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Abstract

Proterozoic basement aquifers are the primary source of water supply for the local populations in the Aseer (also spelled
“Asir” or “Assir”) province located in the southwest of Saudi Arabia (SA) since high evaporation rates and low rainfall are
experienced in the region. Groundwater assets are receiving a lot of attention as a result of the growing need for water due
to increased urbanization, population, and agricultural expansion. People have been pushed to seek groundwater from less
reliable sources, such as fracture bedrocks. This study is centered on identifying the essential contributing parameters utiliz-
ing an integrated multi-criteria analysis and geospatial tools to map groundwater potential zones (GWPZs). The outcome of
the GWPZs map was divided into five categories, ranging from very high to negligible potential. The results concluded that
57% of the investigated area (southwestern parts) showed moderate to very high potentials, attributed to Wadi deposits, low
topography, good water quality, and presence of porosity and permeability. In contrast, the remaining 43% (northeastern and
southeastern parts) showed negligible aquifer potential zones. The computed GWPZs were validated using dug well sites in
moderate to very high aquifer potentials. Total dissolved solids (TDS) and nitrate (NO32_) concentrations were highest and
lowest in aquifers, mainly in negligible and moderate to very high potential zones, respectively. The results were promising
and highlighted that such integrated analysis is decisive and can be implemented in any region facing similar groundwater
expectations and management.
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stored underground and is invariably precious to aquatic,
human, and terrestrial ecosystems (Fitts 2002; Khan and
Wen 2021). Geomorphic features, slope of the area, lithol-
ogy, geologic structures (joints/lineaments/faults), and
drainage networks are some of the most important factors
responsible for the occurrence and distribution of ground-
water resources (Teeuw 1995; Gyeltshen et al. 2020). Over
the past decades, the world’s semi-arid and arid regions have
dramatically led to an increased demand for water which
has constantly placed a tremendous burden on the reserved
freshwater resources. For developing countries such as Saudi
Arabia (SA), groundwater has always been considered an
important water source for domestic, industrial, and agricul-
tural use (Kumar et al. 2014, 2017, 2020). Groundwater sup-
plies are gradually decreasing and not being fully restored
as a result of fast population increase, industrialization,
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and overexploitation of aquifer systems (Rodell et al. 2009;
Kumar et al. 2021; Mishra et al. 2021). Monitoring hydro-
geological research with systematic data integration allows
speedy and cost-effective delineation of potential ground-
water areas (Barik et al. 2017). Geophysical and hydrogeo-
logical surveys, outcrop mapping, logging, etc., are the most
common approaches used to detect GWPZs and mapping,
but these methods are often time-consuming and expensive
(Israil et al. 2006; Jha et al. 2010). In contrast, remote sens-
ing (RS) and Geographic information system (GIS) tech-
nologies provide exceptional platforms that can be used to
assess natural resources; due to their low-cost efficiency and
ability to establish complex spatial data analysis and Spatio-
temporal data of a vast space over a short period (Wieland
and Pittore 2017; Souissi et al. 2018).

To demarcate GWPZs and mapping, several research-
ers in the last two decades, have used different multivariate
and bivariate statistical techniques (Table 1) with different
precision viz. weight-of-evidence model (Tahmassebipoor
et al. 2016; Corsini et al. 2009), probabilistic frequency
ratio model (Manap et al. 2014; Moghaddam et al. 2015),
fuzzy-gamma (Antonakos et al. 2014), Shannon’s entropy
(Naghibi and Pourghasemi 2015), multi-criteria decision
making analysis (Singh et al. 2018; Sandoval and Tiburan
2019; Brito et al. 2020), random forest machine learning
techniques (Golkarian et al. 2018; Prasad et al. 2020), arti-
ficial neural network studies (Lee et al. 2012; Li et al. 2019),
machine learning ensembles (Kamali Maskooni et al. 2020),
evidential belief function (Nampak et al. 2014), and logistic
regression methods (Chen et al. 2018).

Among the various techniques, GIS and RS act as influ-
ential, fast in producing results, and cost-effective (Oh et al.
2011) compared to common methods of hydrogeological
surveys and have enormous implications in groundwater
exploration in water-scanty terranes of hard rock (Jha et al.
2010). Groundwater can only be predicted indirectly by
using RS data as it does not occur on the surface. Numerous
researches have already been used GIS and RS methods to
map and delineate GWPZs (Arulbalaji et al. 2019; Fildes
et al. 2020; Mukherjee and Singh 2020). Sener et al. (2005)
stated that RS techniques could efficiently recognize fea-
tures of the earth's surface (for example, geology and line-
aments) and can also be utilized to observe groundwater
recharge. Mapping of groundwater recharge potential areas
by integrating data from RS and GIS techniques was first
introduced in India by the National Remote Sensing Agency
(Kumar 1987). In recent decades, many researchers have
shown great attention in this field and have used GIS and
RS methods for groundwater exploration (Teevw 1999; Jha
et al. 2010; Deepa et al. 2016; Chen et al. 2018; Kamruz-
zaman et al. 2020). RS data is used for qualitative ground-
water resources estimation by analyzing and extracting sur-
face morphology, geological structures, and hydrological
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markings. In addition, it provides an improved overview
and organized analysis of many geomorphic units, linear
features, and topography that control groundwater environ-
ments (Singhal and Gupta 1999).

The GIS was applied to utilize, manage, and distinguish
RS products, explore locations, merge potential factors of
groundwater recharge, and produce suitable weight relations
(Sener et al. 2005). Previously, the topography, lithology,
and geological features of the Salt River (Western Australia)
were derived using satellite information and aerial photos
(Salama 1997). Similarly, the groundwater recharge zone
and mechanism of groundwater flow can also be determined
by these techniques. Krishnamurthy and Venkatesesa (1996)
utilized GIS and RS approaches to prepare and analyze sev-
eral thematic maps. They utilized landforms, surface water
bodies, lithology, lineaments, drainage density, land use
maps, and slope classes to identify the GWPZs in India.
Sreedhar et al. (2009) uses hydro-geomorphological, geo-
logical, structural, slope, drainage, and land use/land cover
to demarcate the aquifer potentiality. Jaiswal et al. (2003)
contended that there is a need to manage the GIS and sat-
ellite data to concur with the on-site geology, mainly in
characteristic terrain hard rock (present study area), where
groundwater occurrence is limited and complex (Algaydi
et al. 2019).

According to World Bank (2005), the condition of fresh-
water in SA will deteriorate and be of concern by 2025 if
appropriate plans are not made. The two main environmental
factors that are primarily responsible for the country’s mea-
ger surface water resources are high aridity and low pre-
cipitation; this poses the need to improve knowledge and
mapping of the existing freshwater resources in the country.
In SA, the aquifer comprises jointed, fractured, and faulted
hard rocks with alluvium deposits. Located in the southwest
of the SA, Aseer province represents one of the promising
regions for agricultural expansion and tourism (Fig. 1).
Groundwater is the only water resource for domestic, agri-
cultural, and industrial use in this region. The basin's terrain
elevation is large and steep (reaches 3000 m), implying that
the maximum precipitation turns into runoff and quickly
flows directly to the ocean. The freshwater crisis due to cli-
mate change is also one of the major problems that Aseer
is currently facing. The continuous increase in population
growth, agriculture, industry, and pollution requires more
water consumption, increasing the water problem. However,
the scientific board is trying to manage water usage to over-
come this problem. In Aseer, the detection and management
of aquifers are of great concern due to the need for water
supply.

Based on the issues mentioned above, this study aims
to identify potential areas for aquifer recharge by integrat-
ing RS and GIS techniques in Aseer province. The current
research deals with the impact of geological, hydrological,
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Fig. 1 Location map of the study area

and hydrogeological layers on the aquifer and is subse-
quently assessed to build up the GWPZs map. These lay-
ers were created utilizing multiple geospatial methodolo-
gies to assess aquifer potentiality in thematic maps such
as lithology, stream networks, lineament, digital elevation
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model (DEM), slope, rainfall, and normalized difference
vegetation index (NDVI). The study's outcomes are prom-
ising because it allows sustainable use of aquifer resources,
increases income/capita, and improves the good manage-
ment of groundwater sources.
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Study area

The study area is located in the southern portion of the Aseer
province and mainly comprises the part of Abha and Khamis
Mushait city. It covers 5969 km square (km?), which is 7.5%
of the total area of Aseer province and is located between
17°40'0" N to 18°30'0" N, and 42°20'0" E to 42°50'0" E in
the southwestern portion of the SA (Fig. 1).

The area's elevation ranges between 30 and 3000 m above
mean sea level (MSL), with an average of 1530 m. The cli-
mate is warm and temperate (Fig. 2). With an average tem-
perature of 19 °C, the warmest month of the year is June
(average temperature of 23.8 °C), and January is the coldest
month of the year (average temperature of 13.6 °C) (https://
worldweather.wmo.int).

It has been observed that rainfall occurs more in summers
than winters, caused by wet oceanic winds carried by the
southwestern monsoon (Vincent 2008). The driest months
are from October—-December, with a mean rainfall of 13 mm
and reach its peak in the months from March-August, with
an average rainfall of 24 mm. The mild climate of the study
area makes it a popular tourist destination for Saudi people.
Hence the quality of groundwater is impacted by the projects
associated with its rapid development and tourism.

Geology
The study area is covered by rock units ranging from Pro-
terozoic to Cenozoic age (see Fig. 8a). It exists in meta-

volcanic and meta-sediments, mainly represented by Baish
and the Abha groups and the Sabya Formation (Blank et al.

Fig.2 Average monthly rainfall
and average monthly tempera-
ture of the study area

40 4

30 A

10 4

Temperature (°C) / Rainfall (mm) / Rainy days

mmm Mean Number of Rain Days

50 - =—Mean Daily Minimum Temperature (°C)

1985). The lithology of the study area ranges from diorite,
basalt, and gabbro. The area has been exposed to various tec-
tonic activities from the Cambrian to the Quaternary period,
accentuated with the Red sea opening (Oligo— Miocene).
Faults and joints are the notable structural features of the
area with elongated grabens, and horsts are formed due to
the NE-SW faults (Mogren et al. 2011). Following the main
fracture system, that is, running perpendicular to the Red
sea's direction, the main Wadis in the area are trending from
west to east (Hussain and Ibrahim 1997).

Hydrogeology

Based on field investigation, most of the aquifer in the inves-
tigated area comprises fractured and jointed hard rocks and
is subsequently recharged by precipitation through infiltra-
tion. The fractured and jointed hard rocks produce shal-
low aquifers with varying porosity and permeability, thus
changing the aquifer storage coefficient. Deposition of fine
sediments in joints, fractures, and faults in the hard rocks
reduces the groundwater flow, facilitating runoff leakage and
aquifer recharge. The water from these aquifers is pumped
through the dug wells by excavating the rocks downward.
The hydrogeochemical study of these aquifers shows
excellent water quality for irrigation (TDS mostly does
not exceed 2000 mg/L). The concentration of TDS ranges
from 228 to 2338 mg/L in Wadi Ishran and Tabab. The high
value of TDS in these regions is attributed to rock water
interactions and the low presence of lineaments. The TDS
concentration ranges from 347 to 1216 mg/L in the Baysh,
Itwad, and Bayd Basins. The low TDS value in these regions
is attributed to a larger number of lineaments, leading to
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higher recharge. The concentration of NO;>~ in most of the
groundwater is less than 10 mg/L, except for wells scattered
in the Baysh, Itwad, and Tabab Wadis, which exceeded the
drinking water guideline 45 mg/L.

Water demand versus supply

SA is located in an arid zone with very limited water
resources. Due to low rainfall and high evaporation rates,
and SA does not have permanent rivers and lakes (Al-
Ibrahim 1991). The country’s aquifers store approximately
3,958,000 million cubic meters (MCM) of water (MWE
2012). The average annual recharge rate is 3850 MCM
(MWE 2012; World Bank 2005) and affects the management
and planning of water resources. The recharge represents a
renewable and sustainable annual groundwater yield from
the aquifer systems (Ouda 2014).

The demand for water in SA is much higher than
the sustainable yield of conventional (groundwater and
surface water) and non-conventional (treated wastewa-
ter and desalinated water) water resources. This gap is

(@)
25000 - ™ Industrial Water Demand ® Agiculture Water Demand
# Domestic Water Demand ® Total Water Demand
20000 -
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=
=
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E
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= 10000 -
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® Groundwater ® Surface water ® Desalinized water ® Treated wastewater ® Total

©
=3
S
S

‘Watwr supply capacity (MCM/y)
f=>a)
=3
=3
=3

2010 2015 2020

Time (years)

2025 2030

mainly related to groundwater scarcity. Water demand has
increased over time, especially in the industrial and agri-
cultural sectors (Fig. 3a). SA population growth is likely
to double by 2030 (Fig. 3b), and hence the water supply
will likely increase from 6400 MCM/y in 2010 to 10,158
MCM/y in 2030 (Fig. 3c). This increase in the water
supply is associated with expanding non-conventional
resources and roughly from surface waters (Ouda 2014).
Over time the demand for the water has increased dra-
matically; however, the groundwater yields have remained
constant (Fig. 3c).

Figure 3d shows that in 2025 and 2030, the projected
gap between water demand and supply will decrease with
the decline in agricultural activity. The decline in income/
capita will have an impact on policy making and subse-
quently on people. This study aims to identify alternative
water resources to reduce the gap and increase investment
in the agricultural sector. To minimize the gaps in sup-
ply and demand in future, intensive measures are needed
to manage water demand in all sectors, especially for the
largest consumers of water (agriculture).

(b)
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Fig.3 Current and predicted a water demand in different sectors b population ¢ water supply capacity and d gap between water demand and sup-

ply (Ouda, 2014)
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Methodology
Objectives

The main objectives of the present study are the assessment
and evaluation of the GWPZs based on thematic maps such
as stream network, lineaments, geology, slope, rainfall,
DEM, and NDVI. These thematic maps were prepared and
integrated using RS and GIS techniques to produce GWPZs.
RS and GIS techniques are effective in the management and
planning of drainage basins and aquifers. The continuous
updating of these techniques gives us spatial data integration
for aquifer management (Rao and Jugran 2003).

Data sets

Two images of the Shuttle Radar Topography Mission
(SRTM) -DEM were downloaded from the United States
Geological Survey (USGS) website (https://earthexplo
rer.usgs.gov/). These images were mosaicked to dem-
onstrate the research area being studied. Two Landsat 8
surface reflectance (L8SR)—Enhanced Thematic Map-
per Plus (ETM +) images (path 167/row 047; SCENE ID:
LC81670472018326LGNOO and path 167/row 048; SCENE
ID: LC81670482018326L.GN00) with 30 m resolution were
downloaded from USGS website (https://earthexplorer.usgs.
gov/). The L8SR images contain 11 bands and a low cloud
cover (0.02). These images were corrected for wavelengths,
quick atmospheric pressure, UTM projection WSG84, and
contrast stretching. NDVI was determined from the L§SR
images to display green vegetation (hydrogeology). The
digital number (DN) of L8SR images were transformed to
reflectance values according to the following equation:

Band specific reflectance multiplication band

# DN values + reflectance additive band

It is corrected for sun angle by meta data included in the
satellite images information as.

Reflectance/ sin (sun elevation) D

The NDVI was calculated by the following formula.
NDVI = (NIR — Red)/(NIR + Red) )

where NIR =near-infrared band and Red =red band.

The geological map was scanned and geo-referenced
using L8SR images, and distinct rock units were digitized.
The digitized geology is a valuable source of data for the
supervised image classification accuracy assessment (Maxi-
mum Likelihood) (ML) classifier. Land cover classes were
extracted from L8SR images to prepare a base map for the
area studied. The ENVI v 5.1 software was used for digital
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image processing and pre-processing of the data was done to
build a mosaic of two images. ArcGIS 10.3 software pack-
ages have been used to obtain flow network, geology, slope,
DEM, and NDVI. Lineaments were extracted using ENVI
v 5.1 software and subsequently went through automatic
extraction lineaments (PCI Line software), handling extrac-
tion lineaments (ArcGIS 10.3 software), and finally for trend
analysis (RockWork v 16 software). The principal compo-
nent image (PCI) carries the most information and is suit-
able for lineaments extraction purposes (PCI Geomatica).
Using ArcGIS 10.3 with L8SR images and other source data,
thematic maps were prepared for flow network, lines, geol-
ogy, slope, rainfall, DEM, and NDVI. Attribute values were
assigned for each theme according to classification.

The UTM-WGS 84, Zone 38 North (projection coordi-
nate system) were used to project all layers. With a com-
mon weight scale of 1-5, thematic maps were converted and
reclassified to raster images. Based on the potentiality of
the aquifer from very high to very low potential, the classes
were allocated for the theme. Weighted overlay analysis was
used to integrate the output raster maps. The overlay analy-
sis (prospect map) was classified into five classes ranging
from very low to very high potentiality. Figure 4 illustrates
the methodology used for the current study. Weighted over-
lay analysis and interpolation method are the two inverse
distance weighted (IDW) procedures of the spatial analyst
tools in ArcGIS software used to construct thematic layers
to extract the aquifer potentiality.

Results and discussion

The thematic maps representing stream network, linea-
ments, geology, slope, rainfall, DEM, and NDVI were
supervised to produce the GWPZs map. The most rel-
evant geological, hydrological, and hydrogeochemical
characteristics that contribute to the aquifer's recharge are
chosen using this method. The stream network represents
aquifer storage and surface runoff, while the lineaments
represent secondary rainwater leakage conduits. The
geological formation indicates the exposed sediments'
percolation capacity. The slope influences the runoff
remains running on the earth’s surface. The NDVI clas-
sifies the landform based on vegetation intensity, which
in turn reflects the more aquifers to be used. The input
layers were arranged numerically, as shown in Table 2.
The arranged layers were determined based on contribu-
tion to the groundwater recharge. Each layer was divided
into classes, reflecting the aquifer potentiality control
(Table 2). All the weighted layers were integrated through
GIS and produced groundwater potential map (e.g., East-
man et al. 1995).


https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
https://earthexplorer.usgs.gov/
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Fig.4 Flow chart summarizing the approaches followed

Topography layer

The land elevation estimates the runoff flow direction and
defines the aquifer determination. The DEM clarifies the
elevation ranging from 0.0 to 2994 m (Fig. 5a).

The land elevation ranges from 30-525 m in the south-
west to 1719-2994 m in the northeast (Fig. 5a). The
fluctuation in elevation increases the slope differences,
impacting surface water flow toward the lowest eleva-
tion areas (southwest, Fig. 5a, b). The DEM map was
subdivided into five classes of 30-525 m, 525.1-1080 m,
1080.1-1719 m, 1719.1-2280 m, and 2280.1-2994 m cor-
responding to very high, high, moderate, low, and very
low aquifer potentiality, respectively (Table 2). Based on
elevation contribution to aquifer recharge, about 37% of
the investigated area was categorized by very low to low
aquifer potential and 52% by high to very high potential
(Fig. 5b).

Slope layer

The topographic slope influenced the aquifer recharge, sur-
face runoff, and leakage. The leakage evaluates the aquifer
potentiality zones (Sreedhar et al. 2009). A gentle slope is
characterized by a low surface runoff velocity, is suitable
for water leakage, and increases aquifer recharge. On the
other hand, rapid runoff is detested in steep slopes, and
thus there is less or no chance of aquifer recharge and
infiltration. The land’s slope was inversely proportional
to runoff leakage. The slope ranged from O to 79 degrees
(Fig. 6a), estimated by the DEM. Das and Pal (2019)
stated that the undulating terrain impact slope values.
The slope map is classified into five classes of very low
potentiality, low potentiality, moderate, high potentiality,
and very high potentiality corresponding to the slope of
79-35.1, 35-25.6, 25.5-16.3, 16.3-7.7, and 7.7-0, respec-
tively (Fig. 6b).
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Table 2 Thematic map weights and capability values

Thematic layer Map rank/Total Map weight  Class ranges Degree Rank Capability
(wt) value (CV)
1-58 Very low 1 0.07
58-120 Low 2 0.13
1- Stream network 3/18 0.17 120-189 Moderate 3 0.20
(Drainage density) 189-285 High 4 0.27
285-713 Very high 5 0.33
0-0.05 Very low 1 0.07
0.06-0.14 Low 2 0.13
2- Lineaments 3/18 0.17 0.15-0.28 Moderate 3 0.20
(as density) 0.29-0.47 High 4 0.27
0.48-0.80 Very high 5 0.33
Greenstone and schtose greenstone
Andesite diabase High 3 0.5
3- Geology 2/18 0.11 Amphibolite and schist
(formation) Marble, quartzite, and syenite Moderate 2 0.33
Granite and granodiosite Low 1 0.17
0-7.7 Very high 5 0.33
7.7-16.3 High 4 0.27
4- Slope (degrees) 2/18 0.11 16.3-25.5 Moderate 3 0.20
25.6-35 Low 2 0.13
35.1-79 Very low 1 0.07
(-0.5)-0.1 Very low 1 0.07
0.11-0.16 Low 2 0.13
5- NDVI 1/18 0.06 0.17-0.124 Moderate 3 0.20
0.25-0.35 High 4 0.27
0.36-0.84 Very high 5 0.33
181.8-191.6 Very low 1 0.07
191.7-200.4 Low 2 0.13
6- Annual rainfall 4/18 0.22 200.5-208.5 Moderate 3 0.20
(mm) 208.6-217.1 High 4 0.27
217.2-230.3 Very high 5 0.33
30-525 Very high 5 0.33
525.1-1080 High 4 0.27
7- DEM (m) 3/18 0.17 1080.1-1719 Moderate 3 0.20
1719.1-2280 Low 2 0.13
2280.1-2994 Very low 1 0.07

The ranking interval from low to steep slopes is based
on the contribution rate to aquifer recharge (Table 2). From
the SRTM map, it was estimated that the highest percent-
age, i.e., 30% and 32% of the study area was occupied by
the very gentle slope (< 8 degrees) and gentle slope (8—16
degrees), respectively (Fig. 6b). These conditions have
suitable time that favors the runoff leakage and aquifer
recharge.

The dug wells were drilled in the Wadis rather than in
higher elevations. On the contrary, higher topography and
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hard rocks form steep slopes, which results in a high veloc-
ity of surface runoff and consequently low aquifer recharge
and high-risk flooding. The zone representing 30% of the
study area (< 8-degree slope) is excellent for recharge, as it
reduces the runoff, and in turn, helps in the recharge process.
In contrast, the zone with a slope of > 16 degrees is less
suitable for recharging than a slope of <8 degrees. Higher
weights are assigned to a relatively lower slope due to the
higher recharge capacity.
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Fig.5 a Topography and b reclassified topography of the study area

Stream network layer

Morphometric investigation of the drainage basins reflects
the hydrogeological conditions. The exposed geology affects
the watersheds' texture, configuration, density, and leak-
age—runoff relationships (Edet et al. 1998). The stream
channels and watershed boundaries were extracted from
SRTM elevation data. The geology, hard rocks, structural
joints, fractures, and faults (lineaments) impact stream chan-
nel distribution. The distribution of tributaries in the north
and south is dendritic and are exposed mainly as chlorite
sericite schist and amphibolite schist in the north, whereas
andesite, diabase, amphibolite, and schist in the south
(Fig. 8a). The parallel pattern is mainly distributed in the
greenstone and schistose greenstone (Figs. 7a, 8a). Accord-
ing to the SRTM map, drainage intensity was assessed and
was divided into five classes ranging from very low to very
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high potential depending on their influence on water leakage
rate (Fig. 7b). Drainage density categories varied from very
low to very high (as used in many studies). It was inter-
preted that the smaller the drainage density, the higher the
water layer, and vice versa. Most of the wells drilled in and
around the surveyed area were in Wadis with high drain-
age densities. Therefore, the high drainage density mainly
includes production wells, so it has the advantages of being
very suitable for aquifer replenishment and reliable perme-
ability. Based on previous concepts, higher classes of drain-
age density have improved the aquifer recharge. The main
channels beds (deposits) are characterized by high drainage
density and the location of drilled wells. The very low and
low potential regions include 47% and 25.2% of the study
area, respectively (Fig. 7b), whereas high to very high poten-
tials represent 11.4% of the study area (Fig. 7b).
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Fig.6 a Slope and b reclassified slope of the study area

Lithology layer

The aquifer hydrogeological properties influence aquifer
recharge and storage. The higher hydraulic conductivity
increases the groundwater flow and thus, increases aquifer
recharge. The water leakage was affected by the hydrogeo-
logical properties of the exposed aquifer. The supervised
digital geological map was created from the original geo-
referenced geological map with an ETM+ satellite image. It
is subdivided into seven formations, greenstone, and schis-
tose greenstone; andesite and diabase; amphibolite, schist,
and related rocks; granite and syenite; marble, quartzite;
chlorite sericite schist, and amphibolite schist; and granite-
granodiorite (Fig. 8a). Based on the lithological contribution
to aquifer recharge and storage, the study area was subdi-
vided into three classes of low, moderate, and high potential
(Fig. 8b). The majority of lineaments in the research area are
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found in metamorphic rocks, whereas igneous rocks have a
low to medium density of lineaments. The aquifer recharge
is more absorbed in shallow depths (near-surface linea-
ments), which draws investment, rather than deep depths.
Higher weights were given to metamorphic rocks for their
higher permeability (fractures systems) than those in igne-
ous rocks. The high potential region accounts for 43.4% of
the study area (Fig. 8b).

Lineament layer

Lineaments analysis reflects the water leakage through
joints, fractures, and faults. The studied areas exposed
mainly by hard rocks were characterized by joints, frac-
tures, and faults systems, besides the weathering of the
rocks. The lineaments aggregates represent the main
recharge for the aquifer and are associated with their
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Fig.7 a Stream network and b reclassified stream network of the study area

higher number, greater lengths, and widths. They serve as
conduits and better inter-connections with other fractures
(Edet et al. 1998). The lineaments were extracted from the
geological map and an ETM + 8 satellite image, that gives
us the most important data of the surface and subsurface
fractures systems, which impact aquifer storage (Sreedhar
et al. 2009; Algaydi et al. 2019). The lineaments density
was subdivided into five categories, ranging from very low
to very high density (Fig. 9a).

The high to very high lineament density is excellent for
aquifer recharge, leakage, and potentiality. The reclassified
lineament density map is divided into five classes that vary
from very high potential (very high lineaments density) to
very low potential (very low lineament density) (Table 2,
Fig. 9b). The greenstone and schistose greenstone are highly
fractured, while the crystalline rocks (granites and syenites)
have low lineament density (Figs. 8a, 9b). Based on linea-
ments concentration, approximately 86% of the study area
had a very low potential for aquifer recharge (Fig. 9b).

Normalized difference vegetation index (NDVI) layer

The vegetation index (VI) reflects green vegetation. The VI
estimates the area irrigated by the aquifer and influences the
moisture content of the soil.

The VI aims to display and inventory pixels (areas) with
green vegetation. The dense vegetation zones reflect intense
rainfall and the presence of aquifer potential. NDVI can
identify groundwater-rich joints, fractures, and faults sys-
tems through vegetation growth. The high to very high VI
was found in greenstone and schistose greenstone (Fig. 10a),
which offers the highest weights for NDVI and geology.
NDVI was classified into five classes based on vegetation
concentration and ranged from very low potential (very low
VI concentration) to very high potential (very high VI dis-
tribution) (Fig. 10b).
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Rainfall layer

Precipitation at Aseer region controls the rate of recharge
of the aquifer. The rainfall is highest in the northern part
(217-230 mm/year) as compared to northeastern and south-
ern parts (182-192 mm/year) (Fig. 11). The precipitation
gradients influence the leakage water and can increase the
aquifer potentiality. The precipitation distribution map was
determined by spatial analyst tools of GIS (Fig. 11a, b). The
proportions of each potential zone are shown in Table 2.

GWPZs map

A map of the aquifer potential has been extracted from vari-
ous hydrogeological, geological, and hydrological thematic
maps and is crucial for agricultural, domestic and indus-
trial applications. Weights were given for each parameter
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map, depending on the contribution to groundwater recharge
(Table 2). A GIS model combined these thematic maps to
forecast the most favorable map of aquifer potential. (Voogd
1983) introduced the multi-criteria evaluation (MCE) tech-
nique. The aquifer potential map was extracted from vari-
ous geological, hydrogeological, and hydrological thematic
maps and is significant in agricultural, domestic, and indus-
trial applications. The weights of each parameter are based
on its contribution to groundwater recharge (Table 2). The
GIS model was used to predict the most promising map of
aquifer potential integrated by these thematic maps. The map
rank was transformed into map weight by dividing map rank
by summing of parameters ranks (Table 2). The map cat-
egories assigned different classes ranging from 1 (lowest
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Fig.9 a Lineaments density and b Reclassified lineament density of the study area

favorable) to 5 (highest favorable, except geology of 1 to 3
(Table 2). The rank of each class was divided by the total
clustering values of the layer classes to calculate the capa-
bility values (CVs) (Table 2). These CVs are multiplied by
the weight of the relevant probability layer in each thematic
layer to compute the groundwater probability map (Fig. 12).
It is calculated mathematically using the ArcGIS raster cal-
culator analysis as follows:

GWP = ) Wt CV 3)

where GWP is groundwater potential (GWP =) Stream
network, lineaments, geology, slope, rainfall, DEM, and
NDVI), Wt is map weight, and CV is capability value. The
aquifer potential map has been classified into five categories,

ranging from very low to very high potentiality (Fig. 12).
The Wadi sediments (hard rock debris and alluvium depos-
its) have good promising areas for groundwater extraction,
particularly in the southwestern part (Fig. 12).

The southwestern part comprised high to very high aqui-
fer potential, whereas the northeastern part consisted of low
to very low potential (Fig. 12). About 57% of the study area
is represented by moderate to very high potential, as shown
in Table 2, which is a good indicator for aquifer exploration
and exploitation. The low to very low aquifer potential repre-
sented 43% of the area (Table 3). The groundwater potential
outcomes (Table 3) provide a comprehensive dataset for the
groundwater recharge conditions. An aquifer potentiality
map provides more information for residents (Bedews) and
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administration and investors interested in appropriate zones
for aquifer pumping and protection against contamination.

Model validation
Dug well sites

Due to the non-availability of abandoned boreholes of
groundwater, the outcomes of this study were validated
only through available dug wells. The hydrogeochemical
characteristics of the groundwater encourage seeking new
promising areas for further investment and urbanization. As
evident from Fig. 12, most of the dug wells were located
in moderate to very high potential zones; the good coin-
cidence reflects excellent aquifer potential model outputs.
These results encourage the authorities to invest in the new
promising areas with a high to very high aquifer potential
(Fig. 12). Due to the lack of well yield data, the validation
approach is carried out by matching the resulting GWPZs
with the measured TDS and NO;*~concentration in the dug
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well located in the study area, as reported earlier by Schlum-
berger Water Services (2013) and Mallick et al. (2018). The
existence of good water quality well in moderate to very
high potentiality zones is considered an excellent output of
this study. The basis of this validation implies the existence
of successful dug wells (i.e., with high water quality) in the
areas depicted as having medium to high potential on the
GWPZs map.

Validation through measured TDS and NO,*~
by Schlumberger Water Services (2013)

The TDS anomalies (Fig. 13a) differ geographically con-
cerning the concentration of NO32' (Fig. 13b); it indicates
two contamination sources contributed to dumping.

The first is the agricultural runoff (anthropogenic),
and the other is the dissolution of rocks (lithogenic).
NO32_ levels in the aquifer ranged between 1.7 and
338 mg/L (Fig. 13b). The high concentrations of NO32_ are
mainly found in Wadis Baysh, Itwad, and Tabab. It is



Applied Water Science (2022) 12:3

Page170f23 3

(a)
z 42°200°E 42°300°E 42°400°E 2°500E z
5 ¢ d ¢ £
o 4 a s
@ “®, - o
L 2

z z
S )
o~ O
& 5
2 ©
2 z
£ K
o 2
® o
4

£ z
= o
& e
2 @
z z
54 )
8 B
£ X ' £

Wadi Baysh
z Wadi Bayd >
I8 o o
g N
= &
Kilometers
0 10
42°200°E 42°300°E 42°400°E 42°500°E
®  Dug well

[ Basin boundary
Annual rainfall, mm
[ 1180.8-191.6
[ 191.7 - 200.4
I 200.5 - 208.5
I 2086 - 217.1
I 217.2-230.3

(b)

42°29’0"E 42‘3?’0'!3 42’49'0"E 42"59’0”{5

18°30'0"N
T
18°30'0"N

18°20'0'N

T
18°20'0'N

18°10'0"N
T
18°10'0"N

4

£ z
2. g
& re
2 ®
z

5 z
S o
wn =
& %
= (=
z Wadi ?ay z
e &
2 13
g g
= &

Kilometers
0 10
42°200°E 42°300°E 42°400°E 42°500°E
® Dug well

[ Basin boundary
Reclass rainfall potential (%)
[ Very low potential 14.5

[ Low potential 222
Il Moderate potential 255
Il High potential 26.2

I Very high potential  11.6

Fig. 11 a Average annual rainfall and b Reclassified rainfall of the study area

due to the intensive irrigated agriculture and the exces-
sive and frequent use of mineral and organic fertilizer,
which often exceeds the recommended limit (Zarhloule
et al. 2009). In terms of land use, groundwater pollution
by NO;>~ is associated with vegetable cultivation (Fekkoul
et al. 2013). The scattered samples have a NO;*~ content
of less than 10 mg/L, which shows no pollution and little
use of fertilizers (Fig. 13b). The NO,*~ content between 10
and 50 mg/L indicates moderate use of agricultural ferti-
lizers, while above 50 mg/L reflects greater use of fertiliz-
ers (Fig. 13b). The higher concentration of the NO;>~ and
TDS concentrations reflected a low to very low potential
due to poor aquifer quality. In comparison, the lower con-
centration indicates high to very high aquifer potentiality.
In most areas, the aquifer was suitable for drinking and

irrigation purposes concerning TDS and NO32‘ concentra-
tions (Fig. 13a, b).

The TDS concentration increases in the northwest-
ern part, matching with the greater area of low to very
low aquifer potential (Figs. 12, 13a). The NO;* content
in groundwater increases in the southeastern part, which
coincides with the greater area of low to very low aquifer
potential (Figs. 12, 13b). The lowest TDS and NO32_ con-
centration in the aquifer (central and eastern part) matches
the moderate to very high potential, confirming the mod-
el's results. It encourages the pursuit of research in areas
with good potential for aquifers.

Validation through measured TDS in aquifer by Mallick
etal. (2018)

The drilled dug wells number 3 and number 5 to 10 were
located in moderate to very high potential zones (Fig. 14).
The results of the model match with the dug sites data,

/
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Table 3 Percent of the groundwater potential zones
Zones Weight class Area (km?) Area (%)
Very low potential 1 677.6 12.9
Low potential 2 1569.0 30.0
Moderate potential 3 1732.3 33.1
High potential 4 950.7 18.2
Very high potential 5 307.7 59

which shows a good sign for conducting the investigation
in and around these dug sites to escalate the agricultural
activity. It was observed that the concentration of TDS
decreases in zone A (<714 ppm) and increases in zone C
(1028-1473 ppm). The northeastern part has the lowest TDS
concentration and is characterized by very low potential.
Consequently, the hydrogeochemical behaviors of the aqui-
fer did not correspond to the model output. While in most of
the remaining zones, the hydrogeochemical characteristics
of the groundwater coincide with the model outputs. The
previous results concluded that the most promising zones
were in the western region with the lowest TDS concentra-
tion and a very high potential (Fig. 14).
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Geophysical validation

The best promising area (Fig. 14) was characterized by
a basement depth of <500 m (Fig. 15a). It is better than
deeper depths as the former was shallow and more attrac-
tive for exploration. The volcanic flow occurs at the sur-
face and in the subsurface, surrounding (capped) the area
to form a productive aquifer (Fig. 15b). The area (Fig. 14)
was distinguished by a low magnetic anomaly (Fig. 15¢)
and a structural basin filled with Sabia Formation (Elawadi
et al. 2012). The faults and grabens represent the main per-
meability, which receives leakage from rainfall or adjacent
aquifers (Fig. 15c). The area was good for groundwater
capping and therefore required further hydrogeological
and hydrological investigation (Fig. 14).

Conclusion and recommendations

Several spatial studies were determined in the ArcGIS
model to address the spatial challenges for aquifer recharge
zones. The best prospective sites for aquifer potential were
identified using GIS and RS approaches. These methods
appear to be promising for defining GWPZs in the Aseer
region. The aquifer potential zones are assessed using a



Applied Water Science (2022) 12:3

Page190f23 3

% 42°200'E 42°300"E 42°400"E 42°500"E z
g h ; h b g
8 N =
o @ Qo o
elvdy | o
+ o
—
2 H
z
£ z
£ F
211 LS
& &
= @
z
g z
g 5
21 B
o o
g z
1 =
e @
z
F: z
S 1)
= &
sh
g z
o4 o
N rs
= &
0 10 20
42°200°E 42°300° 42400 42°500°
® Dug well
[ Basin boundary
TDS, ppm
~ I 231 - 500
I 500.1 - 1000 Suitable for drinking

7 1000.1 - 1300
[ 1300.1 - 1500

N 1500.1 - 2000 Unsuitable for drinking
I 2000.1 - 2333.6

(a) TDS. ppm

Suitable for irrigation

Fig.13 aTDS and b N032_ of the aquifer in the study area

weighted overlay analysis using spatial analyst tools. The
latter has been found to be effective in terms of aquifer
management in terms of time savings, low costs, planning,
sustainability, and swift decision-making. Satellite images
(L8SR), auxiliary data, and DEM were used to create all
thematic maps, including lineaments, stream network,
geology, slope, and NDVI. Thematic layers were created.
Weights were applied to the thematic layers, which were
then combined in a GIS model using weighted overlay
analysis to produce the GWPZs map.

The current study revealed five categories of GWPZs:
very low, low, moderate, high, and very high. Wadis,
which is characterized by the presence of porosity and per-
meability, a gradual slope, and vegetation cover, has very
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high to very high GWPZs. Approximately 6% to 18% of
the land is classified as having very high and high poten-
tial aquifer recharge areas (suitable zones), while 33% is
moderately appropriate and 43% has low and extremely
low aquifer potential (unsuitable zones). The spatial dis-
tribution of high to very high GWPZs matches with dug
well location, confirming the capabilities of RS and GIS
for groundwater exploration and investment. Water quality
and geophysical exploration were found to be very impor-
tant indicators for delineating GWPZs. Based on the result
of this study, the decision makers can find many unex-
plored areas of good aquifer potentiality.
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Fig. 14 Dug sites and TDS
concentration in the study area
(reported by Mallick et al. 2018)
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