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Availability in Egypt is minimal due to a real restriction on the quantity and quality of
acceptable water; it is also increasingly in demand, particularly since the reduction in
the share in the Nile following the construction of the Renaissance Dam in Ethiopia.
At the same time, the need for water increases due to population growth, industrial
development and the cultivation of desert land. The country depends significantly
on its water supply on the groundwater. Wadi Qena represents one of the most
promising valleys, on which the government depends for land reclamations and
developments. This study aims to assess groundwater quality for drinking and
irrigation purposes by integrating quantitative analyses and GIS techniques. To
achieve this goal, 17 groundwater samples were collected from the Quaternary
and Nubian aquifer from the middle and southern part of the Wadi. Chemical
analysis of the major cations and anions was carried out at Assuit's Regional
Soil Fertility Laboratory. Maps of chemical variables are created using statistical
tools by combining observations with interpolation models that can incorporate
simple process relations. Major ions, total salinity, Na%, SAR, EC, RSC, PI, MH, KR,
SSP, TH, and Cl~ were used to assess the groundwater for drinking and irrigation
purposes. Schoeller's, Stiff's, and Piper's, diagrams were used to determine the
hydrochemical facies of groundwater in the area. The hydrochemical composition
reflects that Sodium—Chloride is the main water type in the study area, and in
the sequence of the cations and anions, 100% of the groundwater samples are
in the order Na* > Ca?" > Mg?*/Cl~ > SO,*~ > HCO;~. Comparative analysis against
standard quality guidelines indicated that most groundwater samples exceeded
safe levels for major constituents, TDS, TH, pH, and EC, making them unsuitable
for drinking but potentially suitable for irrigation of high salt-tolerant crops. The
results of hydrochemical analysis maps and analytical diagrams of groundwater
samples revealed that the water was characterized by natural to alkali and the total
dissolved solids (TDS) increasing from the Nubian to Quaternary and high ranges
of sodium absorption (SAR). The GIS-spatial model indicated that the southwest
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part and northwest part represented the highest and lowest suitability, respectively,
for drinking water purposes. In contrast, the northwest part and southwest parts
represented the highest and lowest suitability, respectively, for irrigation purposes.
This is confirmed by the values of Na*, SAR, EC, RSC, PI, MH, KR, SSP, TH, and Cl".
The values of Na*, SAR, EC, RSC, PI, MH, KR, SSP, TH, and Cl confirm this. The
study lists corrective measures to improve groundwater quality using monitoring
systems, efficient irrigation techniques, localized desalination, artificial recharge
projects, stricter waste management and agricultural policies that will minimize
sources of contamination. This study’s proposed model offers a promising and
potentially universal tool for water quality assessment in the Nile basin and similar
settings worldwide with the innovative model presented in this study.
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1 Introduction

Groundwater plays a crucial role in the Earth’s hydrological cycle
and is a valuable resource that must be conserved. Availability of water
of acceptable quality in Egypt is limited and getting even more
restricted where the country relies heavily on groundwater with
increasing population growth, industrial development, and the
cultivation of desert lands. Wadi Qena, located in the Egyptian Eastern
Desert, is a vast valley extending from the town of Qena south to the
Galala Plateau in the north, west of the Gulf of Suez. The main
objective of this research is to assess groundwater quality for various
purposes using Geographic Information System (GIS) techniques.
Like the study area, arid-semi-arid regions rely heavily on groundwater
for their water supply. The chemical properties, water quality
characteristics, and evolutionary patterns of groundwater are closely
related to the surrounding environment. They are mainly influenced
by hydrogeological conditions, water-rock interactions, and other
natural factors, as well as human activities and misuse of groundwater
(Jiang et al., 2015; Ren and Zhang, 2020; Xiao et al., 2023; Gong et al.,
2023). Human actions, dissolution of soluble salts, evaporation and
weathering of silicate minerals are the main influences on the
development of groundwater (Yidana et al., 2018; Pazand et al., 2018;
Metwaly et al., 2022). Assessing groundwater quality and monitoring
groundwater levels is essential for effective management of
groundwater sources (Metwaly et al., 2022; Haghizadeh et al., 2017;
Honarbakhsh et al., 2019). It is crucial to preserve groundwater
resources through innovative approaches, especially considering the
increasing global population and scarcity of fresh water. Given its
diverse applications, water is recognized as a precious natural good,
and the provision of clean and accessible water is fundamental for all
individuals (Ferreira dos Santos and Cunha-Santino, 2015). The
increase in population, the objectives of agricultural, and industrial
progress and the growing needs for water could potentially lead to the
depletion of water reserves and the degradation of their quality
(Simonetti et al.,, 2019). Groundwater quality can be influenced by a
multitude of factors, including geological formations that contain
water, human activities, environmental conditions, agricultural
practices, irrigation methods, and the use of fertilizers in agriculture
(Belkhiri et al., 2010; Darwish and Galal, 2020; Galal and Darwish,
20225 El-Rawi et al., 2020). The increasing demand for water has
necessitated an immediate need for water as a supplement for various
purposes. This issue has received increased attention through the
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implementation of new reclamation initiatives and development
efforts, particularly in regions characterized by aridity and semi-
aridity (Darwish et al., 2023; AbdelRahman et al., 2018). Groundwater
hydrochemistry is primarily influenced by processes such as rock
weathering, mineral dissolution, and ion exchange (Yuan et al., 2024).

The integration of modeling software and a geographic
information system (GIS) facilitates the creation of a holistic
representation of groundwater quality (Mohamaden et al., 2024; Wang
etal, 2008; Megahed et al., 2023). The use of a finite element model in
conjunction with numerical modeling of groundwater flows can
be very effective in assessing the influence of climate on cropping
patterns and optimizing irrigation water management (Sanaullah
et al,, 2023). Groundwater chemical constituents can serve as
indicators of water quality attributes and provide insight into the
chemical composition of groundwater in the designated research
region (Kreins et al., 2015). The major factors contributing to soil
fertility, optimal plant development, and abundant agricultural yield
in each region can be attributed mainly to the use of superior quality
irrigation water (Giri et al., 2021).

The hydrochemical composition of groundwater is influenced by
both sedimentary conditions and human activities (Mester et al.,
2022). Groundwater pollution is mainly caused by agricultural
activities, industrial discharges, domestic wastewater and
overexploitation, which contribute to the degradation of water quality.
Among these factors, agricultural runoff represents a significant
contributor to contamination. Another concern is the presence of
hazardous disinfection byproducts (DBPs) that can occur during the
disinfection process. Finally, the overall environmental impact must
also be taken into consideration when assessing the quality of drinking
water (Han and Currell, 2017; Srivastav et al., 2020). Water quality
management requires continuous assessment and sustained
monitoring to ensure its safe use for various purposes (Wali et al.,
2022). Many analytical techniques are used to analyze groundwater
evolution processes. Various analytical methods are used to
characterize groundwater evolution processes (Zhang et al., 2022; Abu
Salem et al., 2022).

Application of water quality entropy weight index (EWQI)
along with multivariate statistical methods proves to be very
beneficial for water quality assessment and improvement of
monitoring approaches (Han et al., 2024). Sustainable land use
planning and appropriate agricultural management practices are

essential for establishing new communities, particularly in arid
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regions. A comprehensive assessment of soil and irrigation water
characteristics is essential, as the quantitative parameters used can
be identified through monitoring temporal variations in arid areas
and assessing water properties in relation to management
strategies and environmental risks (Megahed et al, 2022).
Assessing groundwater quality in desert systems poses a significant
challenge, primarily due to the paucity of hydrological data and
the isolated nature of desert oases. To deal with future obstacles
faced by arid and semi-arid regions, the use of a geographic
information system (GIS) model becomes essential (Megahed
et al.,, 2023).

This research aims to assess groundwater quality in Wadi Qena,
Egypt using GIS techniques. Groundwater quality is influenced by
hydrogeological conditions, water-rock interactions, natural factors,
human activities, and misuses. The study highlights the importance of
continued evaluation and monitoring for safe use. Factors affecting
drinking water quality include anthropogenic contaminants,
conventional treatment processes, and hazardous disinfection
byproducts. Sustainable land use and agricultural management

10.3389/frwa.2025.1502169

practices are essential for establishing new communities in
arid regions.

2 Materials and methods
2.1 Description of the study area

Wadi Qena is one of Egypts largest wadies, on which the
government depends for land reclamations and developments. It is
located northeast of Qena city between latitudes 26°00” and 28°20'N
and longitudes 32°00" and 33°00'E, covering approximately
16,000 km?. The study area includes the southern part of the Wadi
(Figure 1A). Wadi Qena has extreme aridity, with deficient and
unpredictable rainfall, high evaporation rates, and high
summer temperatures.

Geologically, the area of study from Wadi Qena is formed of a
sedimentary succession from base to top: Nubia Sandstone

(Pre-Campanian), Quseir Shale (Campanian-Maestrichtian), Duwi
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Formation (Maestrichtian), Dakhla Shale (Maestrichtian-Landenian),
Tarawan Chalk (Landenian), and Esna Shale (Landenian Early
Ypresian) (Figure 1B). The age of different formations was assigned
after (Abd El Razik and Razvaliaev, 1972; Faris, 1974). The Nubia
Sandstone is overlain by a shaly sequence of Quseir Shale, which is
intercalated in its lower part with two phosphorites. The Duwi
Formation was composed of three phosphorite beds intercalated with
shale, marl, and sandstone, a succession of siliciclastics from Dakhla
Shale and Esna Shale divided by the Tarawan Chalk. The Lower
Eocene limestone represents the upper part of Esna Shale, which
forms the surface of the plateau (Ahmed, 1983). Overall, the study
area encompasses the Quaternary in its northwestern part, as well as
the Nubian sandstone aquifers, each with different conditions. The
shallow Quaternary aquifer, mainly composed of sand and gravel, is
very susceptible to contamination because it is quite shallow and well
permeable. Groundwater from the deeper Nubian aquifer, mainly
composed of sandstone with interbedded shales, causes higher
mineralization due to a longer water-rock contact.

The Wadi Qena area has an overall geomorphology comprising
several key geomorphological units important in controlling
groundwater distribution and quality (Figure 1C). These include the
wadi channel and bed, which are predominantly alluvial in nature,
consisting of sand, gravel and silt, which serve as a reservoir for the
alluvial aquifer recharged by seasonal runoff. Alluvial fans form at the
mouths of the tributary channels, where sediments are deposited,
contributing to the recharge of the shallow aquifer and providing
fertile land for agriculture. The floodplains, covered with fine
sediments such as clay and silt, are periodically inundated by the
overflow of the wadi, temporarily storing surface water but with
limited contribution to groundwater recharge. The Red Sea Mountains
are composed of granite and metamorphic rocks, forming a major
watershed. It influences drainage patterns and contributes its
weathering products to groundwater chemistry. Beneath the alluvial
deposits of the southern part of the wadi, the Nubian Sandstone forms
a confined aquifer. This is a major source of groundwater for
agricultural and drinking purposes, mainly in the deeper layers. All
these geomorphic units together contribute to the groundwater
dynamics in Wadi Qena; changes in sediment types, permeability, and
recharge potential control water quality and quantity. Topography in
relation to the elevation gradient and underlying geological structures
is one of the major controlling factors that can influence the direction
of groundwater flow. Geomorphology and surface features have
contributed greatly to groundwater movement in this region. They
generally occur downstream from mountainous recharge areas
through wadi channels and alluvial fans to discharge areas at lower
elevations. The slope map shown in Figure 1D is a good way to
visualize the direction of groundwater flow because it graphically
represents the gradient of the land surface to which groundwater
movement is directly related. The slope map was obtained from DEM
data in the study area using GIS techniques. Water generally flows to
lower elevation areas and gradually accumulates in aquifers or flows
into surface water systems.

Hydrogeologically, Wadi Qena’s can be divided into four aquifers:
a Quaternary aquifer (QAS), a Nubian sandstone aquifer (NSAS), a
fractured limestone aquifer; and a fractured crystalline (basement)
aquifer. The QAS and NSAS are considered the most water-bearing
aquifers in terms of their thickness and water quantity (Abdel
Moneim, 2005). The thickness of the QAS of alluvial deposits varies
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from place to place in the area; it is formed of sand, gravel, and
boulders with depths ranging from a few meters to more than 80 m;
the average thickness of the NSAS varies by location and is about
350 m, with a depth reaching 300-500 m underground. The
groundwater in this aquifer occurs under confined conditions
overlying the impermeable Quseir Shale, and the flow of the
groundwater in the NSAS in Wadi Qena is defined to be from the
northeast to the southeast (Abdel Moneim et al., 2015). As for the
structural area in Wadi Qena, it is preferable to connect the QAS with
the NSAS below it (Elewa and Abu El Ella, 2011; Elewa et al., 2000;
Elewa et al., 2006).

The research analyzes the hydrogeological situation in the study
area using field observations and data. GPS and GIS techniques are
used to convert field data into a set of maps that depict groundwater
conditions. Rockwork and EXCEL were used to represent
hydrochemical data. Seventeen Quaternary and Nubian aquifer
samples were collected from water wells scattered throughout the
study area. Stakeholders drilled these wells, and their abundance
grew in tandem with agricultural activity in the region.

All collection equipment was thoroughly washed with deionized
water before and after each collection. Samples were stored in high-
density polyethylene bottles that had been previously rinsed with the
groundwater to be collected. For consistency, duplicate samples will
be collected at each location in June 2024. The variation between each
set of duplicates was compared to verify accuracy. Field measurements
of pH, electrical conductivity, and temperature were performed using
field-calibrated meters to ensure real-time accuracy. Samples were
rapidly cooled to 4°C to minimize chemical changes before transport to
the laboratory. Chemical analyses were performed in an ISO-certified
laboratory using conventional titrimetric, gravimetric, and
spectrophotometric methods. Standard solutions were used for this
purpose and equipment was calibrated regularly to ensure accuracy.
Groundwater samples, as well as blanks, standards and spiked samples,
were analyzed to monitor for possible contamination or analytical
errors. The IBE was calculated to verify the analytical precision to ensure
that it was within the acceptable limit of +5%. To prevent a change in the
partial pressure of CO,, the samples were packed in clean plastic bottles
that were filled with water and contained no air. In Assiut’s Regional Soil
Fertility Laboratory, water samples were analyzed. CL~, HCO,~, Ca*,
and Mg”* were measured by titration, while SO,*~ was estimated by
turbidity, and Na* and K* were analyzed by flame photometer.

Sodium adsorption ratio (SAR), sodium percentage (Na%),
residual sodium carbonate (RSC), soluble sodium percentage (SSP),
permeability index (PI), Kelly’s ratio (KR), magnesium hazard (MH),
and total hardness (TH) are the quality parameters of irrigation
(Table 1). By comparing the results and based on the physicochemical
analyses with water guideline values, the acceptability of groundwater
sources for drinking and agricultural applications will be assessed.

Accordingly, GIS modeling integrated the AHP results using the
weighted overlay method to spatially analyze and visualize
groundwater quality in the study area. In addition, individual layers
were created for each hydrochemical parameter and quality index;
therefore, a spatial interpolation technique was applied to fill the gaps
in data coverage. The geospatial database built in ArcGIS 9.1 included
layers for hydrochemical parameters and quality indices that allowed
generating detailed groundwater adequacy maps. These maps are
useful for identifying spatial patterns of areas most and least suitable
for consumption and irrigation.
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According to the methods adopted by Rainwater and Thatcher
(1960) and Fishman and Friedman (1989), pH, electrical conductivity
(EC), and temperature were measured in situ using a portable field kit.
Collection of the geological and hydrogeological data of the study area
from previous works and internal reports is done. Using a topographic
map (scale 1: 100,000) for the preparation of the base map of the
studied area, all the graphical representations and maps for the
analytical results through creating a geospatial database was built
using Arc GIS 9.1 (ESRI, 2006) and Surfer 8 for Windows for analysis
the hydrochemical data and visualization of the results.

2.2 Groundwater quality assessment

Various factors were evaluated to assess the suitability of groundwater
in the research area for both human consumption and irrigation. The
water quality was verified by analyzing its chemical properties against the
guidelines set by the Egyptian High-Water Committee (Egypt Standard,
2007) and the World Health Organization (WHO Guidelines, 2004), as

TABLE 1 Groundwater quality indices for irrigation.

Index Mathematical equation References
SAR SAR = Na + /\/(Ca + Mg)/2 all ions in meq L™' | Wilcox (1955)
Na% Na% = Na*+K*/Ca** + Mg** + Na* + K* x 100 Doneen (1964)
RSC RSC = (HCO;™ + CO,*) — (Ca* + Mg™) all Richards (1954)

ions in meq L™

SSp SSP = (Na* + K*)/ Wilcox (1955)
(Ca® + Mg* + Na* + K*) x 100
PI — Doneen (1964)
. Na't +4/HCO3 100
4 TNTRMMS

Ca2N+ Ma2 + Na

MH MH = Mg <100 Raghunath (1987)
(Ca+Mg)

KR KR = Na + <100 Kelly (1940) and
(Ca+Mg) Paliwal (1972)

TH TH = 2.497 Ca’* + 4.115 Mg** ions in meq L™ Todd and Mays

(2004)

10.3389/frwa.2025.1502169

shown in Table 2. Other classifications of groundwater suitability for
drinking are based on total dissolved solids (TDS) (College of
Agricultural Sciences, 2002; Hem, 1970), as listed in Tables 3, 4.

Also, the suitability of water for agriculture depends upon many
factors, such as effective salinity hazard, sodium adsorption ratio
(SAR) (College of Agricultural Sciences, 2002; US Salinity Laboratory
Staff (USSL), 1954), residual sodium carbonate (RSC) (Eaton, 1950),
as listed in Tables 5, 6.

3 Results
3.1 Hydrochemical classification

Rockwork and Excel programs are used to examine the chemical
composition of collected samples, with the aim of understanding
their hydrochemical properties. The diagram provides a visual
representation of the results (Piper, 1944; Stiff, 1951; Schoeller,
1962). The chemical composition of the groundwater in the area was
examined using the Schoeller diagram, constructed using Excel
software version 2016. By plotting the data on this diagram, a
comparison of the major ion analyses, especially for groundwater
samples with high salinity, can be facilitated. The resulting chemical
data are shown in Figure 2A, with the chemical analysis of the
groundwater samples represented in equivalents per million
(meq/L). One of the advantages of this diagram over the more
commonly used trilinear diagram is that it provides the actual
concentrations of the parameters. Major ions are represented on the
graph by straight lines connecting the different ions, and if these
lines have approximately equal slopes, this indicates an identical
relationship between the correlated analyses. According to this
diagram, the following general patterns were recognized:
Na* > Cl” > SO > Ca** > Mg®* > HCO;", this reflects a high
concentration of sodium, chloride, and sulfate ions, indicating that
the dominant salts are sodium chloride and sodium sulfate. Several
factors can be attributed to these high concentrations of sodium,
calcium, magnesium, potassium and other ions in the groundwater
of the study area. From a geological perspective, the high ion
concentrations in the groundwater could be caused by the
dissolution of minerals such as halite, gypsum, calcite, dolomite,

TABLE 2 WHO Guidelines (2004) and Egypt Standard (2007) for drinking water quality.

Parameter Present study

Bicarbonate (HCO;") mg/L 500 No guideline 24.4-91.5
Calcium (Ca?) 75-200 200 30-100
Chloride (CI7) 250 250 887.5-1,775
Conductivity (EC) (m$S/cm) No guideline No guideline 3,600-13,800
Total Hardness (TH) mg/L 200 500 155.032-390.056
Magnesium (Mg**) 300 150 14.64-34.16
pH - 6.5-8 6.5-8.5 7.5-8
Potassium (K*) mg/L 12 No guideline
Sodium (Na*) 200 200 690-1,265
Sulfate (SO,>) 250 250 240-597
Total Dissolved Solids (TDS) 600 1,000 2,304-8,832
Frontiers in Water 05 frontiersin.org
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feldspars and micas. Long-term water-rock interaction, especially
for deeper aquifers such as the Nubian Sandstone, increases the
dissolution of minerals and increases the ion concentration. High
evaporation rates in this low-precipitation region tend to further
concentrate dissolved ions, mainly sodium and chloride.
Anthropogenic activities such as agricultural runoft containing
fertilizers and improper disposal of industrial and domestic
wastewater add large amounts of potassium and magnesium. The
hydrochemical processes involved include cation exchange, whereby
sodium replaces calcium and magnesium in the aquifer matrix,
reshaping the chemical composition of this groundwater. All these
factors therefore combine to explain the variations in ion
concentrations observed in the study area.

In the Stiff plot, TDS values of groundwater samples are plotted
on the horizontal axes at constant intervals. The plotted dots form a
distinctive pattern that reflects the composition of the representative
sample. By examining the resulting polygon, we can identify
similarities or differences in overall water chemistry. The width of the
polygon serves as an approximation of the total ion content. Based on
the plotted results, it can be inferred that the proximity of groundwater

TABLE 3 Classification of water according to its TDS value (Hem, 1985).

TDS values in Water categories Present study

mg L

<1,000 Freshwater -

From 3,000 to 10,000 Moderately saline water All samples (100%)

From 10,000 to 35,000 Very saline water -

>35,000 Brine water -

TABLE 4 Classification of water according to hardness (Hem, 1970).

Classification Hardness concentration @ Present
as CaCO;mg L? study
Soft 0-60 -
Moderately hard 61-120 -
Hard 121-180 15 samples
(88.23%)
Very hard >180 2 samples (11.77%)

10.3389/frwa.2025.1502169

samples is determined by the prevalence of sodium cations and
chloride anions (Figure 2B).

Cations and anions are shown separately in ternary plots in the
Piper diagram. The peaks of the anion plot represent sulfate,
chloride, and carbonate anions as well as hydrogen carbonate anions,
while the peaks of the cation plot represent calcium, magnesium,
and sodium as well as potassium cations. These two ternary plots are
then projected onto a diamond, which is a mathematical
transformation of a graph representing anions (sulfate + chloride/
total anions) and cations (sodium + potassium/total cations).
Typically, water samples located in the upper triangle exhibit
secondary salinity characteristics, where sulfate and chloride levels
exceed those of sodium and potassium. Conversely, samples found
in the lower triangle indicate primary alkalinity properties, with
higher levels of calcium and magnesium than carbonates and
bicarbonates. In the current investigation, the anion triangular zone
in the Piper diagram reveals that approximately 100% of the
groundwater samples are in the chloride zone. On the other hand,
the cation triangular area of the Piper diagram shows that all the
groundwater samples belong to the sodium and potassium
categories. The data represented as a diamond of the Piper diagram
indicates that all samples belong to the Sodium-Potassium-
Chloride-Sulfate category in the specified area (Figure 2C). The
diagrams indicate that the groundwater chemistry of the region is
primarily influenced by the dissolution and alteration of silicate and
sulfate minerals.

3.2 Hadrochemical facies and water types

Based on the levels of cations and anions found in groundwater
samples from the research site, the predominant orders of ions and
resulting chemical classifications are as follows. The hydrochemical
composition indicates that sodium chloride is the main water type in
the study area. In terms of cation and anion sequence, all groundwater
samples are classified in the order Na'> Ca® >Mg* >K'/
Cl~ > SO, > HCO;™, as detailed in Table 7. In the study area, the main
water type is sodium chloride, as indicated by the hydrochemical
composition. The cations and anions in the groundwater samples follow
a specific order, with Na*> Ca** > Mg** > K*/Cl” > SO~ > HCO;~
being the sequence observed in all samples, as presented in Table 7.

TABLE 5 Classification of irrigation water based on SAR values, College of Agricultural Sciences (2002) and US Salinity Laboratory Staff (USSL) (1954).

Quality Hazard

Use of water for Present study

irrigation

S1 0-10 Low sodium Excellent No harmful effect from sodium In all types of soil -
S2 10-18 Medium sodium Good Problems on fine texture soils sodium sensitive In coarse-texture soils with -
plants, especially under low-leaching conditions, = high permeability and rich in
but could be used on sandy soils with good organic matter
permeability.
S3 18-26 High sodium Fair Harmful effects could be anticipated in most Requires good drainage and | Wells no. 9, 10, 11 and 17
soils and amendments such as gypsum would chemical amendments
be necessary to exchange sodium ions
S4 >26 Very high sodium | Poor Generally unsatisfactory for irrigation It is very poor for irrigation Most samples (Wells no.
and requires low salinity 1to 8,and 12 to 16)
water.
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FIGURE 2
(A) Semi-logarithmic representation (Schoeller Diagram). (B) Stiff Diagram. (C) Piper triangle diagram of groundwater samples in the study area.

TABLE 6 Classification of irrigation water based on RSC values (Eaton,
1950).

RSC Hazard Present study
<0 None All samples (100%)
0-1.25 low, with some removal of calcium and -

magnesium from irrigation water
1.25-2.50 | Medium, with appreciable removal of -

calcium and magnesium from the

irrigation water
>2.50 High, with most calcium and magnesium -

removal leaving sodium to accumulate

3.3 Groundwater quality

3.3.1 Groundwater quality for drinking purposes
Tables 8, 9 and Figures 3A-C, 4A-C present the results of the
analysis performed on groundwater samples, including ion
concentrations and distribution maps of the chemical analysis results.
These results comply with the standards set by Egyptian regulations
and the World Health Organization (WHO) for the quality of drinking
water. pH levels are between 7.5 and 8, indicating a slightly acidic to
slightly alkaline nature, which corresponds to the recommended pH
range of 6.5-8.5 by Egyptian standards and those of the
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WHO. However, the range of electrical conductivity (EC) values
recorded was between 3,600 and 13,800 pS/cm, exceeding the
permissible limits for drinking water, as defined by WHO and
Egyptian guidelines. The total dissolved solids (TDS) ranged from
2,304 mg/L at well sample no. 8 to 8,832 mg/L at well sample no. 17.
The TDS distribution map in the area d of the study reveals an increase
toward the southern part of the wadi, with the salinity of the QAS
being higher than that of the NSAS. This southward increase in
salinity can be attributed to the direction of groundwater flow in this
area, indicating the influence of leaching effects from aquifers and
potentially continued recharge by precipitation. By the standards set
by Egyptian and WHO regulations, none of the groundwater samples
analyzed meet acceptable TDS levels for drinking water. Additionally,
the total hardness (TH) of groundwater samples exceeds 120 mg/L,
making the groundwater unsuitable for drinking. Sodium levels in the
area ranged between 690 and 1,265 mg/L (highest in Well 5),
exceeding acceptable limits for drinking water. It should be noted that
sodium concentrations increased downstream, indicating the presence
of water-soluble alkalis. In the QAS, sodium levels steadily increased
northward, while in the NSAS, they peaked further south. Calcium
concentrations generally remained within drinking water limits,
ranging from 40 to 100 mg/L (highest in well 17). Unlike sodium,
calcium levels showed an increase from north to south in both
aquifers, peaking at the southernmost point. The magnesium content,
naturally present in groundwater due to interactions between clays
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TABLE 7 lon's dominance sequences and groundwater type in the study area.

Sample no.

Na*+ K*

Water type

1 91.7 4.6 37 82.6 15.6 1.8 Na*> Ca* > Mg* > K'/ Sodium-
5 90 6 4 30 18 5 Cl~ > S0 > HCO;~ Chloride
3 91.3 5.1 3.6 85.5 12.8 1.7

4 91.8 4.4 3.8 83.2 15.5 13

5 89.7 6.5 3.8 84.9 13.6 1.5

6 89.3 6.2 4.5 83.6 14.9 1.5

7 90.4 6 3.6 82.5 16.5 1

8 90.2 6.4 34 82.5 16.5 1

9 88.3 7.8 39 80.3 18.1 1.6

10 90.4 6 3.6 82 16.4 1.6

11 87.4 7.6 5 79.5 18.2 2.3

12 92.1 3.8 4.1 82 16.4 1.6

13 90.9 4.6 4.5 80 18.2 1.8

14 91 4.6 4.4 80.4 17.4 2.2

15 91 5.5 35 81 17.2 1.8

16 89 7.1 39 79.3 18.5 2.2

17 86.5 8.7 4.8 76.9 20.5 2.6

TABLE 8 Chemical analyses of the groundwater samples in the study area.

pH  EC (uS/ TDS Major cations (mg/L) Major anions (mg/L)
cm) | (mg/L) K*  Ca*  Mg*  HCOs cr SO
1 7.8 6,500 4,160 920 4 40 19.52 488 1,3135 336 180.032
2 7.8 9,000 5,760 1,035 5 60 24.4 61 1,420 432 250.04
3 7.5 6,000 3,840 1,035 5 50 21.96 488 1,420 288 214913
4 7.6 6,000 3,840 1,104 5.1 46 24.4 427 1,526.5 384 215.04
5 8 11,500 7,360 1,265 5.4 80 28.06 549 1,775 384 315.046
6 7.7 7,500 4,800 1,150 7.9 70 30.5 488 1,597.5 384 300.05
7 7.8 5,200 3,328 1,035 113 60 21.96 30.5 1,420 384 240.036
8 7.6 3,600 2,304 920 10.4 56 183 24.4 1,242.5 336 215.03
9 7.8 7,300 4,672 1,035 7.9 80 24.4 488 1,420 432 300.04
10 7.6 3,700 2,545 690 9.9 40 14.64 30.5 887.5 240 160.024
11 7.8 8,000 5,120 920 8.8 70 28.06 61 1,242.5 384 290.046
12 7.7 4,500 2,880 828 9 30 19.52 36.6 1,065 288 155.032
13 7.9 6,700 4,288 920 8.5 40 244 488 1,242.5 384 200.04
14 7.8 6,800 4,352 1,035 8 50 244 61 1,3135 384 225.04
15 7.6 5,000 3,200 920 6.5 46 21.96 488 11715 336 205.036
16 7.8 11,000 7,040 1,150 111 80 26.84 73.2 1,526.5 480 310044
17 8 13,800 8,832 1,150 125 100 34.16 915 1,597.5 576 390.056

and minerals, varied between 14.64 and 34.16 mg/L (highest in well
17). It is interesting to note that the distribution of magnesium
followed the direction of the flow, increasing toward the north in the
QAS and toward the south in the NSAS. Bicarbonate levels were
within the acceptable range for drinking water, ranging from 24.4 to
91.5 mg/L (highest in Well 17), with a southward increase observed in
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both aquifers and a general decrease in the northern region. Chloride
levels in the area ranged from 887.5 mg/L (well no. 10) to 1775 mg/L
(well no. 5), while sulfate levels ranged from 240 mg/L (well no. 10) to
576 mg/L (well no. 17). Chloride concentrations showed a clear trend:
increasing southward in the QAS and northward in the NSAS. Sulfate
content followed a similar trend, reflecting the salinity levels of each
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TABLE 9 The maximum acceptable concentration for drinking water according to WHO Guidelines (2004) and Egypt Standard (2007).

Constituent

World Health Organization

Egyptian maximum permissible

Present study

( ) limits ( )
pH 65-85 6.5-8.5 7.5-8
EC mS/cm 15 15 3,600-13,800
TDS mg/L 1,000 1,000 2,304-8,832
Na* 200 200 690-1,265
K 12 12 12.5-4
Ca 200 200 30-100
Mg 150 150 14.64-34.16
cl- 250 250 887.5-1,597.5
SO 400 - 240-597
HCO,- 200 250 244-915

aquifer. According to standard limits for drinking water, all
groundwater samples from the study area are deemed unfit for
consumption. Dissolution and weathering of silicate and sulfate
minerals in the study area are the main processes that determine
groundwater chemistry. Silicate minerals, mainly feldspar and quartz,
and sulfate minerals such as gypsum are abundant in these geological
formations: sandstone, shale, and carbonate rocks. Weathering of
feldspar, a potassium and aluminum silicate, contributes K*, Ca**, and
Mg*" ions to the groundwater, resulting in high concentrations of
these elements and increased water hardness. Similarly, dissolution of
gypsum (CaSO,) and other sulfate minerals in the Nubian aquifer
leads to high levels of calcium (Ca**) and sulfate (SO,*), further
influencing water mineralization. These processes lead to higher TDS
and hardness, making the water less suitable for drinking but possibly
suitable for irrigation, particularly for salt-tolerant crops. Greater
interaction of groundwater with these rocks in the deeper Nubian
aquifer leads to higher mineral content compared to the shallower
Quaternary aquifer; this explains the variation in groundwater quality
across the region.

3.3.2 Groundwater quality for irrigation purposes

3.3.2.1 Sodium adsorption rate (SAR)

The composition of minerals presents in water impacts soil
structure and permeability, which has an indirect effect on plant
growth. The suitability of groundwater for irrigation can
be assessed using the sodium adsorption rate (SAR), which is
determined by the concentration of dissolved solids in the
groundwater. Table 10 classifies irrigation water into four main
categories based on SAR values. In the case of the groundwater
samples studied, the SAR values range from 23 to 32, as shown in
Table 11. Figure 5 illustrates the spatial arrangement of the SAR
and RSC values of the samples collected at the research site.
According to the SAR index, most water samples are considered
unsuitable for irrigation. The RSC index, which assesses soil
alkalinity risk, was used for irrigation water and soil water
assessments (Eaton, 1950; Das and Nag, 2015) categorized
irrigation water based on its carbonate and bicarbonate content,
introducing the residual value of sodium carbonate as a measure
of the relationship between concentrations of bicarbonate,
carbonate, calcium, and magnesium in water (meq/L).
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3.3.2.2 Residual sodium carbonate (RSC)

The RSC values calculated for groundwater samples from the
studied area vary from —2.5 to —6.3 meq/L (Table 11). This range
suggests that the water quality is excellent, safe, and suitable for
irrigation purposes, according to the RSC index. Irrigation water
quality standards established by US Salinity Laboratory Staff (USSL)
(1954) and Wilcox (1955) are used to assess water quality effectively
and efficiently through graphical representation of irrigation
water quality.

3.3.2.3 Chemical analysis

The EC and SAR values of the groundwater samples are plotted
on the Wilcox plot using Excel 2016 software (Figure 6). The
classification of groundwater samples belongs to category (S4C4),
indicating that the water is generally unsuitable for irrigation under
normal circumstances but can be used occasionally under specific
conditions. To use this water source, the soil must be permeable,
adequate drainage must be ensured, excessive irrigation must
be applied to allow leaching, and crops with high salt tolerance must
be selected.

3.3.2.4 Sodium percentage (Na%)

The soluble sodium content of water, denoted Na%, serves as a
parameter that reveals sodium risk and determines the suitability of
water for irrigation purposes. The interaction between soil and
sodium results in a reduction in soil permeability (Wilcox, 1955). Soil
alkalinity results from high levels of sodium present in irrigation
water, causing calcium and magnesium to be displaced by sodium.
As a result, soil permeability decreases, leading to poor drainage
(Collins and Jenkins, 1996). If the concentration of Na% in water
exceeds 60%, the physical characteristics of the soil will
be compromised (Porter and Marek, 2006). The groundwater in this
study has a sodium percentage ranging from 86.5 to 92%. Based on
the sodium percentage and electrical conductivity values of the
samples in the specified area (as presented in Table 12) and their
representation in the Wilcox diagram (Figure 6), it is evident that all
samples d of the groundwater in the study area are not suitable for
irrigation purposes. High sodium concentrations in groundwater can
lead to an exchange of sodium with calcium (Ca®*) and magnesium
(Mg**) in the soil, resulting in reduced permeability and poor
soil drainage.
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FIGURE 3 (Continued)

3.3.2.5 Permeability index (PI)

Excessive levels of Na*, Ca*, Mg?*, and HCO;™ in irrigation water
have been shown to impact soil permeability due to the widespread

use of irrigation water (Gautam et al., 2015).

Frontiers in Water

The groundwater in the present study has a PI percentage ranging
from 90.3 to 95%. The classification of irrigation water is determined
by the PI value, where a value greater than 75% is classified as class I,
25-75% as class I, and less than 25% as class III. This classification
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(A) pH, EC, TDS, and TH values. (B) Major ion (cations) concentrations. (C) Major ion (anions) concentrations in the groundwater samples, along with
their comparison to WHO (WHO Guidelines, 2004) and EHCW (Egypt Standard, 2007) standards.

takes into account the soil contents of Na*, Ca**, Mg**, and HCO;™. IP
values were observed in the study area range from 90.3 to 95%, as
shown in Table 12. Based on these IP values in the study area, all
samples fall under Class I, which indicates that the water is highly
unsuitable for irrigation.

3.3.2.6 Magnesium hazard (MH)

A significant concentration of Mg* in irrigated soils can
be attributed to the existence of exchangeable Na*. Paliwal (1972)
proposed a crucial ratio that plays a key role in preserving the balance
between calcium and magnesium in the majority of water sources,
known as the balance risk index. Crop productivity is negatively
affected as the soil becomes increasingly alkaline when the risk value
of magnesium exceeds 50% (Raghunath, 1987; Gupta and Gupta,
1987). The groundwater values obtained in this study show a range of
33.3-51.6% for MH. It is clear from these values that the majority of
groundwater samples, with the exception of sample 12, are below the
50% threshold. Therefore, these samples can be considered suitable for
irrigation purposes, based on the MH values shown in Table 12.

3.3.2.7 Kelly's ratio (KR)

Irrigation water quality is influenced by various factors, including
the Kelly ratio (KR). This particular parameter is determined by the
levels of Na*, Ca**, and Mg*" in the groundwater. When the KR value
exceeds one (KR > 1), it indicates an excessive amount of sodium,
making the water unsuitable for irrigation. Conversely, a KR value less
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than one means sodium deficiency (Kelly, 1940). In the present
investigation, the KR values vary between 6.4 and 11.6 meq/L, which
indicates that all groundwater samples possess values greater than 1.
Therefore, this means an excessive presence of sodium, making the
water unsuitable for irrigation (Table 12).

3.3.2.8 Soluble sodium percentage (SSP)

The presence of high concentrations of sodium, magnesium,
calcium, and bicarbonate in the soil leads to a reduction in its
permeability. The suitability of water for irrigation purposes can
be determined using the sodium adsorption rate (SAR). The soil
saturation percentage (SSP) values obtained in this study vary from 87
to 94% (Table 12). These high SSP values indicate that the soil has a high
capacity to interact with sodium, resulting in a reduction in
permeability. As a result, groundwater becomes unsuitable for irrigation.

3.3.2.9 Chloride (Cl)

Plants need a certain level of chlorine for growth, but high
concentrations can be harmful to sensitive crops. Chloride levels below
70 mg L are generally safe for all plants, while levels between 70 and
140 mg/L can damage sensitive plants. Moderately tolerant plants can
show damage at chloride concentrations ranging from 141 to 350 mg L™,
and levels exceeding 350 mg/L can cause serious problems (Bauder et al.,
2011). The study area shows chloride concentrations between 887.5 and
1,775 mg L™, indicating that most groundwater samples in the area have
levels above 350 mg/L, making them unsuitable for irrigation (Table 12).
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FIGURE 4
(A) Distribution maps of pH, EC, TDS, and TH. (B) Distribution maps of major ions (cations) concentrations. (C) Distribution maps of major ions (anions)
concentrations of the groundwater samples in the study area.
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TABLE 10 Irrigation water classes according to SAR.

Quality Hazard

10.3389/frwa.2025.1502169

Use of water for Present study

irrigation

S, 0-10 Low sodium Excellent No harmful effects from sodium In all types of soil -
S, 10-18 Medium Good Problems on fine texture soils sodium sensitive | In coarse textural soils with high -
sodium plants, especially under low-leaching permeability and rich in organic
conditions, but could be used on sandy soils matter
with good permeability.
Ss 18-26 High sodium Fair Harmful effects could be anticipated in most Requires good drainage and Wells no. 9,10,11, 17
soils and amendments such as gypsum would chemical amendments.
be necessary to exchange sodium ions.
Sy >26 Very high Poor Generally unsatisfactory for irrigation. Very poor for irrigation, requires | Most samples (Wells no. 1
sodium low salinity water, good drainage, | to 8, and 12 to 16)
and the addition of gypsum.

3.4 Groundwater suitability map

Different chemical quality standards have been established for
evaluating the suitability of water for drinking and irrigation uses. The
groundwater quality in the studied area can be distinguished from the
concentration of the major constituents obtained from the results of
chemical analysis of the groundwater samples, (TDS), (TH), (SAR),
and (RSC). As well as from its physical properties such as (pH), and
(EC), which are indicators of water salinity. Abd El Hameed et al.
(2017) concluded that the groundwater in Wadi Qena is unsuitable for
drinking and other domestic uses and could be used for irrigation
under certain conditions.

3.4.1 Groundwater suitability map for drinking
purposes

The groundwater suitability map was produced through the
integration of raster maps depicting different parameters (such as pH,
EC, TDS, Na', Ca*', Mg*, Cl-, SO,~, and HCO;") using a GIS spatial
model used in Arc GIS 8.1 software. The model results classified the
entire research area into the low relevance class (see Figure 7). This
suggests that the quality of groundwater throughout the region is
deemed unfit for drinking.

3.4.2 Groundwater suitability map for irrigation
purposes

Agricultural viability of groundwater (GW) depends on various
factors, including Na%, PI, MH, KR, SSP, and CI-, SAR, RSC, Cl-, TH,
and soil properties such as permeability, porosity, and texture. A
spatial groundwater model was created to identify optimal areas for
irrigation planning, taking these factors into account. The model
results are divided into two relevance categories: low and moderately
low (Figure 8). The groundwater quality suitability for irrigation map
revealed that all groundwater samples were deemed unsuitable for
irrigation due to their low quality for typical crops, but moderately low
suitability for highly salt tolerant crops.

4 Discussion

The hydrochemical classification of groundwater samples is
analyzed using Rockwork and Excel programs. The Schoeller
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TABLE 11 SAR, RSC, and TH for groundwater samples in the study area.

Well. SAR RSC TH lon balance
no (meq/L) (mg/L) (VA]
1 29.814 -28 180.032 —14
2 28.4604 —4 250.04 0
3 30.6897 -35 214.913 26
4 327357 -36 215.04 05
5 30.9889 —54 315.046 2
6 28.8675 -52 300.05 2
7 29.047 —43 240.036 13
8 27.2797 -39 215.03 22
9 25.98 -52 300.04 1.2
10 23717 -2.7 160.024 42
11 23.4888 —438 290.046 2
12 28.9158 -25 155.032 33
13 28.284 -32 200.04 02
14 30 -35 225.04 36
15 27.9372 -33 205.036 39
16 28.398 -5 310.044 1.8
17 253184 —6.3 390.056 -0.6

diagram, constructed using Excel version 2016 software, provides a
visual representation of the results, allowing comparison of major
ion analyses, especially for high salinity samples. The diagram
identifies a high concentration of sodium, chloride and sulfate ions,
indicating that the dominant salts are sodium chloride and sodium
sulfate. The Stiff plot shows the TDS values of the groundwater
samples, indicating similarities or differences in the overall water
chemistry. Cations and anions are presented separately in ternary
plots in the Piper diagram, with peaks representing sulfate, chloride,
carbonate, hydrogen carbonate anions and calcium, magnesium,
sodium and potassium cations. The diamond-shaped data in the
Piper diagram indicate that all samples fall into the sodium-
potassium-chloride-sulfate category within the specified area. The
hydrochemical composition indicates that sodium chloride is the
main type of water in the study area (Hamma et al., 2024; Nayak
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FIGURE 5
SAR, and RSC distribution maps in the study area.

et al., 2023; Ali et al., 2024; Hou et al., 2023; Belkhiri and Mouni,
2012; Bu et al., 2020; Soltan, 1998).

The high salinity rate in general and chemical elements such as
sodium, calcium, and other elements are due to two main factors,
which are the nature and type of rocks not only in the study area but
also all the rocks carrying groundwater from their source which is
very far from the study area and it is the second main factor in the
high salinity rates in the study area as these elements dissolve from the
rocks they pass through. The study area is one of the desert areas and
the only source of water is groundwater which includes a Quaternary
aquifer (QAS), a Nubian sandstone aquifer (NSAS), a fractured
limestone aquifer; and a fractured crystalline (basement) aquifer and
the water source of these reservoirs in addition to the geological
nature are the factors causing the high rates of various chemical
elements in the study area.

The study analyzes groundwater samples, revealing pH levels
between 7.5 and 8, which corresponds to the recommended pH range
of 6.5-8.5 by Egyptian and WHO standards. However, the electrical
conductivity range exceeds the permissible limits for drinking water,
according to WHO and Egyptian guidelines. Total dissolved solids
(TDS) range from 2,304 to 8,832 mg/L, with an increase toward the
southern part of the wadi. The water is considered hard due to the
presence of industrial waste (agricultural processing, textile industries,
chemical manufacturing and salt production) and sewage, exceeding
the permissible limits. Sodium levels range from 690 to 1,265 mg/L,
with an increase in QAS and NSAS. Calcium concentrations remain
within drinking water limits, while magnesium levels increase from
north to south in both aquifers. Bicarbonate levels are within
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acceptable limits, while chloride and sulfate levels vary. All
groundwater samples are considered unsafe for drinking, indicating
that dissolution and weathering of silicate and sulfate minerals are
having a significant impact on the groundwater chemistry of the
region (Chegbeleh et al., 2020; Al Saleh and Nehaba, 2024; Rawat
etal., 2018; Soomro et al., 2024; S et al., 2022; Islam and Mostafa, 2022;
El-Amier et al., 2021; Osman, 2018).

The suitability of groundwater for irrigation is determined by
various factors including sodium adsorption rate (SAR), residual
sodium carbonate (RSC), permeability index (PI), magnesium risk
(MH), Kelly coeflicient (KR) and soil saturation percentage (SSP). The
SAR index classifies irrigation water into four main categories based
on its dissolved solids concentration in groundwater. Most water
samples are considered unsuitable for irrigation due to their high
sodium content, which can lead to soil alkalinity and poor drainage
(Shaaban, 2024; Yildiz and Karakus, 2020).

The RSC index indicates that the water quality is excellent, safe
and suitable for irrigation. However, soluble sodium (Na%), which is
the interaction between soil and sodium, leads to reduced soil
permeability, resulting in poor drainage. The Permeability Index (PI)
classifies irrigation water based on its Na*, Ca**, Mg**, and HCO;~
levels. PI values range from 90.3 to 95%, with all samples classified as
Class 1, indicating that the water is highly unsuitable for irrigation
(Khan etal., 2022; Zaman et al., 2018; Badr et al., 2023; Megahed, 2020).

The Equilibrium Risk Index (MH) measures the concentration of
exchangeable Na* in irrigated soils, which negatively affects crop
productivity when the risk value of magnesium exceeds 50%. The
majority of groundwater samples, except sample 12, are below the 50%
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FIGURE 6
Groundwater suitability for irrigation for groundwater samples according to U.S. Lab. Classification.

threshold, making them suitable for irrigation (Osman, 2018; Shaaban,
2024; Yildiz and Karakus, 2020; Khan et al., 2022; Zaman et al., 2018;
Badr et al., 2023; Megahed, 2020).

Another parameter influencing the quality of irrigation water is
the Kelly coeflicient (KR). When the KR value exceeds 1, it indicates
excess sodium, making the water unsuitable for irrigation. Soil
saturation percentage (SSP) values range from 87 to 94%, indicating
that the soil has a high capacity to interact with sodium, resulting in
reduced permeability. Chloride concentrations can be harmful to
sensitive plants, and the study area has chloride concentrations greater
than 350 mg/L, making most groundwater samples unsuitable for
irrigation (Khan et al., 2022; Zaman et al., 2018; Badr et al., 2023;
Megahed, 2020).

The groundwater suitability map for drinking and irrigation in
Wadi Qena was created using a spatial GIS model. The map
incorporated raster maps of various parameters including pH,
electrical conductivity, TDS, Na*, Ca**, Mg*, Cl~, SO,*, and HCO;".
The results classified the entire research area into a low suitability
class, indicating that the groundwater quality is not suitable for
drinking. The model also identified suitable areas for irrigation
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planning, revealing that all groundwater samples were unsuitable for
typical crops, but moderately low for highly salt-tolerant crops
(Moubark and Abdelkareem, 2018; Yan et al., 2024; Worku et al., 2024;
El Osta et al., 2022). In addition, the delineation of the potential
groundwater recharge area is underway to improve the quality and
quantity of water available in the Wadi Qena watershed. However,
there are opportunities for further improvements through the
and the
modernization of wastewater treatment as well as water conservation

introduction of sustainable agricultural practices

and pollution control campaigns (El Osta et al., 2022; Saraswat et al.,
2023; Kumar et al., 2022; Balaji et al., 2017). The Qena Governorate
has developed an environmental action plan that includes
environmental awareness raising for residents and government
employees, and also includes plans for improving solid waste
management, water supply, and water quality.

A GIS map produced classified the area into a low suitability class,
and recommended sustainable agricultural practices (AbdelRahman
and Arafat, 2020; AbdelRahman et al., 2018), installation of wastewater
treatment facilities, as well as campaigns for public awareness on water
conservation and prevention of pollution (Megahed et al., 2023).
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TABLE 12 Na%, Pl, MH, KR, SSP, and Cl~ parameters values in the study
area.

1 94.6 444 11.11 94 91.7 1,313.5
2 93.2 40 9 90 90 1,420
3 94.1 41.7 10.5 91 91.3 1,420
4 94.6 46.5 11.2 92 91.8 1,526.5
5 92.7 36.5 10.4 90 89.7 1,775
6 92.5 41.6 8.3 89 89.3 1,597.5
7 93.2 37.5 9.4 90 90.4 1,420
8 93 34.9 9.3 90 90.3 1,242.5
9 91.5 33.3 9 88 88.2 1,420
10 93.4 37.5 9.4 90 90.4 887.5
11 91.1 39.6 6.9 87 87.3 1,242.5
12 95 51.6 11.6 92 92 1,065
13 94.2 50 10 91 90.9 1,242.5
14 94 44.4 10 91 90.9 1,313.5
15 93.8 43.9 9.8 91 90.7 1,171.5
16 92.2 35.5 8.1 89 88.9 1,526.5
17 90.3 35.9 6.4 87 86.5 1,597.5

10.3389/frwa.2025.1502169

5 Conclusion

The study area is entirely encompassed by sedimentary rocks
ranging from the Precambrian to the Quaternary. The NSAS and QAS
are the main sources of groundwater. Chemical analyses carried out
on the groundwater samples reveal that they have an acidic to slightly
alkaline character. Groundwater quality and suitability for drinking
and agricultural uses were assessed using a spatial model and
hydrochemical analysis of existing groundwater wells. The results
indicated high values of total dissolved solids (TDS) in the north—
south section of the Quaternary aquifer in the study area, with sulfate
content in the Quaternary aquifer samples increasing toward the
south. Conversely, sulfate content increases northward in samples
from the Nubian aquifer, which can be attributed to increased
agricultural activities and pumping rates.

The quality of groundwater in the region is characterized by a
range of values for various parameters. Total Dissolved Solids (TDS)
range of 2,304-8,832 mg/L, Total Hardness (TH) of 155.03-
390.06 mg/L, Electrical Conductivity (EC) of 3,600-13,800 pS/cm,
sodium adsorption ratio (SAR) from 23.49 to 32.74 meq/L, sodium
percentage (Na%) from 86.5 to 92%, residual sodium carbonate (RSC)
from —2.5 to —5.4 meq/L, permeability index (PI) from 90.3 to 94.6%,
magnesium risk (MH) from 33.3 to 51.6%, Kelly ratio (KR) from 6.4
to 11.6 meq/L, sodium saturation percentage (SSP) 87-94%, and
chloride (Cl") 887.5-1,775 mg/L. The results indicate that all
groundwater samples from the study area are unsuitable for drinking

FIGURE 7

Groundwater suitability map for drinking purposes in the study area.

Suitability Map for

§ Drinking
2 I Low

® Wells

26°15'N 26°20'N 26°25'N 26°30'N

26°10'N

Frontiers in Water

16

frontiersin.org


https://doi.org/10.3389/frwa.2025.1502169
https://www.frontiersin.org/journals/Water
https://www.frontiersin.org

Megahed et al.

10.3389/frwa.2025.1502169

Suitability Map for
Irrigation
Low

I Moderately Low
®  Wells

26°10'N 26°15'N 26°20'N I 26°25'N 26°30'N 26°35'N

15
— — ;km'

FIGURE 8
Groundwater suitability map for irrigation purposes.

32°45'E 32°S0'E 32°55'E 33°0'E

and irrigation. The quality maps further confirm that groundwater is
not suitable for these uses. The Schoeller, Stiff, and Piper diagrams
suggest that NaCl is the dominant water type in the region. The
sequence of cations and anions in groundwater samples shows a
predominance of Na'> Ca® > Mg*/Cl~ > SO~ > HCO;™. These
plots, along with multi-analytical analysis, indicate that the dissolution
and weathering of silicate and sulfate minerals play an important role
in controlling groundwater chemistry in the region. The study
highlights remedial measures for improving groundwater quality, such
as establishing monitoring and GIS-based management systems to
track groundwater quality, promoting efficient irrigation techniques
to reduce soil salinity and prevent groundwater contamination,
exploring localized desalination and treatment technologies for
enhanced water quality, implementing artificial recharge projects
using treated wastewater or surplus surface water to improve aquifer
storage, and enforcing stricter policies on waste management,
industrial effluents, and agricultural practices to minimize
contamination sources. To improve groundwater management, it is
recommended to stop their use for agricultural purposes due to their
unsuitability and instead focus on their use for livestock or poultry
farming depending on their quality. Groundwater from the Nubian
aquifer can be used to grow crops compatible with its quality and the
region’s soil conditions, using modern irrigation techniques to
conserve this non-renewable resource. Regular monitoring and
assessment of changes in water quality in the region is essential. An
effective groundwater management plan is needed for the region, and
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the results of this study can provide valuable information to policy
makers involved in managing groundwater quality in the region.
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