkan to the north
and Salma and Kafafah to the south [59]. Duba is a port city from which ferries and
ships to Egypt and Jordan depart. Egypt’s ports of Hurghada and Safaga can be reached
by ferry in about 3 h (minimum) [59]. SA’s most innovative projects and multibillion-
dollar investments are in this area. In the futuristic urban development of NEOM, the
area is constructing “tomorrow’s world” by fusing natural wonders with cutting-edge
technologies. The NEOM, AMAALA, and Red Sea projects will encourage rapid growth
and investment throughout the region’s essential sectors as SA’s largest mega project and
a key initiative of Vision 2030. By the Red Sea, Tabuk is a growing tourist destination.
In addition to offering a mix of desert and coastal landscapes, the area also has some
interesting historical sites. In addition to its natural resources, several significant projects,
such as AMAALA and the Red Sea Project, are positioning the area as one of the top
tourist destinations in SA. The completion of AMAALA, a luxury travel destination with
3000 hotel rooms and wellness, sports, arts, culture, sea, sun, and lifestyle activities, is
scheduled for 2027. The Red Sea Project, which includes 90 pristine islands and miles of
expansive desert and mountain vistas, is the largest regenerative tourism project in the
world (https://www.investsaudi.sa/en/meetTheKingdom/province/tabuk; accessed on
23 April 2023).

2.1. SA Water Requirement

The dramatic rise in living standards, population density, and development has
resulted in an increased demand for water supply. Sustainable water resources yield in SA
was 6440 × 106 m3 in 2010 and 8720 × 106 m3 in 2014 (Figure 2). Water demand exceeded
yield in 2014 (Figure 2a,b), negatively impacting agriculture and domestic sectors. Because
aquifer withdrawal remained constant between 2010 and 2014 (Figure 2a), the current
study is concerned with increasing conventional sources (aquifer pumping) to meet the
increase in total demand. This research outcomecan add a new water supply to coastal
villages, increasing agriculture and domestic use. The projected population growth over
various time periods necessitates a significant increase in water supply (Figure 2c,d), which
has been partially addressed by adding new promising areas, as demonstrated by current
research. In 1960, the population density was 4 million, which will rise to 59.5 million by
2050 (Figure 2c,d) [53,54].

https://www.investsaudi.sa/en/meetTheKingdom/province/tabuk
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2.2. Geology

The first western coastal geology was known as the Arabian Shield (hard rocks), and
the second eastern section was known as the sedimentary section [61]. The study area
contains rock units from various periods (Figure 3). Figure 4a depicts the sedimentary
formation and igneous units. Sandstones, conglomerates, siltstones, and thin carbonate
layers make up the Oligo–Miocene sedimentary deposits. The wadi alluvial primarily
represents Quaternary sediments [62].

In Figure 5, the sedimentary cover and alluvium deposits were extracted, indicat-
ing excellent aquifer porosity and permeability, accounting for approximately 43% of
the geology.

The highest geology surface area (>100 km2) was depicted in Figure 6, while the re-
maining geology area was less than 100 km2. Quaternary sand, gravel, and silt deposits had
the most surface area, followed by Ram and Umm Sahm sandstones, Ghawjah formation,
andesitic lavas, porphyritic amphibolite, and pyroclastic rocks, Haql suite, Shatisyenogran-
ite to al-kali-feldspar granite (Figure 5). Previous geology, which was characterized by high
porosity, permeability, and leakage, was the primary source of aquifer potential. Figure 4b
depicts the subsurface geology of the borehole beside Duba (the coastal zone between
Hasha and Almazaraa). The maximum depth of the well was 20 m. From top to bottom,
the lithological units were man-made fill, compacted soft and fractured sandstone, and
light brown to grey, hard, and massive sandstone (Figure 4b).

2.3. Hydrogeology

Because precipitation in SA was minimal and unknown, it is classified as an arid
region. The high streams (1st to 7th orders) carry surface water and recharge the aquifer
system (See Figure 11a). The aquifer was a critical water resource in SA, particularly in
coastal villages. The sedimentary cover and alluvium deposits in the study area represent
the aquifers (Figure 5). The Saq aquifer is one of the largest (6500 km2) in the study area
and contains 280,000 mm3 of water [63,64]. It is referred to as a transboundary aquifer
because it stretches from Jordan to the northern part of Saudi Arabia. The aquifer was
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restricted because it was capped by clay, grey shale, and siltstone (Figure 4b). The effective
porosity ranged between 0.10 and 0.20 [65], and the aquifer age ranged between 22,000 and
28,000 years ago [66]. The transmissivity ranged between 1400 and 1728 m2/d, while the
storativity ranged between 0.00015 and 0.000362 [63].
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3. Methodology
3.1. Data Used

Three 30 m spatial resolution Shuttle Radar Topographic Mission (SRTM) DEM images
were downloaded from the website (https://earthexplorer.usgs.gov/) and merged us-
ing ArcGIS 10.3 software. The drainage watersheds were outlined using ArcGIS 10.3
software tool (Hydrology option). Four LandSat 8 (L8) satellite images with “UTM
WGS84” ZONE 36–37 were acquired: LC81720412021353LGN00, LC81720422021353LGN00,
LC81730402021360LGN00, and LC81730412021360LGN00. They were mosaicked and pre-
processed using ENVI 5.1 software. Flowchart of the methodology applied for ARPZ is
shown in Figure 7.

3.2. Procedures

For overlay and analysis, eight thematic parameters were prepared: surface geology,
rainfall, lineaments density, drainage density, slope, elevation, soil, andNDVI. The SRTM-
DEM extracted patterns of elevation, slope, and drainage. The lithological exposure
(shapefiles) was downloaded from the SA webpage (https://ngp.sgs.gov.sa/; accessed on
23 February 2023). NDVI and lineaments were derived from satellite images. The rainfall
(2021) and soil data were gathered from the website (https://data.chc.ucsb.edu/products/
CHIRPS-2.0/global annual/tifs/; accessed on 2 March 2023).

3.3. Automatic Lineaments Extraction

The L8-OLI comprises eleven bands of low cloud cover (0.02). Lineaments are linear or
curved edges connected with geologic formations (joints, fractures, line weakness, and fault
planes). Human activities were removed from the map of lineaments. From satellite images,
lineaments (geologic features and tectonic fabrics) were recovered (multispectral L8). This
research employs thefirst principal component image (PC1) of L8 pan-sharpened reflected
bands. PC1 is suitable for lineament extraction as it contains most of the information. ENVI
5.1 transferred the PC1 (8-bit grayscale) image (15 m spatial resolution) to PCI Geomatica
software version 2016.0 for automatic lineament delineation. ArcGIS 10.3 was usedto
coordinate the lineaments and construct lineament density. Latitudes and longitudes of
the lineament (X1, Y1, X2, Y2) are exported from ArcGIS 10.3to the Rockworksversion 17
software to create the rose diagram. The NDVI was calculated employing ENVI version 5.1.

https://earthexplorer.usgs.gov/
https://ngp.sgs.gov.sa/
https://data.chc.ucsb.edu/products/CHIRPS-2.0/global
https://data.chc.ucsb.edu/products/CHIRPS-2.0/global
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3.4. Aquifer Potentiality Map and Verification

The eight thematic layers were stratified by GIS based on the contribution weights
for aquifer recharge potentiality (Tables 1 and 2).By combining all the spatial layers with
weighted overlay trends, the potential areas for aquifer recharge were determined. Before
the overlying operation, individual spatial layers were reclassified by GIS techniques
to a uniform rank of 1–5, except soil which is 1–4, with 1 denoting the lowest aquifer
potential and 5 denoting high aquifer recharge potentiality. Based on AHP, weights were
inputted into a pairwise comparisons matrix (Table 1). Based on field survey experiences
andexistingliterature [24,67,68], the ranks were chosen for the corresponding inputted
criteria. Surface geology (lithology) was assigned the highest weight, whereas NDVI was
assigned a low weight, and the rest parameters were in-between the two (Table 2).Rainfall,
the only recharge for aquifer potentiality, is the second-highest weight parameter, followed
by lineaments, which account for the permeability ofgroundwater flow (Table 2). The
drainage density, topography, and soil characteristics come after them (Table 2). The
NDVI was given the lowest weight because it has the smallest agricultural regions and
low NDVI values due tohigh temperatures and evaporation. There were varioushard
rocks, sedimentary deposits, and alluvial sediments in the surface geology (lithology).
Hard rock lineament patterns ranged fromhydrogeologically connected (high permeability)
tounconnected (separate) with poor permeability. Individual sub-variable rankswere
provided once the corresponding parameters were assigned weights [69–71]. The weights
in Table 2 were estimated as in Table 1 and Table S1 and used to determine the influence
impact, equal to weight multiplied by 100. The maximum value describes the highest
groundwater potentiality and vice versa. According to its capacity to contribute to aquifer
recharge, each parameter’s ranking in Table 2 was determined.The calculation method in
Table 1 is shown in Table S1.The ARPZ extraction was processed based on the flowchart
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(Figure 7). The aquifer recharge potentiality resulted from the overlay and ranged from
very low to very high ARPZ. The high to very high aquifer recharge potentiality matches
with drilled wells and hydrogeochemical parameters concentration of the aquifer (TDS, EC,
Br, Sr, and NO3).

Table 1. Normalized Pairwise comparison matrix (eight layers) developed for AHP-based groundwa-
ter potential zoning.

Parameters Lithology Rainfall Lineaments Drainage Slope Elevation Soil NDVI Weight

Lithology 8 7 6 5 4 3 2 1 0.37

Rainfall 8/2 7/2 6/2 5/2 4/2 3/2 2/2 1/2 0.18

Lineaments 8/3 7/3 6/3 5/3 4/3 3/3 2/3 1/3 0.12

Drainage 8/4 7/4 6/4 5/4 4/4 3/4 2/4 1/4 0.09

Slope 8/5 7/5 6/5 5/5 4/5 3/5 2/5 1/5 0.07

Elevation 8/6 7/6 6/6 5/6 4/6 3/6 2/6 1/6 0.06

Soil 8/7 7/7 6/7 5/7 4/7 3/7 2/7 1/7 0.05

NDVI 8/8 7/8 6/8 5/8 4/8 3/8 2/8 1/8 0.046

Table 2. Weights assigned for different aquifer control parameters in DubaCity (after Roy et al. [72]).

Parameter Classes Weight Influence (%) =
Weight × 100 Rank

Quaternary deposits

0.37 37

5
Sedimentary succession 5

Lithology Fractured and jointed hard rocks 4
Less fractured and jointed hard rocks 2–3
Nonfractured and jointed hard rocks 1

18.25–27.65

0.18 18

1
27.66–37.05 2

Rainfall 37.06–46.45 3
(mm/year) 46.46–55.86 4

55.86–65.25 5

0–0.22

0.12 12

1
0.23–0.44 2

Lineaments 0.45–0.65 3
(km/km2) 0.66–0.87 4

0.88–1.09 5

0.15–0.82

0.09 9

1
0.83–1.08 2

Drainge 1.09–1.25 3
(km/km2) 1.26–1.44 4

1.45–2.05 5

0–6.1

0.07 7

5
6.11–14.04 4

Slope 14.05–23.19 3
(Degrees) 23.2–34.17 2

34.18–77.81 1

−20–280

0.06 6

5
280.01–550 4

Elevation 550.01–877 3
(m) 877.01–1221 2

1221.01–2291 1
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Table 2. Cont.

Parameter Classes Weight Influence (%) =
Weight × 100 Rank

I-Y-bc

0.05 5

4
I-YK-2ab 3

Soil Rc30-1ab 2
Zo20-1/2a 1

−0.118–0.008

0.046 4.6

5
0.009–0.036 4

NDVI 0.037–0.064 3
0.065–0.101 2
0.102–0.218 1

4. Results and Discussion
4.1. Thematic Parameters
4.1.1. Surface Geology

The porosity and permeability of the detected aquifers, as well as the recharge rate, are
represented by the exposed geology. It affects the characteristics of the soil [73]. Geology
isthe most influential factor in aquifer recharge because the research area is situated inan
arid region characterizedby drought due to the lack of freshwater aquifers. The Arabian
Shield (igneous and metamorphic rocks), carbonate layers, sedimentary sequence, joints
and fractures, and alluvium deposits are among the geologic structures of the study area.
They have a significant impact on aquifer development. The investigated area is highly
covered by sedimentary and quaternarydeposits (Figure 5). Geology (exposed lithology)
is directly connected torainfall recharge, particularly during storm events. Regional ex-
pansion and lithology types (porosity and permeability) influence aquifer recharge and
potentiality. Based on the porosity and permeability of exposed aquifers, lithologycontrols
aquifer recharge, surface runoff, and flooding. Regarding lithology, one must comprehend
the characteristics of rocks in terms of their compactness, weathering status, joints, and
fractures. Complex groundwater flow in rocks with limited porosity and permeability
indicates the lowest aquifer recharge potential. In contrast, increased aquifer permeability
enhancedgroundwater flow, confirming the highest aquifer recharge potential.

ARPZ were significantly influenced by extensively fractured and jointed hard rocks
(both igneous and carbonate), sedimentary strata, and Quaternary alluvium deposits. The
potentiality contribution of shale is represented by class 5 (very high aquifer recharge
potential) (Figure 3a–b), whereas non-fractured and jointed hard rocks contributed to class
1 (very low aquifer recharges potential). The potential contribution from geology: class 2 to
class 4 (low to high aquifer recharge potential) is based on rock type, porosity, permeability,
and hydrogeological correlation of fractures and joints.

4.1.2. Rainfall

After geology, it is the most crucial factor in determining ARPZ, particularly forthe
current study (arid)region. Precipitation values, duration, and intensity impactthe hydro-
geology of the aquifer potentiality [74]. Aquifer recharge from precipitation is influenced
by exposed geology and infiltration capability [73].

The short durationof intense rainfall that causeslowleakage increase runoff, but the
long durationof low rainfall encourages aquifer recharge rather than surface runoff. ARPZ
is influenced by the region’s topography and theyearly rainfall [74–76]. During 2021,
rainfall varied from 18 mm/yearin the west to 85 mm/yearin the east (Figure 8a). The area
with the highest rainfall showsa very highaquifer rechargepotentiality (class 5). In contrast,
the area with the very low aquifer rechargepotentiality (class 1) had the lowest rainfall.
The contribution to ARPZ (class 1 to 5) based on the rainfall amount is shown in Figure 8b.
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About 67% of the studied area showslow and very low aquifer rechargepotentiality. The
remaining 33% representsmoderate to very high aquifer rechargepotentiality (Figure 8c).
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rainfall zones.

4.1.3. Lineaments Density

Lineaments are represented by fractures, joints, and fault planes and might be lines
or curves [77]. The lineaments represented the hard rock’s secondary porosity and per-
meability (carbonate and igneous). Because of their high porosity and permeability, they
significantly impact the aquifer’s recharge potentiality [78–82].Lineaments were used to
represent geological structures. The aquifer potentiality was shallower rather than deeper;
they were more concerned with lineaments dispersion and hydrogeological interconnection
than aquifer potentiality. High aquifer recharge coincides with high lineament patterns
and interconnectedness, and vice versa. Underground fractures are indicated by lines
resulting from tectonic activity. It is a long, linear geological structure (fault or joint) visible
on satellite pictures [19]. Lineaments and faults with moderate to high permeability allow
water to leak, increase hydraulic conductivity and secondary porosity, and improve vertical
water flow that recharges groundwater [25,83,84].

The distribution, lengths, hydrogeologic connectivity, and depth of the fractures
significantly influence ARPZ. There are 3585 lineaments, ranging from 9 to 4495 m in
length, with a mean length of 707 m (Figure 9a). The fractures’ total length is 2534 km.
The NE-SW and E-W fracture trends were predominant (Figure 10). The very high aquifer
recharge potentiality(class 5) (Figure 9c) is shown by thezones with the highest lineament
concentration (0.88–1.09 km/km2, Figure 9b) due to itshigh secondary permeability.
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The areas with the lowest lineaments density (0–0.22 km/km2, Figure 9b) were in-
cluded in the very low aquifer recharge potentiality (class 1) (Figure 9c). The five classes (1
to 5) of lineaments’ contribution to aquifer recharge potentiality were determined based
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on density distribution (Figure 9c). 95% of the study region showslow to very low linea-
ment density, while the remaining 5% exhibitsmoderate to very high lineament aquifer
potentiality (Figure 9d).

4.1.4. Drainage Density

It measures the distance between stream channels by dividing the sum of stream
lengths by the watershed size [85,86]. It depends on the soil’s composition, weathering
processes, leakage rate, and surface runoff [73,74]. Most of the researchers [49,73–75,85,86]
represent the highest drainage density with low rank because they indicate low permeability
and low recharge and vice versa.According to the geological investigation, 43% of the
exposedrock issedimentary cover and Quaternary deposits (Figure 5). The remaining is
distributed among hard rocks with low to moderate to high fractures and joints. In light
of this, the maximum drainage density encourages leakage intothe aquifer leakage due
to high porosity and permeability and increases aquifer recharge potential. Therefore,
high drainage density indicated a very high aquifer recharge potential (class 5), whereas
low drainage density represented a very lowaquifer recharge potential (class 1). The
study area was distinguished by 7th order (Figure 11a) and subdivided into five classes
based on drainage density distribution (0.15–2.05 km/km2) (Figure 11b). The lowest
drainage density (0.15–0.82 km/km2) contributed to class 1 (Figure 10c), whereas the
highest drainage density (1.45–2.05 km/km2) contributed to class 5 (Figure 11c). Figure 11c
shows the aquifer recharge potential between class 2 to class 4 based on drainage density
values. The very low to low drainage density ARPZ represents about 9% of the study
area, while the rest 91 % exhibit moderate to very high drainage density aquifer recharge
potentiality (Figure 11d).
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4.1.5. Slope

The drainage basin’s boundary shape impacted how much surface runoff flowed
off, was retained, and recharged into the aquifer. They are significantly affected by slope
and topography. High surface runoff, low water seeping into the aquifer, and lowaquifer
recharge potential were characteristics of the steep slope regions. On the other hand, gentle
slopes were distinguished by low surface runoff, high infiltration, and high aquifer recharge
potential. The study area’s slope varied from gentle (0 degrees), which was centered in
the southwest, to 77.81 degrees, which was centered in the southeast and central region
(Figure 12a). The slope map divided into five classes (1 to 5) starts from very low to very
high aquifer recharge potentiality and corresponds to slopes ranging from 34–78 degrees
and 0–6.1 degrees, respectively (Figure 12a,b). The very low to low ARPZ represents 14%
of the study area, while the moderate to very high aquifer recharge represents the rest, 86%
(Figure 12c).
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4.1.6. Elevation

The topography positively correlates with surface runoff and inversely with leakage
into an aquifer and recharge rate. Higher topography has the lowest aquifer recharge
potentiality (class 1) because it has low infiltration rates and high surface runoff. The highest
aquifer recharge potentiality (class 5) is represented by low topography because it increases
infiltration and enhances aquifer recharge [74,87]. Based on the elevation range (−20 to
2291 m above sea level), the study area was divided into five classes (1 to 5), with the very
high (class 5; 1221–2291 m) and very low (class 1; −20–280 m) aquifer recharge potentiality
corresponding to the highest and lowest elevation ranges, respectively (Figure 13a,b).
About 18% of the research area represents very low to low aquifer rechargepotentiality,
while the remaining 82% shows moderate to very high ARPZ (Figure 13c).
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4.1.7. Soil

The soil’s porosity and permeability influence the hydrogeologic interconnection
between surface and groundwater. Leakage and aquifer recharge are impacted by the
properties of the soil’s structure and texture [28,74,85]. The coarser soil lithology increases
the aquifer recharge potentiality and vice versa [88]. The soil types with the most gravel and
sand content have highaquifer recharge potentiality (class 4), which promotes infiltration
and recharge.

The verylow aquifer rechargepotentiality (class 1) is due to thefinest soil textures
(clay and silt), which increase surface runoff and decrease infiltration rates [28]. The soil
characteristics were divided into four categories, namely, I-Y-bc, I-YK-2ab, RC30-1ab, and
Z020-1/2a, corresponding tovery high, high, medium, and low aquifer rechargepotentiality
(Figure 14a). About 85% of the study area’ssoil representshigh and very high aquifer
recharge potential. In contrast, the other 15% shows medium and low potential (Figure 14b).

4.1.8. NDVI

The NDVI (vegetation cover) is represented byusing RS data. The NDVI ranged
between 1 and −1. In accordance with Table 3, the NDVI range of 0.4–1 is attributed to
good aquifer recharge potentiality and recharge; however, when it declines, the aquifer
recharge potentiality decreases because of low vegetation cover.

The NDVI has been divided into five categories based on aquifer rechargepotentiality,
namely, extremely low (−0.118–0.008), low (0.009–0.036), moderate (0.037–0.064), high
(0.065–0.101), and very high (0.102–0.218) (Figure 15a,b). About 39% of the region under
investigation fell into the low and very low category, while the remaining area (61%)
represents moderate to very high aquifer recharge potential (Figure 15c).
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Table 3. NDVI classification features.

NDVI Features

≤−1–0 Snow, water, sand, and cloud
0–0.1 Bear rock, barren land, or built-up area

0.1–0.2 Shrub and grassland
0.2–0.4 Sparse vegetation or senescing crops
0.4–0.8 Vegetation
0.8–1 Very healthy dense vegetation
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4.2. Aquifer Potential Recharge Zones (ARPZs)

The map of ARPZ is significant in agricultural, domestic, and industrial management
and was derived from several geological, hydrogeological, and hydrological thematic
maps. Each parameter’s weight is determined by how much it contributes to groundwater
recharge (Table 2). The most promising map of the ARPZ integrated by these thematic maps
was predicted using RS, GIS, and AHP techniques. In the current research, the ground-
water potentiality recharge was influenced by surface geology, rainfall, lineament density,
drainage density, slope, elevation, soil, and NDVI parameters. These eight maps compris-
ing the above parameters were superimposed to produce a single map that identifies the
most crucial ARPZs (Figure 16).
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Figure 16. Aquifer potential recharge zones (ARPZ) map of the study area.

GIS-weighted thematic layers have been used to extract the aquifer potentiality dis-
tribution map. The final groundwater potentiality zones are labeled into five ranks: very
low (rank 1), low (rank 2), moderate (rank 3), high (rank 4), and very high (rank 5) ARPZs
(Figure 16). The low to very low ARPZs occupied approximately 43% (4960.6 km2) of the
studied region. In contrast, the moderate ARPZs occupied 15.2% (1760.6 km2). The rest,
41.8% (4835.3 km2) of the area, was inhabited by high and very high ARPZs (Figure 16). The
findings show that the best ARPZs are concentrated in the southeastern, southwestern, and
northeastern parts (Figure 16). It might be attributed to sedimentary succession-Quaternary
alluvium deposits, suitable rainfall, good infiltration, high lineaments intensity, gentle
slope, and sandy soil textures. On the other hand, steep slopes, very low NDVI, mostly
nonfractured hard rocks (igneous, metamorphic, and carbonate rocks), clayey soil textures,
high elevation, intrusive rocks, and low rainfall might be the reason behind lower ARPZs.
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4.3. Verification

Without verification, the outputs from the final ARPZ would be impractical and
ineffective. TDS (218–1528 ppm) and EC (451–2436 S/cm) concentrations decrease in the
northeastern and northwestern regions (Figure 17a,b). They become more concentrated in
the south and southwest, which can be attributed to seawater intrusion.

Remote Sens. 2023, 15, x FOR PEER REVIEW 21 of 26 
 

 

4.3. Verification 
Without verification, the outputs from the final ARPZ would be impractical and in-

effective. TDS (218–1528 ppm) and EC (451–2436 S/cm) concentrations decrease in the 
northeastern and northwestern regions (Figure 17a,b). They become more concentrated 
in the south and southwest, which can be attributed to seawater intrusion. 

 
Figure 17. Verification of (a) TDS and (b) EC concentration of the Saq aquifer. 

Barium and strontium concentrations increase in the southwest (Figure 18a,b), con-
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Figure 17. Verification of (a) TDS and (b) EC concentration of the Saq aquifer.

Barium and strontium concentrations increase in the southwest (Figure 18a,b), con-
firming seawater intrusion in that direction. The NO3 concentration increases from 53
to 93 mg/L toward the center and northwest (Figure 18c), indicating that agricultural
wastewater enters the aquifer system through the high porosity and permeability ofthe sed-
imentary and alluvium deposits. The NO3 concentration decreases in the south, east, and
southwest (0.18 mg/L) (Figure 18c). The hydrogeochemical data points are interpolated
using ArcGIS’s inverse distance weighted (IDW) method. The hydrogeochemical zonation
ends at the borehole points, north section in Figures 17 and 18. Since there was no drilling
data beyond that point, ArcGIS cannot contour and display a small white (empty) area.

Most of the low concentrations of NO3, TDS, and EC coincide with moderate to
very high aquifer potentiality, indicating that the outputs are accurate. The correlation
between high to very high aquifer potentiality and high aquifer TDS concentration has
been attributed to seawater intrusion. Due to the high salinity of the groundwater in these
regions, which precludes its use for agriculture and domestic purposes, exploration and
exploitation of the aquifer have been neglected. Most drilled wells are in aquifers with
high to very high potential, confirming the validity. They advocate for increased research
and investment in agriculture and urbanization, particularly in this arid and coastal region.
There is a strong correlation between zones of aquifer potentiality and low aquifer TDS
concentration in aggregates from drilled wells. They validate the final ARPZ map and can
add new wells to increase expenditures substantially. They increase per capita income,
agriculture, urbanization, and the distribution of residents in rural, coastal, and urban
zones, add new groundwater resources, decrease desalinized water, and encourage aquifer
exploration and exploitation research. The Wadi Ad Disah springs (Figure 16) are located
in a zone with a very high aquifer potentiality, which enhances the accuracy of the most
promising investment areas. They discharged water with an EC of 420 to 740 µS/cm from
Paleozoic sandstone, which was considered excellent quality [20].
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5. Conclusions and Recommendations

The AHP, RS, and GIS techniques were applied to determine ARPZ in the Duba region
of Tabuk province of SA’s northwestern part to increase water resources and decrease
the use of desalinized water (expensive). Groundwater potential zones were extracted
using surface geology, rainfall, lineaments density, drainage density, slope, elevation, soil,
and NDVI thematic layers. These parameters’ input weights are determined by their
contribution to aquifer potentiality and recharge. The investigation area is divided into five
zones based on the aquifer potentiality map: very low, low, moderate, high, and very high
potentiality. Low to very low aquifer potential is dispersed throughout the study area’s
western and central regions (43%). High to very high aquifer potentiality and recharge are
primarily concentrated in the southeast, southwest, and northeast (41.8%), whereas the
moderate zone accounts for 15.2% of the study area. High and very high aquifer potential
coincides with drilled wells and low TDS and NO3 concentrations in the Saq aquifer. The
positive verification encourages the addition of new wells in high-potential investment
zones. The ARPZ map provides new water resources for groundwater management and
planning; they also increase agricultural, industrial, and domestic activity and the number
of people who reside in a given area.
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