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Abstract: The most critical issue that was the main research interest is its groundwater quality which
is vital for public health concerns. Groundwater is a significant worldwide water supply for diverse
communities, especially in dryland regions. Groundwater quality assessment in desert systems
is largely hindered by the lack of hydrological data and the remote location of desert Oases. This
study provides a preliminary understanding of the influences of climate, land usage, and population
growth on the groundwater quality in El-Farafra Oasis in the Western Desert in Egypt from 2000 to
now. Therefore, the study’s main objective was to determine the extent of change in temporal water
quality and the factors causing it. The present study integrates chemical analyses and geospatial
modeling better to assess groundwater quality in the study area. A chemical analysis of thirty-one
groundwater samples from wells representing each study area was carried out during three time
periods (2000, 2010, and 2022). Several chemical properties of groundwater samples gathered from
wells in the research area were analyzed. Furthermore, the groundwater quality trend from 2000
to the present was identified using three approaches: Wilcox and Schoeller Diagram in Aq.QA
software, interpolation in the ArcGIS software, and Ground Water Quality Index (GWQI). Moreover,
the influence of changing land usage on groundwater quality was studied, and it was found that
the increase in agriculture and urbanization areas is linked to groundwater quality degradation.
The findings revealed that the barren area in 2000, 2010, and 2022 was 371.7, 362.0, and 343.2 km2,
respectively, which indicates a substantial decrease of 6.2% within this research timeframe. In contrast,
agriculture and human-made structures have expanded by 1.8%. Also, population growth has led
to an increase in water consumption as the population has grown at a rate of 7.52% annually from
2000 to 2020. As the climatic condition increases from 2000 to 2022, these changes could extend to the
water quality in shallow aquifers with increasing evaporation. Based on the water quality spatial
model, it is found that, despite a declining tendency in the rate of precipitation and an expansion
in agricultural areas and population growth, the water quality was still appropriate for human and
farming consumption in large areas of the study area. The presented approach is applicable to the
assessment of groundwater in desert regions in the Middle East area.

Keywords: groundwater quality; population pressure; spatial model; climate change; land use;
western desert; El-Farafra Oasis; Egypt

1. Introduction

Groundwater (GW) is a significant resource of drinkable water, and about 45% or
more of the water is employed for agricultural purposes for almost 50% of the planet’s
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inhabitants [1], which denotes a significant volume of freshwater taken from the world [2].
GW resources have been impacted by climatic and land use changes, which represent
major stressors and an influence on the groundwater quality and quantity [3,4] and may
influence hydrologic cycle like as evapotranspiration and surface infiltration, leading to
changes in surface and subsurface flows [5–7]. Naturally, the chemical composition of
the groundwater depends on multiple factors including; recharge water quality, earth
materials types, water-soil-rock interaction, groundwater dynamics, and hydrogeological
setup, etc. [8]. Among the influences that change the quality of groundwater are human
activities and geological formations that carry water [9–11]. Surface and Groundwater pass
through a complex cycle in the atmosphere, the earth’s surface, and the soil [12].

Recently, our world is currently subjected to unprecedented climate changes leading
to serious environmental issues [13]. Many researchers have conducted their studies to
analyze and interpret the hydrological influences of climate and land usage changes [14–16].
For instance, increased global temperatures; lowered water resources’ pH, and varying
levels of global precipitation from greenhouse gas emissions (CO2) are caused by human
activities [17]. Several studies [3,18] showed that the causes of the groundwater quality
changes and a drop in groundwater amounts were climate change, the overuse of fertilizers,
and the conversion of forests to farming, which resulted in increased pollutants and usage of
artificial nitrogen fertilizer. Many studies demonstrated that modifications in the vegetative
ecosystem produced by alterations in land use and land cover substantially impacted
the local hydrological cycle [19,20]. Subsequently, the component of land cover/land use
changes within the catchment affecting the hydrological cycle seems crucial in advancing
hydrology [21,22]. On the other hand, groundwater quality is greatly affected by the
surrounding human activities, and therefore groundwater supplies and water quality can
be influenced by population growth and increasing urbanization rate [23–25].

The alteration in land usage was correlated with information on water quality, and it
was shown that the regions around fast urban growth and industry contain groundwater
of poor to unfit quality [26]. The capability to conduct a spatial study of fluctuations
in groundwater quality is vital in environmental managers’ decision-making processes.
Several research papers used satellite imagery, Remote Sensing (RS), and Geographic
Information System (GIS) techniques to investigate the phenomenon of temporal and
geographical variations in land usage [27–30], also WQI which has been successfully used
in the assessment of water quality [31], as well as the connection between the quality of
groundwater and variations in land cover/land use [3,32–35]. During 2001–2005, Houben
et al. [36] investigated the quality of groundwater in Afghanistan’s Kabul watershed.
They discovered that due to the repeated droughts, this area experienced a rise in the
salinity and hardness of its groundwater. In addition, Ketata et al. [37] examined the
behavior of variation in some groundwater hydrochemical parameters from 1995 to 2003
in Gabès, Tunisia. They concluded that salt concentration and other chemical parameters
in groundwater streamlines have diminished over time. Elci and Polat [38] focused on
the behavior of water quality fluctuations in Turkey’s Nife groundwater. They found that
during rainy seasons, chloride concentrations were lower than during dry seasons.

Furthermore, investigations conducted in Iran revealed a worsening in the ground-
water quality in Iran’s plains from 1998 to 2004 [39]. An examination of temporal and
geographical variations of groundwater status in the Qazvin plain from 2003 to 2007 re-
vealed that groundwater quality decreased during rainy seasons, demonstrating the effect
of rains on groundwater quality [40]. Based on the results of Singh et al. [41], owing to
modifications in land cover and land use trends, natural and artificial recharge resulted
in a rise in groundwater volume (increased area of fallow land). Fertilizers, conversely,
degraded the groundwater quality. Singh et al. [41] resolved that the deterioration in
groundwater quality in many agricultural areas, as well as those near urban and industrial
areas, has heightened conservation concerns among many governmental organizations.

In semi-arid and arid regions, groundwater is an increasingly significant resource for
irrigation, industrial, and drinking. Egypt is a country located in these arid zones, and as
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a result of this geographic location, Egypt may be highly susceptible to climate change.
In the current area under consideration, groundwater and springs remain a key source
of fresh water for drinking and irrigation purposes. Many Egyptian studies considered
the changes in hydrological, geological, and land use [42–44]. This research explores the
alteration in groundwater quality in EL-Farafa Oasis and the association between its land
use modification and climate change from 2000 to the present. The New Valley Project,
which started in the 1960s, is pumping water from the famous Nubian Sandstone Aquifer
(NSA) to the oasis of El Farafra in the Western Desert so that the desert may be farmed and
restored [45]. Even though a large number of deep-water wells were constructed for this
project, the issue became immediately obvious since it threatened the oasis’s primary spring
water source [46]. Land use changes and climate changes in the present work are being
applied for the first time in the Egyptian Western Desert to evaluate their possible effects
on groundwater quality. The present work is carried out to explore the following objectives:
(i) using remote sensing and satellite photos to evaluate the previous and current land use
changes and their effects in the study region from 2000 to the present, (ii) analyzing the
water quality indices for the groundwater samples and mapping their spatial distributions
using remote sensing and GIS models, and (iii) study the possible influences of change in
climate and land use on groundwater quality.

2. Study Area Description

Geographically, El-Farafra Oasis is placed in the Egyptian Western Desert (EWD) be-
tween latitude and longitude; 26◦45′41′′–27◦13′40′′ N and 27◦42′51′′–27◦59′32′′ E (Figure 1).
El-Farafra Oasis has a hot hyper-arid desert climate, with hot and dry summers marked by
a lack of precipitation and moderate winters with intermittent precipitation and a yearly
mean air temperature of 25 ◦C [47]. Rainfall in the area is rare, with occasionally heavy
rainfall in a short duration with yearly precipitation averaging below 10 mm [45].
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Geologically, the research area is covered with geologic rock formations that range in
age from the Quaternary to the Upper Cretaceous. From top to bottom, the rock units are
distinguished as follows: Quaternary deposits (containing sand sheets, sand dunes, and
playa deposits), Tertiary formations (including Farafra limestone, Esna Shale, and Tarawan
Chalk), and the Upper Cretaceous Khoman Formation. Upper Cretaceous to Pre-Cambrian
geologic formations can be found in the subsurface. At the same time, the Upper Cretaceous
and Paleozoic sediments that make up the Nubian Sandstone sequence are among the
subsurface geological formations and are underlain by basement rocks [48] (Figure 2).
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From a hydrogeological perspective, the samples are collected from The Nubian
Sandstone Aquifer System (NSAS)) (confined aquifer) with an average well depth of 600 m.
The Nubian Sandstone Aquifer System (NSAS) is composed of two hydrological units
namely; the Nubian Aquifer System (NAS) and the Post Nubian Aquifer System (PNAS)
that are separated by the upper Cretaceous aquitard of the Dakhla Formation [49]. The
NAS outcrops south of latitudes 28◦ and then it becomes a confined aquifer to the north
in El-Farafra Oasis (Figure 3) [50,51]. The NAS groundwater has been mainly recharged
during the previous wet climatic periods during the Pleistocene with a very limited recharge
during the present arid conditions [52]. The PNAS mainly receives recharge through vertical
connection with the NAS along major geological structures [49]. Therefore, both aquifers
receive negligible volumes of modern recharge and thus avoiding potential contamination
from surface water sources [53].
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3. Materials and Methods

About 31 groundwater samples from the wells (Figure 4) were selected from all the
wells in the study area (Figure 5). These selected wells were drilled before the year 2000
with different depths and water samples were taken during three time periods, 2000, 2010,
and then 2022. Groundwater samples were collected in plastic containers for physical and
chemical analysis. The physical parameters, pH, electrical conductivity, and dissolved
solids were measured in the field by portable multiparametric devices. After about half
an hour of pumping the wells, water samples were taken. All samples were sealed and
kept until chemical analysis was carried out in the laboratory. Chemical analysis of the
major cations and anions (Na+, K+, Ca2+, Mg2+, HCO3− , SO42− , and Cl−) was performed
according to international standards. The flame photometer technique used to determine
potassium and sodium, calcium, and magnesium was analyzed using atomic absorption
spectrophotometer, Bicarbonate was determined by titration method, and sulfate and chlo-
ride were determined colorimetrically. Chemical analyses were carried out at the Central
Water Laboratory in Kharga City. The chemical analysis results of the wells are given in
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(Table 1). Various groundwater quality indices were produced in the present work using
geographical information system (GIS) to assess and map changes in groundwater quality
resulting from land use and climate alterations. Seven standard water quality indices were
calculated. TDS, EC, SAR, SO42− , and HCO3− refer to total dissolved solids, electrical con-
ductivity, sulfate, and bicarbonates, respectively. The research used various approaches to
examine variations in groundwater quality, including interpolation techniques for mapping
the changes, Wilcox and Schoeller Diagrams for measuring quality in farming, and the
GWQI index for assessing the quality of drinking water. Therefore, three methods are ap-
plied to investigate groundwater quality using spatially based GIS (IDW, ordinary kriging,
and RBF). The linear technique of displaying the spatial distribution of the concentration of
the parameters was utilized in the kriging method, which was used for most parameters
because it has the least error [54–56]. Wilcox [57] and Schoeller’s [58] diagrams have been
employed to assess the quality of water for consumption and agricultural purposes, based
on the water’s ionic compositions and total soluble salts [59].

Water 2023, 15, x FOR PEER REVIEW  8  of  27 
 

 

 
Figure 4. Location of the groundwater samples in the study area. 

Figure 4. Location of the groundwater samples in the study area.



Water 2023, 15, 1376 7 of 23
Water 2023, 15, x FOR PEER REVIEW  9  of  27 
 

 

 
Figure 5. Location of the groundwater wells in the study area, (2022). 

4. Results and Discussion   

4.1. Groundwater Quality Indices Trends 

4.1.1. Interpolation Method 
Groundwater quality assessment  in  the present work  involves the calculation and 

evaluation of five quality indices, namely TDS, EC, SAR, SO42− and HCO3− over 22 years 
in three periods (2000, 2010, and 2022). Using the optimal interpolation model selection 
shown  in Figure 6a–e, and depending upon  the  least root‐mean‐square error, ordinary 
Kriging, IDW, and RBF were employed to assess groundwater quality. Generally, water 
containing dissolved solids greater than 1000 mg L−1 has an unpleasant flavor or is unfit 
for consumption [60]. Thus, in the research site, the levels of TDS varied from 109 to 374 
mg L−1 in 2000, 120 to 155 mg L−1 in 2010, and 100 to 370 mg L−1 in 2022. Higher TDS values 

Figure 5. Location of the groundwater wells in the study area, (2022).

Table 1. Chemical analyses results of the groundwater samples.

Parameters pH TDS Ca2+ Mg2+ Na+ K+ HCO3− Cl− SO4−2 Fe++ Mn++

C
on

ce
nt

ra
ti

on
(m

g/
l)

20
00

Minimum 6.1 109 6.2 3 5.6 4 27 17.9 4 1.2 0.0
Maximum 8.1 374 26 19 46 17 68 132 26 10 0.33

Mean 6.9 139 12.1 7.3 14 9.2 40.4 37.6 14.6 5.3 0.08

20
10

Minimum 5.9 120 10 3.8 9 3 33 21 19 0.46 0.0
Maximum 7.5 155 21 10 14.4 13 58 44 25.3 11.8 0.2

Mean 6.5 134 13.9 6.9 11.9 8.5 42.2 30.0 22.3 5.5 0.15

20
22

Minimum 6.4 100 9.3 4.2 9 2.9 26.5 23 15 2.2 0.16
Maximum 7.6 370 31.9 20.8 39.8 15 60.8 131 50 7.4 0.33

Mean 6.7 138 12.1 7.3 13.5 8.2 40.2 34.6 20.2 4.7 0.25

4. Results and Discussion
4.1. Groundwater Quality Indices Trends
4.1.1. Interpolation Method

Groundwater quality assessment in the present work involves the calculation and
evaluation of five quality indices, namely TDS, EC, SAR, SO42− and HCO3− over 22 years
in three periods (2000, 2010, and 2022). Using the optimal interpolation model selection
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shown in Figure 6a–e, and depending upon the least root-mean-square error, ordinary
Kriging, IDW, and RBF were employed to assess groundwater quality. Generally, water
containing dissolved solids greater than 1000 mg L−1 has an unpleasant flavor or is unfit
for consumption [60]. Thus, in the research site, the levels of TDS varied from 109 to
374 mg L−1 in 2000, 120 to 155 mg L−1 in 2010, and 100 to 370 mg L−1 in 2022. Higher TDS
values can be observed to decrease in both periods, 2000 and 2010, while in 2022, the TDS
values increased in some spots in the southwest of the research region as a result of the
increase in withdrawal rates in that area for agricultural activities (Figure 6a). It can see
from Figure 6b that the amount of EC in 2000 was lower in the north and higher southeast
of the research region (more than 584). Because of the land-use alterations and the reduction
in precipitation, the EC values rose in some locations southwest of the research area in 2022.
In contrast, the levels of SAR ranged from 0.55 to 1.67 in 2000, 0.50 to 0.80 in 2010, and from
0.50 to 1.40 in 2022. The spatial distribution map of SAR showed a significant increase in
SAR values from 2000 to 2010 and in some spots in the southwest of the research region in
2022 (Figure 6c). SO42− values varied greatly between 2000 and 2022, as shown in Figure 6d.
In 2000, this parameter ranged from 27 meq L−1 on the north and south side to more than
68 meq L−1 in the area on the east and west sides of the Oasis. From 2000 to 2010, there
was a considerable decline in HCO3− , where the concentration dropped from 68 to 58 meq
L−1, while the HCO3− values increased in some areas north and west of the study area to
reach 60.8 meq L−1 in 2022 (Figure 6e). Both SO42− and HCO3− values exhibited significant
increase trends from 2000 to 2010. The increasing trends of the SO42− and HCO3− values
matched with the distribution map, which was slightly low over all the study sites in 2000
and then extremely high in most parts of the area between 2010 and 2022.
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4.1.2. Schoeller and Wilcox Diagrams

Based on the water’s ionic compositions and total soluble salts, Wilcox and Schoeller’s
diagrams have been employed to assess the quality of water for agricultural and drinking
purposes. In the Wilcox diagram [57], two parameters were determined using the Aq.
Qa software (EC and SAR). In this method, salinity hazard is used to categorize water
quality into S1, S2, S3, and S4 types, and sodium hazard into C1, C2, C3, and C4 types. The
significance of quality ratings is described as follows: extremely good (C1S1), good (C1S2,
C2S2, and C2S1), medium or acceptable (C3S3, C3S2, C3S1, C2S3, and C1S3), and poor (C4
or S4). The Schoeller diagram is a semi-logarithmic graph of the major ion concentrations in
milliequivalents per liter that depicts many hydrochemical water sorts that share the same
feature [58]. It is based on five chemical factors: hardness, total dissolved solids (TDS),
sodium, chloride, and sulfate. By using this diagram, water is divided into six categories:
good, acceptable, medium, poor, very poor, and unfit for anthropological usage.

The hydrochemical data were shown in standard graphs to compare the chemical
characteristics of the region’s groundwater with the World Health Organization’s (WHO)
standard recommendation for drinking and irrigation purposes [61]. Figure 7a,b depict
the graphs created by Schoeller and Wilcox for 31 groundwater samples for the required
time periods (2000, 2010, and 2022). The Schoeller graphic shows that the groundwater
quality at the prescribed period was drinkable. The Wilcox graphic showed that most
wells’ groundwater quality has been good (C1S1) and (C2S1) for three years. Results of
groundwater changes related to agriculture (Wilcox diagram) and drinking (Schoeller
diagram) indicated that variations in the quality class of water were minimal and suitable
for drinking and irrigation.



Water 2023, 15, 1376 10 of 23Water 2023, 15, x FOR PEER REVIEW  12  of  27 
 

 

 
(a) 

Figure 7. Cont.



Water 2023, 15, 1376 11 of 23
Water 2023, 15, x FOR PEER REVIEW  13  of  27 
 

 

 
(b) 

Figure 7. (a) Groundwater quality evaluation according (Wilcox diagrams, [57]). (b) Schoeller semi–

logarithmic nomogram for the groundwater samples representation in the study area. 

4.1.3. Groundwater Quality Index (GWQI) 
The water quality index (WQI) method is used to assess the quality of surface and 

groundwater for drinking [62]. In this method, the weights of several quality characteris‐
tics are likely inversely correlated to their respective variables [63]. The weight factor (be‐
tween 1 and 5) is then assigned to each of the ten parameters, including pH, TDS, EC, TH, 
Cl−, HCO3−, SO42−, Mg2+, Ca2+, and Na+, according to their impact on groundwater quality 
and health. Some equations are used to determine the GWQI index (Equations (1)–(3)), 
depicts the findings of this method. This method results in three classes of groundwater 
quality excellent, good, and bad for drinking in the presence of high concentrations of iron 

Figure 7. (a) Groundwater quality evaluation according (Wilcox diagrams, [57]). (b) Schoeller
semi–logarithmic nomogram for the groundwater samples representation in the study area.

4.1.3. Groundwater Quality Index (GWQI)

The water quality index (WQI) method is used to assess the quality of surface and
groundwater for drinking [62]. In this method, the weights of several quality characteristics
are likely inversely correlated to their respective variables [63]. The weight factor (between
1 and 5) is then assigned to each of the ten parameters, including pH, TDS, EC, TH, Cl−,
HCO3− , SO42− , Mg2+, Ca2+, and Na+, according to their impact on groundwater quality
and health. Some equations are used to determine the GWQI index (Equations (1)–(3)),
depicts the findings of this method. This method results in three classes of groundwater
quality excellent, good, and bad for drinking in the presence of high concentrations of
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iron and manganese. Without iron and manganese concentrations, the excellent class of
groundwater quality for drinking in all groundwater samples.

Wri = wi/
n

∑
i=1

wi (1)

where (wi) and (Wri) are, respectively, the weight and relative weight of each chemical
parameter. Qualitative rank for each of them (qi) calculated using Equation (2)

(qi) =
Ci
Si
× 100 (2)

where (Ci) is the concentration of each chemical parameter and (Si) is WHO standard
values. Finally, the GWQI index is calculated according to Equation (3).

GWQI =
n

∑
i=1

(Wri × qi) (3)

Furthermore, land use change was mapped during the specified period of time to
identify the areas where groundwater quality has changed as a consequence of land
use modification using change detection and supervised classification methods by GIS
techniques (ArcMap 10.5) [64]. Three Landsat satellite images (2000, 2010, and 2022)
(Figure 8a–c) encompassing the research region were used by the American Geological
Survey (https://pubs.usgs.gov/gip/gw_ruralhomeowner/) (accessed on 1 January 2023)
after radiometric and atmospheric correction to them using ENVI 5.3 [65] software. Climatic
condition data for the specific (2000–2022) were mainly acquired from the site (Earthexplorer.
usgs.gov). While the Demographic data was collected from the official reports of the central
agency for public mobilization & Statistics (CAPMAS).
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The chemical analyses from 2000, 2010, and 2022 were used to calculate the GWQI
index, which was employed to evaluate changes in groundwater quality for consumption.
In 2000, the GWQI index showed a significant decrease. While in 2010, the index shows that
the quality of water in the research region has been high. However, in this period, changes
were unregular. In 2010, water quality increased compared to 2022. In the research region,

https://pubs.usgs.gov/gip/gw_ruralhomeowner/
Earthexplorer.usgs.gov
Earthexplorer.usgs.gov
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the concentration of iron in the groundwater samples ranged from 1.16 to 10 mg L−1 (2000),
2.28 to 11.80 mg L−1 (2010), and 2.2 to 7.42 mg L−1 (2022). Additionally, the concentration
of manganese ranged from 0.01 to 0.3 mg L−1 (2000), 0.00 to 0.20 mg L−1 (2010), and 0.17 to
0.33 mg L−1 (2022). In the presence of extremely high concentrations of iron and manganese
as a consequence of soil degradation and the development of residential areas, the index
has grown in all wells, indicating that the groundwater quality has worsened in almost all
wells (Figure 9a,b).
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4.2. Impacts of Altering Land Use on the Quality of Groundwater

Various researchers [66–68] have investigated the impact of an extensive expansion
of agriculture and other parameters on groundwater and soil quality. Alterations in land
use are strongly implicated as one of the most important human-caused variables affecting
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the soil and underground water system [69]. Although the footprint of the land used and
climate changes on water quality degradation, this linkage has not been widely explored
in Egypt; however, this linkage has long been recognized globally. Tang et al. [70] and
Bhaduri et al. [71] concluded that land-use alterations significantly affect the watershed
region’s hydrology. In the latest two decades, the geographical distribution patterns of
alterations in land use in the studied region revealed an expansion of agricultural fields.

The Oasis is 160.18 km2 in total area. Four types of land usage were distinguished,
urban, water, agricultural, and barren lands (Figure 10). Among the types of land use
changes in the area is extending the agriculture area from 2000 to 2022 using flooded
water for irrigation. This greatly influenced the quality of groundwater because of the too
much water extraction in the region. Under arid conditions which characterized the study
area, similarly, land use changes influenced aquifer recharge rates. The categorization
of satellite images revealed that the proportion of agricultural land in the study region
changed from 12.8% in 2000 to 13.3% in 2010 to 14.6% in 2022. Figure 11 depicts the changes
in land use, while Table 2 provides a percentage comparison of these alterations. The
change in percentage of the urban area was 6.4% in 2000, 7.8% in 2010, and it increased
to 11.1% in 2022. As represented in the study area by springs, the water category was
less than 1% in 2000, 0.3% in 2010, and decreased to 0.2% in 2022. The spreading out of
farming land contributes to worsening groundwater quality; this deterioration is ascribed
to the increased use of chemical fertilizers in the studied region. Alternatively, pollution
and change in discharge may be a consequence of land use variations related to rigorous
farming activities. Throughout the analysis of land use changes percentage through the
study periods, especially the agricultural practice and anthropogenic activities may increase
the degrading of groundwater quality in the area.
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Table 2. Summary of the land use areas and percentage over the study periods.

Area (km2)
Years Agriculture Urban Water Barren lands Total

2000 59.4 (12.8%) 29.6 (6.4%) 2.9 (0.6%) 371.7 (80.2%) 463.6 (100%)

2010 63.9 (13.8%) 36.3 (7.8%) 1.4 (0.3%) 362.0 (78.1%) 463.6 (100%)

2022 67.8 (14.6%) 51.3 (11.1%) 1.3 (0.2%) 343.2 (74.0%) 463.6 (100%)

4.3. Impacts of Climate Change on Groundwater Quality

Due to the lack of climatic stations on the study site, detailed knowledge of the
climate condition in the study area was obtained from the power access data viewer web
(https://power.larc.nasa.gov) (accessed on 1 January 2023). The acquired information
includes maximum atmospheric temperature and means annual rainfall. The annual
climate indicators (maximum temperature and mean precipitation) during 2000, 2010,
and 2022 are shown in Figure 12. The highest average temperature was 39 ◦C and was
recorded in July, while the lowest average through the last 22 years was recorded in January
and was 10 ◦C. The highest mean relative humidity in the study area was 60%, recorded
in December, and the lowest was 33% in May. In 2020, the maximum annual average
precipitation in this area was 6.15 mm. The variation in precipitation indicates that the
quantity of precipitation fell from 2000 to 2022 but was at its minimum in 2000, 2009, 2012
to 2015, and 2019, indicating dryness in such periods. However, the climate conditions in
the area indicate a slight overall increase in the atmospheric temperature (Figure 12a), with
an increase in annual rainfall during the years 2011, 2016, and 2020 (Figure 12b).

https://power.larc.nasa.gov
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In 2009, the maximum atmospheric temperatures exhibited higher temperatures. On
the other hand, comparing the annual maximum temperatures in the years 2000, 2010, and
2022, the results indicated that the approximate temperatures are 23.10, 25.35, and 24.72 ◦C,
respectively. Furthermore, the increasing temperature will lead to an increased evaporation
process, thus impacting the groundwater systems with a depth to the water table of 10 m
or less. However, the precipitation trend during the study period showed slight changes
and increases in the precipitation rates in 2010, 2016, and 2010. An increase in annual

https://power.larc.nasa.gov
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precipitation is associated with an increase in the frequency of extreme precipitation events
causing flash floods. The increasing precipitation in the area could lead to an increase in the
aquifer recharge through surface runoff. These climatic conditions, linked with a geological
context, may have led to the decreased water residence time in the aquifer, allowing water
movement and degrading the water quality with greater water-rock interaction.

Finally, land use and climate change significantly affected groundwater quality degra-
dation in the area. In particular, the increase in extreme and irregular climatic events such
as rainfall and temperature have an impact on water quality. The higher temperatures in
all cases are linked to higher evapotranspiration, which is most severe during summer. By
comparing the precipitation during the study periods, no major change was observed in
the rainfall rate except in the years 2010, 2016, and 2020. The annual precipitation in 2010
was 0.44 mm, then declined to 0.00 mm until it increased again to 2.20 mm in 2016 and
6.15 mm in 2020. From the perspective of geology combined with structural conditions,
several investigations have underlined groundwater quality alterations induced by the
seepage from different aquifers along with the fault system.

4.4. Population Growth Impacts on Groundwater Quality

The observed changes in population growth are closely related to the depletion of
groundwater level and quality in the study area. El-Farafra Oasis in Egypt has experienced
significant population growth, with an annual rate of 7.52% between 2000 and 2020 with
a total population 35,820 per based on The Central Agency for Public Mobilization and
Statistics (CAPMAS) reports (Figure 13). Farafra has a relatively high population density
ranging from 207 to 1573 individuals per square kilometer (Figure 14). However, this
growth has put pressure on the limited natural resources in the area, particularly the
groundwater supplies which are decreasing at a rate of 284.34 × 106 m3/year. Maintaining
water quality is crucial for the well-being of society, especially with the increasing demand
for water, energy, land, and infrastructure due to urbanization. Neglecting the issue of
water pollution could result in a future where polluted water is the only option for drinking.

El-Farafra Oasis heavily relies on groundwater for drinking water due to its distance
from the Nile River, making it critical to maintain its quality during population growth.
However, population growth has created a disproportion between the availability of fresh
water and the number of people relying on it, resulting in pressure on groundwater quality.
The effects of this pressure are complex and depend on a range of factors, including
scientific, social, economic, and management factors.

4.5. Water Quality Spatial Model

The research employed several water quality spatial models (WQSM) using ArcGIS
software (V.10.8) to identify the most areas where the groundwater quality is most affected
based on the main implemented factors. The models’ input included main variables, i.e.,
chemical analysis, land uses, population growth and climatic data. The results of each
model are classified into five classes including; high-risk, moderately high, moderate,
moderately low, and low-risk areas (Figure 15). Accordingly, chemical analysis and land
use had the highest importance values in the modeling process. On the other hand, climate
change and Population growth had the least important values. Inspection of the final
model output (Figure 16) indicates that, the area where the groundwater quality is the most
affected lies in the north of the Oasis (Alamil Oasis) which is an area where agricultural
areas are increasing, elements concentrations and population density. While the central
region of the Oasis is found to be the least affected (Al shaykh Marzuq and Al shaykh
Marzuq Aljadida area) where agricultural areas and populations decrease significantly
from models for different indices (Figure 16).
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The groundwater content in Nubia sandstone are free of nitrates based on the studied
stated that only deep percolation only reach the surface wells and no pollutant seeps into
the deep wells in the area according to Metwaly et al. [72].

5. Conclusions

The findings revealed differences in groundwater quality indices (TDS, SAR, SO4
−2

and HCO3− ) over time. A significant increase was observed in these indices from 2000
to 2022. According to the distribution maps, the majority of groundwater quality indices
in the region are projected to be very high in 2022 (370 mg L−1, 0.5–1.4, 27 mg L−1, and
60.8 mg L−1, respectively), according to the distribution maps. The results show an increase
in the population growth and urban areas in the Oasis between 2000 and 2022 (7.52% per
year and 51.3 km2, respectively). No major change was observed in the rainfall rate except
in the years 2010, 2016, and 2020 (0.44 mm, 2.20 mm, and 6.15 mm). Thus, the effect of
climatic changes on the groundwater quality in the study area is negligible. Hence, this will
increase the demand for groundwater, so deterioration and future unsustainability will be
existing. Consequently, it may be noted that groundwater quality decline typically happens.
Land use changes revealed an increase in the agriculture area between 2000 to 2022 (from
12.8% in 2000 to 14.6% in 2022). Land use changes revealed an increase in the agriculture
area between 2000 to 2020. The use of nitrogen-based synthetic fertilizers and flooding
irrigation in agriculture, as well as high concentrations of iron and manganese, may alter
and impair the quality of groundwater in the region. Consequently, the modifications in
groundwater quality may result from intense agricultural practices, climate change, or
other human activities in the area. Many ways are used to treat the presence of Fe2+ and
Mn2+ in groundwater, the installation of a water softener is meant to remove them if they
are present at minute levels, and the filtering procedure utilized precipitates iron from
water in which oxygen is added. Other treatments, such as chlorination, feeding ozone or
hydrogen peroxide, and removal by potassium permanganate feed with manganese green
sand filters, and some newly developed synthetic media, might be used. According to the
final output of the suggested model, groundwater quality is high in large extended areas
of the central part of the Oasis (about 108.22 km2), while, low groundwater quality was
detected in the northern part of the investigated Oasis, occupying a small area (31.8 km2).
The low water quality in these northern parts of the study area is attributed to the impacts
of climate changes, population growth, and land-use factor. Overall, the presented model
is essential for tackling future challenges faced by arid and semiarid regions.
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