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Information collected from geophysical and geochemical data has been used in 
investigating the groundwater resources potential, hydrogeochemical characteristics, major 
hydrogeochemical processes that govern groundwater chemistry, quality and suitability 
assessment for drinking and irrigation uses from six wells of shallow quaternary aquifer in 
southern part of Eastern Desert, Egypt. A total of 32 Time-Domain electromagnetic 
soundings (TDEM) in time phase and vertical electrical soundings (VES) were measured 
on the same sites to detect the subsurface geological section and delineate water-bearing 
layers. The results of geoelectrical interpretation calibrated with gamma ray and resistivity 
logs of drilled wells.  The findings illustrated that the subsurface section has four 
geoelectrical layers. The second layer represents the freshwater aquifer. Our results 
demonstrated that the dominant hydrogeochemical facies observed in this area is Ca + 
Mg-Cl + SO4 and mixed Ca + Mg-Cl + SO4  type. According to Base Exchange index (r1) 
and (r2), the water classified as   Na-SO4 type, which is associated with salinization (r1<1) 
and deep meteoric percolation type (r2<1). The groundwater chemistry depends on 
reverse ion exchange weathering of carbonate minerals as well as silicate weathering. 
Moreover, evaporation process controlling factors of groundwater chemistry in quaternary 
aquifer. Results from EC, sodium adsorption ratio (SAR), soluble sodium percentage 
(SSP), permeability index (PI) and magnesium hazard (MH) reveal that most of 
groundwater is relatively appropriate for Agricultural purposes. 

 

1. Introduction  

Egypt is one of those countries that has a shortage of 
water, not only due to its limited water supplies but also 
due to its arid climate. The research area has a freshwater 
shortage, with rainfall behaving as the only source of 
drinkable water and the primary source of groundwater 
recharge. Groundwater is the principal resource of fresh 
water in Egypt's Eastern Desert, which occupies 22% of 
the country's total area (Ahmed et al. 2019). Many 
investigations have been done in latest years to better 
understand the evaluation of water resources in the 
Eastern Desert (Gheith and Sultan, 2002; Abdel Moneim 
2005; Yousef et al. 2009; Abdalla, 2012; Ahmed et al. 
2019). In such circumstances, establishing a groundwater 
quality baseline is critical. 

Because fresh groundwater is scarce, a number of 
desalination facilities have been built to meet the rising 
requirement for water, particularly for drinking and 
household needs. From north to south, these facilities 
were distributed to one facility in Hamata area, one facility 
in Mars Homeira area and two facilities in Marsa Alam city 
(Arafat et al. 2017). 
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Quality of groundwater normally controlled many 
factors, i.e water–rock interactions, recharge from different 
origins, lithology, and geochemical activities along the flow 
direction in aquifer. Hydrochemical information derived 
from interactions able to be used to determine 
hydrochemical characteristics, mechanisms and 
processes, origins of major ions, pollution source, and 
significance for irrigation, …etc. (Alemayehu et al. 2020; 
Yidana et al. 2020). 

The current study was performed to detect the water 
quality and evolution based on different parameters, 
delineate water-bearing aquifers, and select the good 
locations for the future drilling plan. The novelty of the 
current study is to use integrated interpretation for 
geophysical data represented by TDEM, VES data and 
hydrochemistry data. The geophysical data is used for 
delineation of the configuration of groundwater 
represented by the thickness and depth of the aquifer. The 
hydrochemistry data is used to determine the quality of 
aquifer, estimate the percentage of cations and anions in 
the area under investigation, and then select suitable sites 
for drilling new wells in the stud area. 

Measuring the electrical resistivity by electromagnetic 
in time-phase and vertical electrical sounding techniques 
have been generally used to solve the groundwater 
prospecting impediments and hydrogeology, delineate the 
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potentiality of groundwater in and its geology, define the 
aquifer, saltwater intrusion, and detect the subsurface 
structures (e.g., Nowroozi et al., 1999; Sultan and Santos, 
2008; Araffa, 2010; Mohamed et al, 2012; Araffa et al, 
2015;; Araffa et al. 2017; Basheer et al, 2020; Mosaad and 
Basheer, 2020; Alezabawy et al. 2021; Babatunde et al., 
2022; Chouchene et al, 2022).   

Methods utilized in the current study (i.e., geophysical 
and geochemical techniques) may be more extensively 
appropriate as a kind of decision-making technique. The 
objectives of this research were: (1) to assess the 
chemistry of groundwater; and (2) to detect 
hydrogeochemical process that presently controlled the 
water chemistry in the region. The quality of groundwater 
for human potable and agricultural uses is also taken into 
account. 

2. Study area characteristics 

The area under investigation is a located in the 
southern Eastern Desert (23◦ 45′ to 24◦ 3′ N and 34◦ 42′ to 
34◦57′ E) covering an area of about 505 Km2 (Fig. 1a). The 
area is characterized by high and low topographic lands 
raised above mean sea level (Fig. 1b). The highlands 
consist of the uplifted relief high mountains (Red Sea Hills) 
that located in the west side of the coastal plain. The 
elevation reaches roughly 1250 meters above sea level. 
Many drainage patterns and wadis were characterized a 
rugged topography (Arafat et al. 2017). 

The area under investigation is distinguished by high 
aridity where the temperature achieves its maximum in the 
summer and ranges between 45 0C and 50 0C (Ageeb 
etal., 2007). The annual rainfall is less than150 mm/year 
(Khalil, 2014), while the rate of potential evaporation varies 
between 2.1 mm/day in winter and 9.2 mm/day in the 
season of summer (Mohamaden and Ehab, 2017; Ahmed 
et al. 2019). 

Geologically, the rocks in the area under investigation 
are mainly composed of Precambrian basement rocks 
which considers as the oldest rocks on the earth 
(TDA/RSSTI, 2003). The Quaternary alluvial sediments 
are the youngest formation and widely developed with the 
greatest thickness towards the Red Sea coast (20m) 
(Abdel Moneim,2005). They are characterized by (1) Wadi 
deposits as sands and gravel detrital, (2) Sabkhas as fine 
sands, silts, silty clay, and evaporates, and finally (3) 
Terraces as sand, gravels, and conglomerates with some 
if evaporates deposits (EGSMA, 1997).The basement 
rocks of Baranis-Aswan Road consist of an assortment of 
the oldest Pan-African rock units as well as medium-grade 
hornblende schist, a selection of gneisses and migmatite 
with medium- to low-grade metavolcanic (Ali-Bik et 
al.,2022) (Fig. 2).  

From a hydrogeological standpoint, the Quaternary 
aquifer present to the east are characterized by sand, 
gravel and clays that form Wadi-filling (Arafat et al. 2017). 
Rainfall is the main recharge sources for such aquifer and, 
in exceptional situations, flash floods. (Zagloul et al. 2000; 
Azab, 2009). In addition, a recharge from deep aquifers is 
possible. (Lankester, 2012). The total depths vary between 

12.4 m and 101 m, the diameters extend from 1 m to 2m, 
and the depths to water levels range from 2.10 m to 100 
m, respectively (Arafat et al. 2017). 

3. Materials and methods  

The geophysical investigation was conducted on an 
area extending 40 × 50 km with a total area of 
approximately 505 km2. Vertical Electrical Sounding 
surveys were measured using Syscal Pro manufactured by 
IRIS Company (France). A total of 32 VESs were 
measured using AB/2 up to 1000 m. same number of 
TDEM soundings were measured in the same sites of VES 
with 100 x 100 m loop (Fig. 1b).  

To calibrate the resistivity model with the basic 
information, VESs and TDEMs numbers (13, 11, 9, 23, 
and 27) were measured beside the boreholes (1, 2, 3, 4 
and 6) respectively. The interpretation of VES was applied 
through two steps; first, a manual interpretation using 
standard curves was made, and second, the manual 
model was introduced into a computer program (Res1D, 
V1beta, 2001) to obtain the final model representing the 
layer parameters as resistivity and thickness (Fig. 3a). The 
interpretation of TDEM was done by (ZONDTEM1D, V 5.2, 
2016) (Fig.  3b). The initial model was approximated from 
the interpreted VESs data and then compared with the 
logs data of previously drilled wells (Fig. 3c). The final 
model of VES and TDEM were collected to reach a unified 
model that gives a good visualization of the subsurface 
layers in the area under investigation and the presence 
and extension of the aquifer. 

A total of 6 wells (Fig. 1b) served in October 2021 from 
existing wells corresponded to Quaternary aquifer. The 
samples were taken immediately from the borehole after 
10 minutes of pumping the well. The Global Positioning 
System (GPS) was used to define well sites. (Fig. 1b). 
Physicochemical parameters (pH, EC, and TDS) were 
obtained using calibrated portable instruments at the time 
of water sampling. The concentrations of Ca2+, Mg2+, Na+, 
K+, SO4

2-, and Cl- were measured by A Thermo Scientific 
Ion chromatograph (IC, model Dionex, ICS-1100). HCO3

− 
anion was examined titrimetrically versus sulfuric acid by 
neutralization method. The accuracy of the water analysis 
can be obtained using the charge balance error, and all of 
samples were within the acceptable limit (±5%). 

4. Results and discussion 

4.1 Geophysical Investigation 

Interpretation results for both vertical electrical probes 
and electromagnetic probes showed the division of the 
subsurface layers into four layers according to their 
geoelectrical properties. Well logs data of drilled wells 
greatly helped in setting the prototype for building the 
interpretation. There is near agreement between the 
interpretations resulting from the data of vertical and 
electromagnetic sounding. The findings of the geoelectrical 
interpretation for TDEMs and VESs (Nos. 13, 11, 9, 23, 
and 27) measured nearby boreholes Nos (1, 2, 3, 4 and 6) 
reveal an agreeable resemblance for the outcomes of the 
boreholes data (Fig.1b). An example of the correlation 
between the interpretation of TDEM and VES Nos. (13) 
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and the lithological description for the borehole logs No. 
(1) is shown in Figure (3). The results of the geoelectrical 
interpretation indicate the subsurface cross-section that 

comprises different geoelectrical layers. Two cross-
sections represented in Figure (4 a, b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

                                 Fig. 1 Location map of the study area. 
 

 

 

 

 



                                A. K. Alezabawy et al /Frontiers in Scientific Research and Technology 4 (2022) 62- 81                                  65 

 

 

 Fig. 2 Geologic map of study area (Abd Allah, 2012). 

 

Table 1. The description of the geoelectrical layers with its elevations, depths, and the range of its resistivity values. 

Geoelectrical layers 

Elevation in meter 
above sea level (amsl) 

Thickness in 
meter 

Resistivity value in 
Ohm.m 

Min Max. Min Max. Min Max. 

Surface Layer 410 511 53.69 86 2732 4376 

Second Layer (Freshwater aquifer) 356 444 16 27 32 55 

Third Layer 333 416 106 158 11 17 

Fourth Layer 206 265 unlimited 4246 4600 
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Table 2. Statistical overview of the hydrochemical variables (n=6) for analyzed samples. 

Parameters Units Minimum Maximum Mean SD 

pH - 7.60 8.40 8.17 0.28 

EC µS/cm 1650.00 2340.80 2041.97 273.22 

TDS mg/l 1036.00 1501.00 1208.17 176.00 

Na+ mg/l 54.10 270.00 151.93 68.23 

Ca2+ mg/l 80.00 170.80 110.40 32.39 

Mg2+ mg/l 26.30 97.30 73.63 27.62 

K+ mg/l 3.90 13.20 6.20 3.20 

Cl- mg/l 202.50 636.20 361.37 170.08 

SO4
2- mg/l 188.00 320.00 253.48 41.09 

HCO3
− mg/l 100.00 183.00 156.41 26.92 

CO3
2- mg/l 4.80 18.00 10.48 4.19 

TH mg/l 363.58 697.33 577.90 104.04 

EC= Electric Conductivity, TDS=Total Dissolved Solid and TH=Total Hardness 

The first geoelectrical layer consists of Wadi deposits 
composed of gravel, flint, silt, and sand “Holocene” of 
Quaternary deposits. The second geoelectrical layer 
contents of loose sand of Quaternary deposits with fresh 
groundwater.  The third geoelectrical layer comprises 
sandy shale. The fourth geoelectrical layer comprises 
basement intrusion. The lower surface of this layer is not 
detected at any TDEM and VES (Fig. 3 and Fig. 4). A 
description example of the subsurface stratigraphy for the 
borehole No. 1 is shown in Figure (3 c). Table (1) shows 
the description of the geoelectrical layer with its elevations, 
depths, and the range of its resistivity values. The water-
bearing formation were obtained from the lithological 
description of the borehole logs of natural gamma logs, 
electrical resistivity logs in wells nos. (1, 2, 3, 4 and 6). The 
distribution of thickness and elevation of the aquifer 
(second geoelectrical layer) represented in figure (5 a, b), 
The western part of the area under investigation 
represented the first promising priority zone for planning 
drilling boreholes. (From Fig. 5 b the zone of VESes 5, 6, 
10, 18,19, 30,31 and 29 ) from geophysical study. 

4.2 Physicochemical characteristics of groundwater  

The descriptive statistics of the groundwater chemical 
data mentioned in Table 2 and Figure .6. The relative 
cornucopia of the major ions is as follows: Na+ > Ca2+ > 
Mg2+ > K+ whereas Cl− > SO4

2− > HCO3
-. The pH value of 

groundwater samples ranges from 7.60 to 8.40 with an 
average about 8.17 and standard deviation about 0.28. 
Generally, pH of the groundwater samples was observed 
to be alkaline in nature. The electrical conductivity at 25 
0C varies between 1650.00 and 2340.80 µS/cm with an 
average about 2041.97. Based on EC, water classification 
of the groundwater samples represents weakly (50%) to 
moderately (50 %) mineralized water (Table. 3). 

According to TDS, water classification shows that all of 
groundwater samples are classified as slightly brackish 
water category (Table 4). Spatial distributions EC and TDS 
and other parameters are demonstrated in maps (Figs 7. 
a-h ). These maps revealed that concentrations rise from 
the northeast to the southeast with groundwater flow 
direction (Fig.5a) of the area under investigation, with the 
exception of bicarbonate, which moves in the opposite 
direction when compared to other parameters. 

4.3 Hydrochemical facies and groundwater 
classification 

Piper plot (Piper 1994) is commonly used to assess 
the characteristic chemical composition of aquifer system. 
The majority of the groundwater samples, the alkaline 
earth elements (Ca2+ + Mg2+) exceeded the alkali earth 
elements (Na++ K+). Two hydrochemical facies could be 
identified on the diagram. The Ca + Mg-Cl + SO4 type 
(facies 5) consisting of three samples (Fig. 8a). In these 
facies, the primary hydrogeochemical processes are 
gypsum/anhydrite dissolution and reverse ion exchange. 
(Alharbi and Zaidi 2018).  The remaining 3 samples belong 
to the mixed Ca + Mg − Cl + SO4 type (Facies 4). 
Generally, Dominance of Ca2+ and Mg2+ indicate that the 
water mineralization is affected by the reverse ion 
exchange process. 

Instead of using the traditional Piper ternary diagram, 
Matthes (1982) advocated classifying groundwater 
sources using the values of the Base Exchange Index (r1). 
Eq. (1) is used to compute the Base Exchange Index (r1). 
If r1 < 1, the origin of the groundwater is depicted as Na+ − 
SO4

2-, whiles r1 > 1 indicates that the water is of Na+ - 
HCO3

- type.  

Base−exchange index (r1)=(Na+−Cl-)/SO4
2 (concentration 

in meq/l)                                                                           (1) 



                                A. K. Alezabawy et al /Frontiers in Scientific Research and Technology 4 (2022) 62- 81                                  67 

 

Table 3. Water classification based on electrical conductivity (Detay and Carpenter 1997) 

Electrical conductivity 

(μS/cm) 
Mineralization 

Number of 

samples 
% of samples 

<1000 Very weakly mineralized water - - 

1000–2000 Weakly mineralized water 3 50 

2000–4000 Slightly mineralized water 3 50 

4000–6000 Moderately mineralized water - - 

6000–10,000 Highly mineralized water - - 

>10,000 Excessively mineralized water - - 

 

 

 

 

Fig. 3 (a) 1-D model inversion examples of the VES stations (S13), (b) 1-D model inversion examples of the TEM stations 
(S13), (c) well logging charts (resistivity and gamma rays) and lithological design of wells W1. 
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Fig. 4 (a) Geoelectric cross-section A-A/, (b) Geoelectric cross-section B-B/. 
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Fig. 5 (a) Elevation contour map of groundwater aquifer, (b) thickness contour map of groundwater aquifer. 
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Table 4. Classification of groundwater according to the TDS (mg/l). 

 TDS Water class 
Number of 

samples 
% of 

samples 

According to 
Freeze and Cherry 

(1979) 

<1000 Fresh water type -  

1000–10,000 Brackish water type 6 100 

10,000–100,000 Saline water type -  

>100,000 Brine water type - - 

According to 
Todd (1980) 

10–1000 Fresh water -  

1000–10,000 Slightly-Brackish water 6 100 

10,000–100,000 Brackish water - - 

>100,000 Brine water - - 

 

 

Fig. 6 Box plots showing water chemistry of the quaternary aquifer. 
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Figure. 8c demonstrates that all of the water samples 
had r1> 1, indicating a high preference for the Na-SO4 
type, which is associated with salinization (Stuyfzand 
1986). Calculating the Na/Cl ratio that was subsequently 
utilized to determine the magnitude of ion exchange in 
water chemistry, supported this. The Na/Cl ratio ranged 
from 0.35 to 1.05 meq/l, with an average of 0.68 meq/l 
(Table 5). Because of the predominance of Cl- in the water 
as NaCl, the calculated results revealed that 83 percent of 
groundwater samples had a Na/Cl ratio smaller than unity. 
The elevated Cl- levels could be attributable to base-
exchange mechanisms or the leaching of marine salt 
facies (Abdalla et al. 2020). The Na/Cl ratio was more than 
unity in the remaining samples (17%), implying the 
emission of Na+ from silicate weathering during rock-water 

contact, evapotranspiration and the meteoric origin of the 
groundwater (Abdalla et al. 2020). 

The groundwater has been categorized too based on 
meteoric genesis index (r2) which was calculated using 
Eq. (2). 

Meteoric genesis index (r2) =  (K+ + Na+) − Cl− / SO4
2−  

(in meq/l)                                                                        (2) 

The values of r2 are <1, indicates that groundwater is 
of deep or extreme meteoric percolation type and r2 >1 
distinct groundwater source belongs to shallow or light 
meteoric percolation type (Matthes, 1982). The analyzed 
groundwater samples in area under investigation show 
that all of groundwater samples belong to deep meteoric 
percolation type (r2<1) meaning that groundwater samples 
had longer residence time via deeper percolation (Fig. 8c). 

 

Fig. 7 Spatial distribution maps for physicochemical parameters of the quaternary aquifer. (a) TDS distribution map (b) 
Na+ distribution map (c) Ca2+ distribution map (d) Mg2+ distribution map (e) K+ distribution map (f) SO42- distribution map 
(g) Cl- distribution map (h) HCO3

- distribution map. 
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Fig. 8 (a) Piper diagram of groundwater samples from the quaternary aquifer (b) spatial distribution map of 

hydrochemical facies (c) base exchange index (r1) and meteoric genesis index (r2) of the groundwater samples (d) 

and (e) Gibbs diagrams for controlling factor of groundwater quality (f) TDS vs Na/Cl. (g) Plot of a Na+ vs. Cl-  (h) CAIs 

indicating base ion exchange processes in groundwater. 
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Table 5. Ratios of ion exchange reaction and silicate weathering in the study area. 

Parameter Minimum Maximum Average 

Na/(Na + Ca) 0.22 0.64 0.53 

CAI 1 -0.06 0.61 0.30 

CAI2 -0.05 1.20 0.46 

Cl/ƩAnions 0.42 0.73 0.53 

Mg/(Ca + Mg 0.30 0.66 0.51 

Na/Cl 0.35 1.05 0.68 

r1 -1.81 0.06 -0.73 

r2 -1.79 0.08 -0.70 

RI 1.79 8.29 3.84 

 

Revelle (1941) proposed the equation for calculating the 
Revelle Index (RI) which is used to assess groundwater 
salinization Eq. (3) 

Revelle index (RI) = Cl- / (HCO3
- + CO3

2-)                       
(concentration in meq/l)                                                    (3) 

When RI is less than 0.5, there is no salinization; when 
RI is between 0.5 and 6.6, the groundwater is somewhat 
affected; and when RI is larger than 6.6, the groundwater is 
severely damaged, according to Revelle 1941. In current 
study the RI ranged from 1.79 to 8.29 with average 3.84 
(Table 5). Indicating that about all the groundwater 
samples with RI values >0.5 is affected by salinization. The 
sources in charge of a high level of salinization were further 
assessed by geochemical assessment. 

The Gibbs diagram can are commonly used to depict 
natural process that controlling the chemical composition of 
groundwater such as evaporation, rockwater interaction 
and rainfall (Kumar 2016). Gibbs plots for groundwater 
samples in area under investigation indicated that 
evaporation is the prime action controlling chemistry of the 
shallow groundwater with minimal effect of rockwater 
interaction in the aquifer (Figs. 8d and e). The scatter plot 
of TDS vs Na+/Cl- clearly confirms the influence of 
evaporation on groundwater. TDS concentrations in 
groundwater are increasing while the Na+/Cl- ratio remains 
constant, is an index of an evaporation predominant 
environment. Figure .8f exhibits a horizontal trend line 
(r=0.01), implying that evaporation is a frequent 
geochemical process that regulates groundwater chemistry 
(Rajimohan and Elango 2004; Embaby and Ali 2021). 

Ion exchange occurring in the aquifer was investigated 
by scatter diagrams of Na+ vs Cl- ions. The studied 
samples characterized by the enrichment of Cl− 
concentrations with respect to Na+ and have Na+/Cl- ratios 
less than unity (83% of samples) (Fig. 8g). It's possible that 
the excess Cl- in ground water came from sources other 
than halite dissolution. The removal of Na+ from 
groundwater due to reverse ion exchange may have 
modified the Na+/Cl- ratio (Zaidi et al. 2015b). 

Scholler (1965) suggested two Chloro-Alkaline Indices 
CAI1 and CAI2 for interpretation the ion exchange process 
throw rock water interaction. It is calculated by Eq.(4) and 
(5), where all ions are stated in in meq/l. 

CAI1 = (Cl– (Na+ + K+) / Cl)                                                (4) 

CAI2 = (Cl– (Na+ + K+)/(SO4
2- + HCO3

- + CO3
2- + NO3

- )   (5) 

A positive value of CAI1 implies reverse ion exchange of 
Na+ and K+ from the groundwater with Ca2+ and Mg2+ 
from the aquifer matrix, while a negative index informs that 
there is cation exchange taking place between Ca2+ and 
Mg2+ in the groundwater and Na+ and K+ in the host 
environment. The indices of CAI1 and CAI2 estimated for 
samples showed about 83% groundwater samples were 
positive, Indicating reverse ion exchange process. Only 
one sample (17%) had negative values of CAI1 and 2 
indicated a direct ion exchange process (Fig.8h). 

Furthermore, a plot of Ca2+ + Mg2+ versus HCO3
- + 

SO4
2- demonstrates the dominance of ion exchange 

reactions, particularly reverse ion exchange in the aquifer 
as (76%) of samples shift to the left due to an excess  of  
Ca2+ and Mg2+ over + HCO3

- + SO4
2- (McLean and 

Jankowski, 2000) (Fig.9a). The scatter plot of Ca2+ + Mg2+ 
versus Na+ + K+ indicates all the points fall above equiline 
infers the dominancy of Ca2+ + Mg2+ and reverse -ion 
exchanges process is dominant (Fig. 9b). 

 To identify the effect of silicate weathering, the ratios of 
Cl/Ʃ anions, Na+/Cl- , Na+/ (Na+ + Ca2+) and Mg2+/(Ca2+ + 
Mg2+) have been employed. (Naseem et al. 2010; Kumar et 
al. 2018). The <1 value of Cl/Ʃ anions is pointer of silicate 
mineral weathering (Kumar et al. 2018) in the area under 
investigation (Table 5). This is endorsed by the <1 values 
of Na+/ (Na+ + Ca2+) and Mg2+/ (Ca2+ + Mg2+) (Table 5).  

Groundwater samples fell between 1:2 (Ca2+ +Mg2+ = 
0.5 TZ+) line and 1:1 equil-line in a scatter plot of Ca2+ + 
Mg2+ vs. total cations (TZ+) showing that some of these 
ions (Ca2+ + Mg2+) are came out from the weathering of 
silicate minerals (Fig. 9c) (Hwang et al., 2017). 
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Fig. 9 Ions scatter diagram indicating various hydrogeochemical processes of groundwater in the study area. 

 

On groundwater chemistry, the important effect of 
silicate weathering could be specified by the bivariate 
schemes of Ca2+ + Mg2+ over HCO3

– + SO4
2-. The 

dominance of Ca2+ + Mg2+ over HCO3
– + SO4

2-indicates 
carbonate weathering, whereas, the abundance of HCO3

– + 
SO4

2- reflect silicate weathering as the primary process of 
ion exchange (Papazotos et al. 2019). Figure. 9a shows 

that the bulk of samples (76%) were above and along the 
equiline, indicating that carbonate weathering is the 
primary geochemical mechanism causing increased HCO3

- 
and SO4

2- concentrations in groundwater (Datta and Tyagi, 
1996). The bivariate plot of Ca2+ vs HCO3

- showed that 
most of the samples fall below the 1:2 line indicating 
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calcium and bicarbonate are related to calcite weathering 
(Mthembu et al. 2020) (Fig. 9d). 

The Ca2+/Mg2+ molar ratio signifies calcite and dolomite 
dissolution in groundwater. Ca2+/Mg2+=1 demonstrates 
dolomite dissolution, 1< Ca2+/Mg2+<2 signifies calcite 
dissolution, and Ca2+/Mg2+ > 2 indicates silicate dissolution 
(Paul et al., 2019 and Brindha et al., 2017). Figure. 9e 
shows most of the samples in the area under investigation 
had Ca2+/Mg2+ ratio less than 1(67%) and between 1 and 
2(33%), revealing that dolomite and calcite dissolution 
provided towards high Ca2+ and Mg2+ followed by 
dissolution of silicate mineral. End-member diagrams have 
been constructed for further analysis of rock types 
concerned within the rock weathering processes operating 
groundwater hydrochemistry (Gaillardet et al. 1999). The 
bivariate plots Ca2+/Na+ versus Mg2+/Na+ and Ca2+/Na+ 
versus Na+/HCO3

- are used to classify three important 
processes that govern the geochemistry of water i.e., 
carbonate dissolution, evaporite dissolution, and silicate 
weathering (Mukherjee and Fryar, 2009). As shown in 
Figures 9f and g, most of the samples are mainly reflecting 
that water were influenced by silicate weathering and 
evaporates dissolution process.  

The groundwater of the area under investigation has a 
high content of SO4

2-.  This SO4
2- enhancement could be 

related to gypsum weathering. The binary plot of Ca2+ + 
Mg2+ - 0.5 HCO3

– against SO4
2- (Fig. 9h) demonstrated that 

all the sampling points over the zero value validated the 
effects of gypsum weathering in the aquifer system 
(Karunanidhi et al., 2021). 

4.4 Quality criteria for drinking water supply and 
irrigation 

4.4.1 Drinking water quality 

To obtain an assessment of the suitability of 
groundwater as potable or drinking water, the method of 
calculating the concentration of species chemistry in 
samples taken from groundwater can be used and 
compared with the standard values of the World Health 
Organization (WHO 2011) drinking guidelines. Table 6 and 
Figures (10 a-h) show the hydro-chemical parameters of 
the area under investigation compared to standard values 
of WHO (2011).  

Total hardness (TH) and total dissolved solids (TDS) 
are two basic and influential parameters in evaluating 
drinking water quality. The TDS concentration in all 
groundwater samples in area under investigation varies 
between 1036.00 and 1501 mg/l, it is a little higher than the 
threshold limit of drinking water (1000 mg/L). The 
groundwater samples collected in the area under 
investigation have TH values range from 363.58 to 697. As 
shown in Figure .11a, obviously, groundwater samples of 
area under investigation (83.33 %) were mainly in the very 
hard brackish category (TH >450 mg/l). 

 

Table 6. The hydro chemical parameters of the study area in comparison with WHO (2011) drinking water Standard. 

 
Parameters (units) WHO (2011) 

Number of samples 

exceeding desirable limits 

Percentage of 

samples 

pH 6.5 – 8.5 - - 

Ca2+ (mg/L) 75 6 100 

Mg2+(mg/L) 100 - - 

Na+ (mg/L) 200 1 16.66 

K+ (mg/L) 10 1 16.66 

Cl- (mg/L) 250 4 66.66 

SO4
2- (mg/L) 250 3 50 

TDS (mg/L) 1000 6 100 
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Fig. 10 Comparison of drinking-quality groundwater with the WHO recommended limit (dash line). 
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Fig. 11 (a) Scatter plots TDS vs. TH showing groundwater quality (b) USSL Groundwater salinity hazard diagram (c) 
Wilcox diagram (d) Spatial distribution of salinity hazard based on EC (e) Spatial distribution of %Na (f) Spatial distribution 
of Magnesium hazard (MH). 
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4.4.2 Irrigation water quality assessment 

The following criteria were used to gauge the quality of 
groundwater for agricultural purpose: salinity hazard (EC), 
sodium adsorption ratio (SAR), soluble sodium percentage 
(SSP), permeability index (PI) and magnesium hazard 
(MH). All the concentrations for these criteria measured in 
meq/l unit (Table 7). 

Salinity hazard is assessed by electrical conductivity 
and total dissolved solids. Commonly, water with a TDS of 
about 5,000 mg/l is incompatible for irrigation (Pillsbury 
and Blaney 1966; Ayers and Westcot 1985). After 
analysis, The EC values of groundwater samples varied 
from 1650.00 to 2340.80 µS/cm with mean value 2041.97 
µS/cm. the US Salinity Laboratory Staff (1954) divides 
water into four classes based on the EC in μS/cm (Table 
8). As shown in table 7, about 66.66 % (n=4) of the studied 
groundwater samples from the area under investigation 
were acceptable for irrigation with EC ≤ 2250 μS/cm, this 
is indicating that groundwater in the area under 
investigation is appropriate for irrigation. The rest of the 
samples were inappropriate for irrigation purposes.  

The sodium adsorption ratio (SAR) is a criterion for 
evaluating whether water is suitable for agricultural 
irrigation. Eq. (6) can be used to express the SAR. 

 

 

                                                                                                                                     
(6) 

 

The computed SAR values in the research area are 
presented in Table .8 The calculated values of SAR in the 
area under investigation vary between 0.95 and 4.45 with 
an average 2.75 (Table 8). All samples locate under (no 
problem) category consistent with the proposed water 
classification for SAR with values < 10 and can be used 
safely for all types of soil. The relationship between SAR 
and EC were drawn on the US salinity diagram (Richards, 
1954) and it was observed that 67% (n=4) of the samples 
locate in the field of C3–S1 category (Fig. 11b). It indicates 
that these water samples have low alkalinity and high 
salinity risk, it can be utilized for irrigation purpose in all soil 
types with low risk of sodium exchange. Remaining 33% % 
of the samples lie in C4–S1 class, this shows low alkalinity 
content and very high salinity. So, these groundwater 
samples are appropriate for plants that having good salt 
tolerance but inappropriate for irrigation in soils with limited 
drainage. 

 

Table 7. Water quality parameters for irrigation purposes 
 

Classification Categories Ranges No. of samples % samples 

EC (Wilcox 1955) 

Excellent <250 n=0 0 

Good 250–750 n=0 0 

Permissible 750–2250 n=4 66.66 

Doubtful 2250–5000 n=2 33.34 

Unsuitable >5000 n=0 0 

SAR (Richards, 1954) 

Excellent 0-10 n=6 100 

Good 10-18 n=0 0 

Doubtful 18-26 n=0 0 

Unsuitable >26 n=0 0 

Na % (Wilcox, 1955) 

Excellent 0-20 n=1 16.66 

Good 20-40 n=2 33.33 

Permissible 40-60 n=3 49.99 

Doubtful 60-80 n=0 0 

Unsuitable 80-100 n= 0 

RSC (Richards, 1954) 

Good <1.25 n=6 100 

Medium 1.25-2.5 n=0 0 

bad >2.5 n=0 0 

PI (Doneen, 1962) 

Unsuitable 0–25 n=0  

Good 25–75 n=6 100 

Excellent ≥75 n=0  

Mg2+ hazard (mg/l) Paliwal 

(1972) 

Suitable <50 2 33 

Unsuitable >50 4 67 

 

2 2

2

Na
SAR

Ca Mg

+

+ +
=

+
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Table 8. Statistical Summary of Computed Water Quality 

Parameters for Irrigation. 

TH 363.58 697.33 577.90 

SAR 0.95 4.45 2.75 

Na% 18.08 46.02 35.84 

MAR 29.77 65.57 50.99 

PI 29.72 57.63 45.05 

RSC -10.99 -4.07 -8.66 

 

Furthermore, the percent sodium (%Na) is commonly 
used for assessing the appropriateness of water quality for 
irrigation (Wilcox 1955). %Na is calculated using Eq. (7) 
(Wilcox 1955). 

2 2
% 100( )

Na K
Na x

Na K Ca Mg

+ +

+ + + +

+
=

+ + +                     (7) 

 

In the area under investigated, %Na varies between 
18.08 % and 46.02 % with an average 35.84 %. In the 
groundwater samples, the calculated values of sodium 
percentage reveal that the groundwater samples equally 
distributed between two categories, Good to Permissible 
and doubtful unsuitable class (Fig. 11c). 

Permeability index (PI) is usually applied to evaluate 
how simply water flows through a soil texture. The following 
Eq. (8) is used to compute PI (Doneen 1964). 

3

2 2
100

Na HCO
PI x

Na Ca Mg

+ −

+ + +

+
=

+ +
                                   (8) 

All groundwater samples fall into the excellent category 
based on the PI values and PI classification (Table 7). 

Magnesium hazard ratio (MH) is a term used in the 
natural water system to describe how elevated magnesium 
levels affect irrigation water (Szabolcs and Darab 1964; 
Todd 1980). It is calculated using the Eq. (9), with the 
concentrations measured in meq/l unit. 

MH = Mg2+ / (Mg2+ + Ca2+) x 100                                      (9) 

In the current research, magnesium hazard values are 
ranges from 29.77 and 65.57 with an average  value of 
50.99, and only 33% of the samples are considered 
appropriate for irrigation purpose (Table 7). 

The residual sodium carbonate (RSC) is utilized to 
detect carbonate groundwater on the soil and the hazard 
impacts of high bicarbonate. RSC is calculated using Eq. 
(10) 

 
2 2 2

3 3( ) ( )RSC HCO CO Ca Mg− − + += + − +               (10) 

RSC levels of less than 1.25 meq/l are considered safe 
for irrigation, whereas those of more than 1.25 meq/l are 
considered unsafe. In the area under investigation, the 

calculated RSC values vary between -10.99 and -4.07 
meq/l with an average value of -8.66, this indicates that all 
the groundwater samples were deemed safe for irrigation.  

Overall, the irrigation water quality of the region under 
investigation is in a quite appropriate condition. Generally, 
the spatial distribution map of groundwater appropriateness 
for irrigation reveals that groundwater from the majority 
wells is appropriate for irrigation uses (Figs. 11 d-f). 

Conclusion 

The main source of groundwater recharge in the area 
under investigation is rain. The total net recharge of 
groundwater in the area under investigation was less 
than150 mm/year in the area under investigation.  

The geophysical interpretation indicated that the 
subsurface layers include four geoelectrical layers 
consisting of valley sediments, fine sands containing fresh 
water, sandy clay and basement rocks, respectively. The 
studied area contains a shallow freshwater aquifer, 
belonging to Quaternary aquifer. The Quaternary aquifer 
represents an important source of fresh water in the area 
under investigation. 

Six groundwater samples were gathered and  analyzed 
for diverse hydrogeochemical parameters to  comprehend 
hydrogeochemical characteristics, major hydrogeochemical 
processes that govern groundwater chemistry, quality and 
suitability assessment for drinking and irrigation uses from 
six wells of shallow quaternary aquifer in southern part of 
Eastern Desert, Egypt. 

Most groundwater samples are related to the 
freshwater type, with water salinity ranging from 1036 to 
1501 mg/L. According to TH Classification, all samples 
belong to the category of very hard water. Dominant 
hydrogeochemical facies observed in this area is Ca + Mg-
Cl + SO4 and mixed Ca + Mg − Cl + SO4 type. According to 
Base Exchange index (r1) and (r2), the water classified as   
Na-SO4 type, which is associated with salinization (r1<1) 
and deep meteoric percolation type (r2<1) meaning that 
they had longer residence time via deeper percolation.  

The groundwater chemistry depends on reverse ion 
exchange weathering of carbonate minerals as well as 
silicate weathering. Moreover, evaporation process 
controlling factors of groundwater chemistry of groundwater 
in quaternary aquifer. Results from EC, sodium adsorption 
ratio (SAR), soluble sodium percentage (SSP), 
permeability index (PI) and magnesium hazard (MH) reveal 
that most of groundwater is relatively appropriate for 
Agricultural purposes. Our findings, which include 
information on aquifer geometry, groundwater potential, 
quality, and usability, are anticipated to be helpful in 
managing groundwater issues in the area and other 
locations with comparable geologic settings and issues. 
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