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ABSTRACT 
The Nubian Sandstone Aquifer System (NSAS) is the world's largest known fossil water aquifer system. 
It is located underground in the Eastern end of the Sahara Desert and spans the political boundaries of 
four countries in north-eastern Africa. NSAS covers a land area spanning just over two million km2, 
including north-western Sudan, north-eastern Chad, south-eastern Libya, and most of Egypt. Containing 
billions of cubic meters of groundwater, the significance of the NSAS as a potential water resource for 
future development programs in these countries is extraordinary. Therefore, understanding of the 
hydrogeochemical processes and continuous monitoring of its groundwater regionally and locally is so 
vital. The present study has been conducted to investigate these processes in a pilot area of Western 
Desert of Egypt (West El Mouhoub). To accomplish this objective, surface water and groundwater 
samples were collected and analyzed to estimate the chemical properties of these water samples. The 
ion ratios, water type, facies, hypothetical salts, geochemical diagrams were integrated with geo-
statistical analyses [factor analysis (FA) and correlation analysis (CA)] to characterize the 
hydrogeochemical processes that are controlling the Nubia sandstone aquifer system (NSAS). The 
obtained results revealed that, the Sabaya and Six Hills Formations represent the main aquifer horizons 
where the groundwater exists under confined conditions. The groundwater within these aquifer units is 
mainly fresh and the salinity increases from southeast to northwest direction in the Sabaya Formation 
groundwater. Both the hypothetical salts assemblages and the groundwater genesis confirm that there 
is a connection between the Sabaya and Six Hills Formations in the investigated area. The results show 
a chemical development from the groundwater that dominated by bicarbonate salts to that dominated 
by chloride salts. The main process controlling the groundwater is the rock-water interactions. 
 
Keywords: Hydrogeochemistry, Multivariate analysis, Groundwater quality, West El Mouhoub, Egypt. 

 
1. Introduction 

The construction of new communities in the eastern and western desert fringes of the Nile Valley 
receives both the official and social attentions in order to accommodate the increasing population of the 
country.  During the last decades, a great attention from the Egyptian governments has been directed 
toward expanding the agricultural projects that depending on groundwater. The South Valley 
reclamation projects in the southern part of the Western desert include the southern oases, like Kharga 
and Dakhla, which are considered the most important agricultural areas. While, El Dakhla Oasis 
represents one of those oases, which is located in a dry part of the Great Sahara. This oasis occupies a 
part of a great natural depression in southern Western desert (Said, 1990).  

West El Mouhoub area can be considered as one of the promising regions for reclamation and 
agricultural activities owing to the water availability and soil possibilities. The reclamation of such area 
and its sustainable development depend mainly on the groundwater. Groundwater, in this area, is 
exploited from the Nubia sandstone aquifer system (NSAS) which is the only water resource for all 
activities (drinking and agriculture) in the western desert oases (Ghoubachi et al., 2015), this 
groundwater is considered as a fossil water (Kato, 2010). 
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The quality of groundwater is considered as important as its quantity. So, the chemical analysis 
of water is very important. Groundwater quality is affected by the seasonal and spatial variations of its 
chemistry (Soltan, 1999; Kumar et al., 2006), flow and salt content as well as human activities (Karanth, 
1997; Al-Shaibani, 2008). 

Although the groundwater resource is huge, there is essentially no rainfall and the aquifer has no 
recharge source. So, for the future development and sustainability of El Dakhla Oasis, it is important to 
understand how land and water resources are used in this oasis (Kimura et al., 2020).  

The climatic conditions of West El Mouhoub area are typically hyper-arid desert (UNDP, 1997), 
characterized by long, hot dry summer and mild winter with scarce precipitation as well as high 
evaporation rate and strong solar irradiation (Ismail et al., 2015). 

The objectives of the present study are (a) to identify the hydrochemical characterization of the 
groundwater in the study area, (b) to determine the hydrogeochemical processes controlling NSAS 
groundwater quality in the investigated area and (c) to evaluate the present quality status of the 
groundwater and assess its suitability for drinking and irrigation uses in West El Mouhoub area. 

 

2. Study area  
El Dakhla Oasis is a natural depression located in the central Western Desert of Egypt. The 

oasis extends ~55km in WNW-ESE direction and has a width ranging between 10 and 20km 
(Schandelmeier and Darbyshire, 1984). The study area (West El Mouhoub area) represents one of the 
areas that designed for expanding agricultural projects located west to El Dakhla Oases in Western 
Desert of Egypt (Fig.1a). This area extends from 25° 42` to 25° 58`N and 28° 24` to 28° 40`E, and 
covers ~550km2. 

 

 
Fig. 1a: The location map of the study area and Fig.1b. A map showing the geomorphic units at West 

El Mouhoub area (after Ghoubachi et al., 2015) 

3. Physical setting 
Geomorphologically, the area comprises three geomorphologic units (Fig.1b); Abu Tartur 

Plateau, plateau scarp and piedmont plain (Ghoubachi et al., 2015). Abu Tartur plateau and its scarp 
locate to the northern and eastern portions of the studied area and they compose of Paleocene sediments. 
The piedmont represents the lowland area that occupying the central and southern parts of the area and 
covered with sand dunes.  

Geologically, the surficial geologic deposits in the investigated area are part of the Upper 
Cretaceous to the Quaternary litho-stratigraphic successions (Fig.2a), (Conoco, 1987). Whereas, in the 
subsurface, the sedimentary successions are represented by Jurassic to Campanian sequences (Fig.2b), 
(Said 1990; Ghoubachi, 2001; Ghoubachi et al., 2015). These sequences are represented by continental 
sandstone and clay beds that calling Nubian sandstone forming the main aquifer system and is made up 
of the following formations: Six Hills, Abu Ballas, Sabaya, Maghrabi, Taref and Duwi Formations from 
base to top.  
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The Six Hills unconformably overlies the Precambrian basement rocks and is composed of 
ferruginous sandstone with clay intercalations of Upper Jurassic-Lower Cretaceous age. This Formation 
is detected as a water-bearing Formation in the study area and it has a maximum thickness of 712m in 
east El Dakhla Oasis (Ghoubachi, 2001).  

The Abu Ballas Formation overlies Six Hills Formation and consists of shale and clay beds that 
belong to Aptian age (Barthel and Boetcher, 1978). This Formation forming the base of the majority of 
productive wells in the studied area and has been penetrated and a combined thickness of 10m 
(Ghoubachi et al., 2015).  

The Sabaya Formation overlies Abu Ballas Formation and it is made up of a fluviatile sandstone 
with shale interbeds of Albian age (Schrank, 1987). The Sabaya Formation represents the major 
productive aquifer in the study area, where it has a thickness attaining 344m. 
  

 
Fig. 2a: The geological map (Conoco, 1987) and Fig. 2b: The cross-section from Northwest 

to Southeast direction 
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The Maghrabi Formation is composed of shale and claystone of Cenomanian age (Wycisk, 1991) 
which forming a 50m thick confining bed overlying the Sabaya aquifer.  

The Taref Formation is composed mainly of sandstone unit belonging to Turonian age (Said, 
1990) which is detected as water-bearing Formation in the investigated area with a thickness of 80m. 
This formation is overlain by a claystones of Mut and Duwi Formations forming a confining bed. On 
the other hand, the Upper Cretaceous rocks constitute the major unit of the piedmont plain and made 
up of Duwi and Dakhla Formations.  

The Duwi Formation comprises a sequence of phosphate beds alternating with shale and 
dolomitic limestone which is overlain by a shale sequence of Dakhla Formation. Where, the Tarawan 
and Garrar Formations of Paleocene age are exposed along the plateau surface. The Quaternary deposits 
are represented by sand dunes and playa deposits. 

Hydrogeologically, the groundwater is exploiting from the Nubian Sandstone Aquifer System 
(NSAS) in West El Mouhoub area. The main recharge source for the Nubian sandstone aquifer is in situ 
precipitation in much cooler and humid climate thousands of years ago (Hamza et al., 2000). The 
hydrogeological investigations are carried out based on the available data of the deep groundwater wells 
and comparison with the work of Ghoubachi et al., 2015. Hydraulic head patterns and flow directions 
are easily affected by the unmanaged groundwater extraction, because they drive the dryness of the 
shallow wells, deepen the groundwater table, and makes extraction economically unfeasible (Kato et 
al., 2014). Well depths, within the study area, range from 338 to 1100m. The NSAS, in West El 
Mouhoub area, consists of three clastics water-bearing horizons with confining layers that are laterally 
and/or vertically interconnected. These aquifers are Taref (top), Sabaya and Six Hills (bottom) 
Formations (Fig.2b).  

Taref sandstone aquifer represents the shallow aquifer, which is recently subjected to depletion 
due extensive uses by local farmers. This aquifer is found as water bearing in some wells with the 
Sabaya aquifer. The water bearing Formation is mainly composed of sandstone with claystone 
interbeds. The effective porosity of the Taref sandstone aquifer equals to 28% in the upper part, but 
decreases with the depth due to decreasing of the sand content and increasing cementation by iron and 
manganese bearing-minerals (Ghoubachi, 2001). Furthermore, the transmissivity is estimated to be 
400m2/day in the eastern part of  El Dakhla depression and increases to about 550m2/day in the western 
part with increasing sand content. While, the average hydraulic conductivity of the Taref aquifer attains 
6.76m/day at the maximum thickness of 110.45m (Ghoubachi, 2001). 

Sabaya sandstone aquifer is the main water-bearing aquifer in West El Mouhoub area, which has 
a thickness that ranges from 340 to 350m with a general decrease to the east. The increase in the 
thickness is mainly due to the fault throw enlarging towards these directions. This aquifer consists 
mainly of medium to coarse sandstone with few shale interbeds and groundwater occurs under a 
confined condition, where it is overlain by the impervious clay of Maghrabi Formation (Fig.2b). The 
constructed Piezometric contours indicate that the groundwater, within Sabaya aquifer, flows from 
southeast to northwest direction in the study area (Fig.3), a hydraulic head ranging from 122.9m.a.s.l in 
well No.45 to 134.3m.a.s.l in well No.41 (Ghoubachi et al., 2015). This is confirmed by Gad et al. 
(2011) who stated that according the lowering in the topography and aquifer, the groundwater table 
tends to deepen from the high lands to the depression center and accordingly, the groundwater flows 
along this direction. The aquifer transmissivity varies from 1404 to 1801m2/day, that reflecting a high 
aquifer potentiality (Ghoubachi et al., 2015).  

Six Hills sandstone aquifer represents the deepest water-bearing horizon in El Dakhla Oasis 
(Ghoubachi, 2001). In West El Mouhoub area, this aquifer was recorded in four groundwater wells, 
with depths range from 1050 to 1100m., (Fig.2b). This increase in the thickness is mainly attributed to 
the fault throw enlarging towards these directions (Ebraheem et al., 2004). It is composed mainly of 
sandstone with clay interbeds with a thickness > 300m (Ghoubachi et al., 2015). 
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4. Material and Methods 
 
4.1. Field work 

A total of forty-seven surface water and groundwater samples were collected from the West El 
Mouhoub area (Fig.3). The groundwater samples were collected after pumping for about 15min to 
remove stagnant water from the well. The samples from each site were preserved in 100ml polyethylene 
bottles and some basic hydrogeological data are recorded, including information about location, well 
depth, ground elevation, groundwater levels and water-bearing horizons. All pH-values, electric 
conductivity and temperature are measured in situ for the groundwater samples. 

 
4.2. Laboratory work 

The groundwater samples were analyzed at the Desert Research Center Laboratories in Egypt, 
by using IC chromatography (Dionex Dx-120) for major ion analysis (Na+, K+, Ca2+, Mg2+, SO4

2- and 
Cl-). Carbonate and bicarbonate (CO3

2- and HCO3
-) were determined by titration technique using 

sulfuric acid according to the standard methods Rainwater and Thatcher (1960) and Fishman and 
Friedman (1985). The obtained chemical data were expressed in milligrams per liter (mg/l). 

 
4.3. Office work 

The analytical precision was calculated for the cations and anions, using a maximum charge 
balance error of ±5% (Domenico and Schwartz, 1990) and all the obtained results were tabulated in 
tables (1 & 2). Geo-statistical analyses [factor analysis (FA) and correlation analysis (CA)] was done 
according to Kim et al., 2002; Helena et al., 2000 to characterize the hydrogeochemical properties of 
the groundwater 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: A map showing the hydraulic gradient of the groundwater with the sites of the collected water 
samples at the study area 
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5. Results and Discussion 
 
5.1. pH 

The chemical analytical results for 47 surface water and groundwater samples collected from the 
study area are summarized in tables 1 and 2. The studied surface water and groundwater samples are 
moderately alkaline as they have pH values ranging from 7.8 to 8.7. 

 
5.2. Water salinity 

It is obvious that, the drains water samples have salinity values range from 435-2738mg/l, with 
a mean value of 1020mg/l (Tables 1 & 2), that reflect fresh to brackish water, while the high salinity 
may be due to the evaporation processes. 

The groundwater of the Sabaya and Six Hills Formations is mainly fresh water, where the total 
dissolved solids (TDS) range from 123 to 317mg/l, with a mean value of 183mg/l and from 148 to 
227mg/l, with a mean value of 163mg/l for both the Sabaya and Six Hills Formations, respectively 
(Tables 1 & 2). The slightly increase in the salinity of the Sabaya Formation groundwater (Fig.4) may 
be due to the following factors; 

1- The continuous rock-water interaction during water flow upward as a result of the high 
piezometric pressure and due to the long period of exploitation of shallow zone of the aquifer, 
which is characterized by shally materials (Hamza et al., 2000). 

2- The salinity increases from southeast to northwest in the same direction of groundwater flow 
due to the leaching and dissolution processes of marine salts during the groundwater movement.  

3- The increase in salinity at the sample No.40 may be due to over-pumping as it partially 
penetrated the top part of Sabaya Formation (see Fig.2b). 
 
 

 
Fig. 4: Iso-salinity contour map of the Sabaya aquifer groundwater in West  El Mouhoub area, Egypt 
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Table 1: The electrical conductivity (micromhos per cm at 25oC) and pH, and major ions concentrations 
of the surface and groundwater at the study area 

Serial 
No. 

EC pH TDS 2+Ca 2+Mg +Na +K -2
3CO -

3HCO -2
4SO -Cl 

Surface water 
1 2170 8.5 1020 225.1 53.7 61.2 25.6 0 144.7 77 505 
2 6560 8.2 2738 470.4 168.5 167.4 6.5 0 103.4 1366 507 
3 815 8.6 435 76.4 28.1 38.1 14.9 15.25 206.8 66.2 92.5 

Groundwater 
Sabaya Formation 

4 256 8.1 153 16.1 9.8 17.6 7.1 0 46.5 43.9 35 
5 264 8.6 188 32.2 4.9 19.1 9.6 0 72.4 50.7 35 
6 169 8.5 124 20.1 4.9 13.5 5 0 51.7 29.8 25 
7 366 8.2 317 48.2 17.1 29.6 9.7 0 124.1 100.4 50 
8 272 8.2 197 28.1 9.8 19.8 11.5 0 82.7 48.9 37.5 
9 247 8.5 185 24.1 9.8 20.4 10.5 0 62 48.9 40 

10 285 8.6 215 40.2 4.9 20.6 11.4 0 103.4 49 37.5 
11 160 7.8 142 24.1 4.9 14.2 7.1 0 51.7 33.2 32.5 
12 178 8.1 130 16.1 9.8 12.8 4.8 0 62 30.2 25 
13 170 8.4 140 24.1 4.9 15.6 7.2 0 46.5 32.4 32.5 
14 222 8 185 24.1 9.8 20.2 8.7 0 77.5 51.1 32.5 
15 430 7.8 285 44.2 14.7 25.8 7.4 0 82.7 81.8 70 
16 164 8 123 16.1 7.3 12.4 5.5 0 41.4 31.3 30 
17 224 8 131 20.1 7.3 11.1 5.7 0 46.5 28.4 35 
18 183 8 137 16.1 9.8 13.9 7.2 0 51.7 31.8 32.5 
19 199 7.9 175 20.1 12.2 16.9 8.7 0 62 48.9 37.5 
20 199 7.8 149 24.1 4.9 15.8 8.3 0 46.5 40.4 32.5 
21 250 8.2 178 32.2 4.9 17.4 7.7 0 62 44.7 40 
22 233 8.1 170 24.1 14.7 11.1 8.6 0 62 40.4 40 
23 227 8.3 154 24.1 9.8 13 5.9 0 62 35.2 35 
24 207 8.5 170 32.2 9.8 11.9 4.3 0 93.1 30.8 35 
25 213 8.4 188 24.1 14.7 21.1 4.3 0 72.4 47.8 40 
26 248 8.3 219 24.1 7.3 44 6.6 0 93.1 50.5 40 
27 226 8.1 236 24.1 7.3 61.2 4.3 0 134.4 34.5 37.5 
28 294 8.2 213 32.2 14.7 21.1 4.3 0 82.7 56.4 42.5 
29 254 8.2 191 40.2 4.9 16.8 6.2 0 72.4 46.5 40 
30 271 8.7 228 48.2 9.8 16.6 6.1 0 113.7 50.1 40 
31 170 8.6 135 24.1 7.3 11.9 4.3 0 41.4 31.7 35 
32 182 8.4 148 20.1 12.2 14.5 4.3 0 56.9 34 35 
33 186 8.3 140 24.1 4.9 15 4.9 0 51.7 33.1 32.5 
34 263 8.4 201 40.2 9.8 16.2 4.3 0 82.7 49 40 
35 183 8.3 137 16.1 9.8 14 6.4 0 46.5 32.4 35 
36 240 8.5 207 36.2 4.9 28.3 7.1 0 98.2 46.8 35 
37 272 8.4 208 32.2 14.7 15.3 7.3 0 103.4 51.8 35 
38 320 8.3 184 20.2 7.4 32.9 7.8 0 114.1 20.2 37.9 
39 510 7.9 294 42.5 7.1 52 3.9 0 114.1 60 69.9 
40 270 8.3 155 12 5 35.9 3.9 0 83.6 25 30.1 
41 320 7.9 187 16.6 6.6 40.2 3.9 0 114.1 20.2 37.9 
42 300 8.2 182 11.8 4.4 49.9 3.9 0 114.1 14.9 37.9 
43 400 8.1 228 19 8.4 49.9 7.8 0 152.5 25 40.1 

Six Hills Formation 
44 201 8.3 148 28.1 7.3 12.7 5.6 0 62 28.4 35 
45 182 8.4 148 20.1 12.2 14.5 4.3 0 56.9 34 35 
46 230 8.3 179 24.1 14.7 16.9 4.3 0 98.2 36.9 32.5 
47 280 8.2 227 40.2 14.7 15.3 6.4 0 93.1 36.4 67.5 
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Table 2: Basic statistics of the surface water and groundwater samples at West El Mouhoub, Egypt 

Parameters 
Surface water Sabaya aquifer Six Hills aquifer WHO 

(2011) Min. Max. Mean Min. Max. Mean Min. Max. Mean 

EC 815 6560 2170 160 510 243.5 182 280 215.5 1400 

pH 8.2 8.6 8.5 7.8 8.7 8.2 8.2 8.4 8.3 6.5-8.5 

TDS 434.9 2738.2 1020 123.3 317.1 183 148.2 227 163.5 1000 

Ca2+ 76.3 470.3 225.1 11.8 48.2 24.1 20.1 40.2 26.1 100 

Mg2+ 28.1 168.5 53.7 4.4 17.1 7.87 7.3 14.6 13.4 50 

Na+ 38.14 167.4 61.1 3.3 61.1 16.8 12.6 16.8 14.8 200 

K+ 6.4 25.6 14.9 4.2 11.5 6.7 4.2 6.4 4.9 20 

HCO3
- 103.3 206.7 144.7 41.4 152.5 72.3 56.8 98.2 77.5 350 

SO4
2- 66.2 1366.7 76.9 14.99 100.4 40.4 28.4 36.9 35.2 250 

Cl- 92.5 507 505 25 69.86 36.2 32.5 67.5 35 250 

 
5.3. Ion dominance and hydrochemical ratios   

The dominant ion in the groundwater is HCO3
- where the order of anion abundance is HCO3

-
 > 

Cl- > SO4
2- (55% and 50% of the Sabaya and Six Hills Formations groundwater samples, respectively) 

and HCO3
-
 > SO4

2- > Cl- (5% of the Sabaya Formation groundwater samples). While in the rest of the 
samples, the concentration of Cl- ion exceed HCO3

- ion in order of anion abundance; Cl- > HCO3
-
 > 

SO4
2- (30% and 50% of the Sabaya and Six Hills Formations groundwater samples, respectively) and 

Cl- > SO4
2- > HCO3

-
 (10% of the Sabaya Formation groundwater samples). HCO3

- concentration ranges 
from 41.3 to 152.5mg/l, with a mean value of 72.3mg/l in Sabaya Formation and from 56.8 to 98.2mg/l, 
with a mean value of 77.5mg/l in Six Hills Formation, accounting 60% and 50% of the total anions in 
Sabaya and Six Hills aquifers, respectively. The Cl- concentration ranges from 25 to 69.858mg/l, with 
a mean value of 36.2mg/l in Sabaya Formation and ranges from 32.5 to 67.5mg/l, with a mean value of 
35mg/l in Six Hills Formation, accounting 40% and 50% of the total anions in Sabaya and Six Hills 
aquifers, respectively. Also, SO4

2- concentration varies between 14.99 to 100.4mg/l, with a mean value 
of 40.4mg/l in Sabaya Formation and between 28.4 and 36.9mg/l, with a mean value of 35.2mg/l in Six 
Hills Formation (Table 2).  

Calcium ion is the dominated cation with an order of abundance; Ca2+ > Na+ > Mg2+ (47.5% and 
25% of the Sabaya and Six Hills Formations groundwater samples, respectively) and Ca2+ > Mg2+ > 
Na+ (27.5% and 75% of the Sabaya and Six Hills Formations groundwater samples, respectively). In 
some groundwater samples, the concentration of Mg2+ ion exceeds Ca2+ ion with an order of abundance; 
Mg2+ > Ca2+ > Na+ (2.5% of the Sabaya Formation groundwater samples). While in the rest of the 
samples, the concentration of Na+ ion exceeds Ca2+ ion in order of anion abundance; Na+ > Ca2+ > Mg2+ 
(20% of the Sabaya Formation groundwater samples) and Na+ > Mg2+ > Ca2+ (2.5% of the Sabaya 
Formation groundwater samples). The concentration of Ca2+ ranges between 11.8 and 48.2mg/l, with a 
mean value of 24.1mg/l in Sabaya Formation and from 20.1 to 40.2mg/l, with a mean value of 23.1mg/l 
in Six Hills Formation, accounting for 76 and 100% of the total cations in Sabaya and Six Hills 
Formations, respectively. Mg2+ concentration ranges between 4.4 and 17.1mg/l, with a mean value of 
7.87mg/l in Sabaya Formation and from 7.3 to 14.6mg/l, with a mean value of 13.4mg/l in Six Hills 
Formation, accounting for 2.5% of the total cations in Sabaya Formation. Na+ concentration varies 
between 3.3 and 61.1mg/l, with a mean value of 16.8mg/l in the Sabaya Formation and between 12.6 
and 16.8mg/l, with a mean value of 14.8mg/l in Six Hills Formation, accounting for 22.5% of the total 
cations in Sabaya Formation (Table 2). 

From the above discussion it was noticed that, the prevailed anionic dominance are; HCO3
-
 > Cl- 

> SO4
2- and Cl- > HCO3

-
 > SO4

2- (55% and 30% of the total samples, respectively). Also, the prevailed 
cationic dominance are; Ca2+ > Na+ > Mg2+, Ca2+ > Mg2+ > Na+ and Na+ > Ca2+ > Mg2+ (47.5%, 27.5% 
& 20% of the total samples, respectively). It was shown that, the groundwater in the investigated area 
is rich in HCO3

- ions and this can be attributed to the following;    
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1-The sequences of the ions in the study area represent the variation in chemical composition of 
groundwater. This indicates that the minerals in the groundwater samples are of lithogenic origin. 
Where, the geological successions in the study area show variation from base (Duwi Formation) to top 
(Quaternary sediments), (Fig.2b). These rock units are rich in calcium carbonate minerals (CaCO3) and 
can be considered as source of bicarbonate salts in groundwater. Therefore, the groundwater type is 
HCO3-Ca water type. 

2-The study of the Ca2+/Mg2+ ratio of groundwater in this area suggests the dissolution of calcite 
and dolomite. Where, if the ratio Ca2+/Mg2+ equals the unity, the water is then controlled by dolomite 
dissolution, whereas the Ca2+/Mg2+ ratio ranging from 1 to 2 is an indicative of greater calcite 
contribution (Maya and Loucks, 1995). Higher Ca2+/Mg2+ ratio (>2) refers mainly to the dissolution of 
silicate minerals, which contribute to the calcium and magnesium contents of the groundwater (Elango 
et al., 2003). As in tables (1, 2 &3), 20% and 50% of the Sabaya and Six Hills Formations samples, 
respectively, have a Ca2+/Mg2+ ratio equals the unity which indicates the water is then controlled by 
dolomite dissolution. While, 50% and 25% of the Sabaya and Six Hills Formations samples, 
respectively, have a Ca2+/Mg2+ ratio <2 that discloses the dissolution of calcite, whereas the rest of the 
groundwater samples (30% and 25% of the Sabaya and Six Hills Formations samples, respectively), 
have a Ca2+/Mg2+ ratio >2, which may indicate the dissolution of silicate minerals process (Fig.5). 

Also, the chloride ion is dominant followed by the sulphate ion and bicarbonate ion (tables 1, 2 
& 3), that commonly referred to the impact of marine facies and human activities. Also, this can be 
confirmed by the relation between Ca2+/Mg2+ ratio against Na+/Cl- ratio (Fig.5), where the estimated 
ratio Na+/Cl- for all surface water and the majority of Six Hills formation groundwater samples are less 
than unity where Cl ions are more than Na ions (Cl- > Na+), reveal dissolution of NaCl salts or it may 
be attributed to the adsorption of sodium ions on the fine argillaceous sediments (Starinsky et al., 1983). 
The rest of Six Hills Formation groundwater samples (25%) have Na+/Cl- more than unity where Cl 
ions are less than Na ions (Na+ > Cl-). It indicating fresh meteoric water origin. According to Meybeck 
(1987) the release of Na+ into groundwater may be due to the occurrence of cationic exchange or 
weathering of silicate minerals as the following equation (1). 
 

 2NaAlSi3O8 + 9H2O + 2H2CO3                               Al2Si2O5(OH)4 + 2Na+ + 2HCO3
- + 4H4SiO4  -- (1) 

      (albite)                                                                                                        (kaolinite) 

 

Generally, variations in the ionic content of the groundwater samples were related to the 
geological stratification and human activities around the wells. The high chloride and sodium contents 
of water and soil samples are due to Nubian sandstone aquifer is largely composed of hard ferruginous 
sandstone with great shale and clay intercalation.  

Noteworthy to mention that, the presence of Cl- and Mg2+, Na+ and Ca2+ as dominant water type 
in some groundwater samples is indicating mixing of fresh water (Six Hills Formation water) and saline 
(Sabaya Formation water). Also, the process of reverse ion exchange may create CaCl2 waters because 
of removal of Na+ from solution by exchanging Ca2+ from clay fraction in the aquifer. Also, CaCl2 water 
type could be formed due to leaching of marine facies.  

On the other hand, the difference in the cation dominancy can be attributed either to base-
exchange processes or due to mixing of other sources. Where, the dominant cations in the study area 
were calcium then magnesium, this indicates that there is a mineralization and dolomitization in the 
water-rock interactions in the groundwater of this area. In general, the mineralization of the investigated 
groundwater may be evoluted under flusing the original marine water entrapped between the pores of 
the aquifer matrix by meteoric water which is furthely modified through leaching, dissolution, cation 
exchange and oxidation-reduction processes (Hamza et al., 2000). 

According to Appelo and Postma (1993) in an aquifer containing calcite and dolomite, it may be 
expected that the groundwater be close to equilibrium for both minerals as follows (equation 2): 
 

Ca2+ + CaMg(CO3)2                            2CaCO3 + Mg2+  …………………………………………………………….…………. (2) 
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Fig. 5: The relation between Ca2+/Mg2+ against Na+/Cl- 

5.4. Hardness 
Water hardness in most groundwater is naturally occurring from weathering of limestone, 

sedimentary rock and calcium bearing minerals such as calcite, gypsum and dolomite. If the 
groundwater aquifers contain limestone minerals such as calcite (CaCO3) and dolomite (CaMgCO3), 
hardness and alkalinity will be high as in the following equation; 

 
CaMg(CO3)2 ⇌ Ca2+ + Mg2+ + 2CO3

2- ………………………………………………………………...(3) 
Dolomite               Hardness        Alkalinity 

 

There are two types of hardness (Hem, 1985); 1) Temporary Hardness “carbonate hardness” – 
represents calcium and magnesium concentrations, combined with the bicarbonate of water. 

 
Ca(HCO3)2 → CaCO3 + H2O + CO2 …………………...…………………………………………….(4) 
 

In the area of study the temporary carbonate hardness ranges between 34 and 125 with an 
average 59mg/l and between 47 to 80 with an average 64mg/l as CaCO3 in Sabaya Formation water and 
Six Hills Formation water, respectively (Table 3). This hardness can be removed by boiling of water. 

2) Permanent hardness “non-carbonate hardness–result from the combination of calcium and 
magnesium concentrations with chloride and sulfate. 

 
CaCl2 + NaCO3 → CaCO3 + 2NaCl…………………….……………………………………………..(5) 
 

The permanent non carbonate hardness ranges from 27 and 103 with an average 38mg/l and 
between 40 and 84 with an average 57mg/l as CaCO3 in Sabaya Formation water and Six Hills 
Formation water, respectively (Table 3). This type of hardness can be removed by softening. 

Environmentally as a health concerns, the hard water is mainly an aesthetic concern because of 
the unpleasant taste that a high concentration of calcium and other ions give to water. Also, it may 
increase the solubility of heavy metals such as copper, zinc, lead and cadmium in water.  

 
5.5. Alkalinity 

Alkalinity is a measure of water’s capacity to neutralize acids, and is important during softening. 
It is the result of the presence of bicarbonates, carbonates, and hydroxides of calcium، magnesium, and 
sodium. Also, it is the ability of water for interaction with hydrogen ion (H+), ( Gunter Faure, 1998). Its 
values are always less than hardness values except in case of the presence of certain geologic influences. 
The only process that could change the alkalinity would be the precipitation of solid phases such as 
calcite. So, alkalinity is often measured in the field before precipitation occurs (Kehew, 2001). The 
calculated alkalinity values range between 34 and 125 with an average 59mg/l and between 47 to 80 
with an average 64mg/l as CaCO3 in Sabaya Formation water and Six Hills Formation water, 
respectively (Table 3). Many of the chemicals used in water treatment, such as alum, chlorine، or lime, 
cause changes in alkalinity. 
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Table 3: The concentration of total hardness, permanent hardness, temporary hardness, alkalinity and 

some hydrochemical ratios 

Sample No 
Total 

hardness 
Permanent hardness 

Temporary 
hardness 

Alkalinity 
hydrochemical 

ratios 
Ca/Mg Na/Cl 

Surface water 
1 782.7 663.99 118.58 118.58 2.54 0.19 
2 1866.5 1782.2 84.74 84.74 1.69 0.51 
3 306.1 136.76 169.47 169.47 1.65 0.64 

Groundwater 
Sabaya Formation 

4 80.3 42.38 38.11 38.11 0.999 0.78 
5 100.3 41.17 59.33 59.33 3.99 0.84 
6 70.3 27.94 42.37 42.37 2.495 0.83 
7 190.7 88.92 101.7 101.7 1.71 0.91 
8 110.4 42.66 67.77 67.77 1.75 0.81 
9 100.4 49.64 50.81 50.81 1.499 0.79 
10 120.4 35.72 84.74 84.74 4.99 0.85 
11 80.3 37.92 42.37 42.37 2.995 0.67 
12 80.3 29.68 50.81 50.81 0.999 0.79 
13 80.3 42.18 38.11 38.11 2.995 0.74 
14 100.4 36.94 63.51 63.51 1.499 0.96 
15 170.6 102.99 67.77 67.77 1.832 0.57 
16 70.3 36.28 33.93 33.93 1.33 0.64 
17 80.3 42.08 38.11 38.11 1.663 0.49 
18 80.3 38.12 42.37 42.37 0.999 0.66 
19 100.4 49.54 50.81 50.81 0.999 0.69 
20 80.3 42.18 38.11 38.11 2.995 0.75 
21 100.4 49.69 50.81 50.81 3.993 0.67 
22 120.5 69.8 50.81 50.81 0.999 0.43 
23 100.4 49.64 50.81 50.81 1.499 0.57 
24 120.4 44.37 76.3 76.3 1.999 0.52 
25 120.5 61.28 59.33 59.33 0.999 0.81 
26 90.4 13.87 76.3 76.3 1.997 1.70 
27 90.4 -19.98 110.14 110.14 1.997 2.52 
28 140.5 73.05 67.77 67.77 1.332 0.77 
29 120.4 61.13 59.33 59.33 4.99 0.65 
30 160.5 67.4 93.18 93.18 2.998 0.64 
31 90.4 56.24 33.93 33.93 1.997 0.52 
32 100.4 53.72 46.63 46.63 0.999 0.64 
33 80.3 37.92 42.37 42.37 2.995 0.71 
34 140.5 72.85 67.77 67.77 2.498 0.62 
35 80.3 42.38 38.11 38.11 0.999 0.62 
36 110.4 30.01 80.47 80.47 4.49 1.25 
37 140.5 56.09 84.74 84.74 1.332 0.67 
38 81 -12.66 93.5 93.5 1.656 1.34 
39 135 41.75 93.5 93.5 3.655 1.15 
40 50.5 -18 68.51 68.51 1.463 1.84 
41 68.5 -24.93 93.5 93.5 1.537 1.64 
42 47.5 -45.96 93.5 93.5 1.639 2.03 
43 82 -43.01 12497 124.97 1.377 1.92 

Six Hill Formation 
44 100.2 49.34 50.81 50.81 2.34 0.56 
45 100.4 53.72 46.63 46.63 0.999 0.64 
46 120.5 40.14 80.47 80.47 0.999 0.80 
47 160.6 84.49 76.3 76.3 1.665 0.35 
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5.6. Hypothetical salts 
The combination between ions shows the formation of different varieties of salt assemblages. 

Five assemblages of hypothetical salt combinations are recognized in the groundwater aquifers at the 
study area (Table 4). 

Most of the Sabaya and all of the Six Hills Formations groundwater samples (60% and 100%, 
respectively) are characterized by the assemblages of hypothetical salt combinations (IV and V) 
regardless of their total water salinities (Table 4). These assemblages (IV and V, two chloride salts) 
reflect the effect of marine salt combination (marine facies groundwater) with some contribution of 
cation exchange phenomenon. The rest of the Sabaya Formation groundwater samples (40%) are 
characterized by the assemblages of hypothetical salt combinations (I, II and III) regardless of their total 
water salinities. These salt assemblages (I, II and III, three, two and one bicarbonate salts, respectively) 
reflect the effect of dissolution processes of calcite and dolomite minerals from the marine minerals 
during the groundwater flow. Also, those assemblages of salt combinations (I, II and III, one, two and 
three sulfate salts, respectively), refers to the human activity and some contribution of cation exchange 
processes, as well as the leaching and dissolution of the terrestrial salts (continental groundwater). 
Noteworthy to mention, assemblages of salt combinations (I and II) represent an earlier stage of 
chemical development than that of the assemblage of salt combinations (III). Where, the assemblages 
(I and II) reflect the effect of dissolution processes of terrestrial salts during the groundwater flow, while 
the assemblage (III) characterizes the groundwater that affected by the evaporite deposits. 

In general, there is a noticed chemical development from the groundwater dominated by salt 
combinations I and II (earlier stage of chemical development, where three and two bicarbonate salts 
exist) to groundwater dominated by salt combinations IV and V (more advanced stage of chemical 
development, where two chloride salts are found). Thus the salt assemblage III (intermediate stage of 
chemical development) where sulfate salts exist is considered as a transitional stage between the salt 
assemblages (I & II) and (IV & V). 

The presence of hypothetical salts assemblages (IV and V) in both the Sabaya and Six Hills 
Formations water samples (Table 4) indicates that there is a connection between the two aquifers and 
this can be confirmed by Ghoubachi (2001) which stated that the low salinity was observed along the 
fault plane on the depression surface may indicate the presence of a hydraulic connection between the 
underlying low salinity aquifer (Six Hills) with the Sabaya aquifer. 

 
Table 4. The hypothetical salts combinations of the groundwater (Sabaya and Six Hills Formations) 

samples in the study area 
Assemblages Hypothetical salts combinations % of samples 

Sabaya Formation water samples 

I NaCl, Na2SO4, NaHCO3, Mg(HCO3)2 and Ca(HCO3)2 15 

II NaCl, Na2SO4, MgSO4, Mg(HCO3)2 and Ca(HCO3)2 5 

III NaCl, Na2SO4, MgSO4, CaSO4 and Ca(HCO3)2 20 

IV NaCl, MgCl2, MgSO4, Mg(HCO3)2, Ca(HCO3)2 10 

V NaCl, MgCl2, MgSO4, CaSO4 and Ca(HCO3)2 50 

Six Hills Formation water samples 

IV NaCl, MgCl2, MgSO4, Mg(HCO3)2, Ca(HCO3)2 25 

V NaCl, MgCl2, MgSO4, CaSO4 and Ca(HCO3)2 75 

 
5.7. The hydrogeochemical processes 

Shed light of the hydrogeochemical processes that control groundwater quality is required and 
valuable for the sustainable management of the groundwater resources. The chemical composition of 
groundwater is detected by cation exchanges with the surrounding geological layers, dissolution and 
precipitation processes for minerals, and evaporation as well as oxidation-reduction reactions. 
Understanding these complicated hydrogeochemical processes will help to get an insight in the 
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contribution of water-rock interactions that affect groundwater quality. To discuss the hydro-
geochemical processes that occurred for the groundwater at the study area, some diagrams will be used 
from those Piper (1953), Durov (1948), Gibbs (1970).  

The chemical compositions of the collected water samples were plotted on a Piper diagram 
(Piper, 1953; Fig.6a) to detect the dominant hydrochemical facies and understand the different 
processes influencing the groundwater. Also, the geochemical evolution of the groundwater can be 
visualized by using the Piper trilinear diagram. This graph demonstrates that the alkaline earth metals 
(Ca2+ and Mg2+) are significantly dominating over the alkalis (Na+ and K+) and the strong acids exceed 
the weak acids. This indicates that none of cation or anion pairs exceed 50% in the groundwater. The 
distribution of the groundwater samples on the Piper diagram shows three hydrochemical facies; mixed 
Ca-Na-HCO3 (10%), Ca-HCO3 (8%) and mixed Ca-Mg-Cl (82%) water types, indicating fresh water 
and mixed water types, indicative of the mineral’s dissolution and ion exchange processes. It clears, 
from Piper's diagram, that the groundwater has a hydrochemical evolution path, from Ca-Na-HCO3-
type to Ca-Mg-SO4-Cl-mixed water type. Also, it was noticed that the Sabaya Formation groundwater 
samples are allocated around the Six Hills Formation groundwater samples, which confirms that there 
is a hydraulic connection between the both two Formations.  

The concentrations of the major ions of the collected groundwater samples were plotted on Durov 
(1948) diagram. Durov's diagram (Fig.6b) helps the explanation of the evolutionary trends and the 
hydrogeochemical processes occurring in the groundwater system and can refer to mixing of different 
water types, direct and reverse ion exchange processes. The results show that the majority (95%) and 
all (100%) of the groundwater samples of the Sabaya and Six Hills Formations, respectively, are related 
to the sub-square of magnesium-sulphate water indicating the effect of dissolution process of sulphate 
minerals accompanied by cation exchange process. Noteworthy that, magnesium-sulphate water 
displays less advanced stage of mineralization where the dominant ion is sulphate. Some of the Sabaya 
groundwater samples (2.5%) are related to the sub-square of magnesite (magnesium-carbonate) water, 
which displays also a less advanced stage of mineralization. This is mainly attributed to the effect of 
dissolution of dolomite minerals. The rest of the groundwater samples (2.5%) in the study area are 
related to the sub-square of halite (sodium-chloride) water, which displays more developed stage of 
mineralization. Generally, the prevailing processes in groundwater at the study area are a simple 
dissolution or mixing and ion exchange processes. 

Gibbs (1970) diagrams were utilized to give evaporation, rock weathering and precipitation as 
major natural mechanism processes controlling groundwater chemistry (Nagarajan et al., 2010 and 
Kaveh et al., 2014). Gibbs diagrams indicating the ratios of (Na+ + K+)/(Na+ + Ca2+) and Cl-/(Cl- + 
HCO3

-) as a function of TDS. The chemical composition of the collected groundwater samples at the 
study area were plotted on Gibbs's diagrams (Fig.6c), where in these diagrams, most of the 
groundwater samples fall in the centre that reflecting the main processes controlling the groundwater, 
is rock-water interaction. The water-rock interaction process includes the dissolution of secondary 
carbonates, and ion exchange between water and clay minerals.  
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Fig. 6: Piperʼs diagram (a), Durovʼs plot (b) and Gibbsʼs diagram (c) for the surface water and 

groundwater samples at West El Mouhoub area 
 
5.8. Groundwater mineralization processes 

In the groundwater of Sabaya Formation, the median dissolved minerals in mg/l according to 
AquaChem V.3.70 program. (1997) has the sequence; Anhydrite (CaSO4) > Halite (NaCl) > Dolomite 
[CaMg(CO3)2] > Carbonate (CaCO3). While the median dissolved minerals in Six Hills Formation 
groundwater has the sequence; Dolomite (CaMg(CO3)2)  > Anhydrit (CaSO4) > Halit (NaCl) > 
Carbonate (CaCO3).   

The PHREEQC code has been used to estimate the main mineral phases in the aquifer, 
thermodynamic equilibrium conditions of water, and aqueous speciation (Parkhurst and Appelo, 2013). 
The saturation indices for a mineral can be used as an indication for the mineral reactions (dissolution 
or precipitation). The mineral reaction mode (dissolution or precipitation) is constrained by the 
saturation indices for each mineral. Moreover, the saturation indices of minerals (SI) can be used to 
quantitatively determine the deviation of water from equilibrium with respect to these dissolved 
minerals.  

The saturation indices (SI) are used as an indicator of hydrochemical processes to evaluate the 
degree of equilibrium between groundwater and minerals that occur within the aquifer matrix (Li et al., 
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2010; Coesteiers and Walrevens, 2006; Langmuir, 1997). These indices are determined using Netpath 
geochemical modeling and are obtained from the following equation (6); 

  
SI = log (IAP/ KSP)……………………………………………………………………………………(6) 

 
Where IAP is the ion activity product and KSP is the solubility product of the mineral.  

A positive SI (SI > 0) indicates that groundwater is oversaturated with the mineral phase, and the 
mineral would therefore tend to precipitate. An SI of zero (SI = 0) shows that the water is in equilibrium 
with the mineral, while a negative SI (SI < 0) indicates the under-saturation and dissolution of further 
minerals (Qian and Ma, 2005; Luo et al., 2008). 

The SI values of groundwater samples for major minerals in the study area are listed in Table 5 
and Fig.7. The estimated values of the saturation indices indicate that all groundwater samples of the 
Sabaya and Six Hills Formations have negative values of sulphate (gypsum and anhydrite) and halite 
minerals indicate that these minerals are sparingly soluble in the groundwater. Also, 52% and 35% of 
the Sabaya Formation groundwater samples have negative saturation indices values of dolomite and 
calcite minerals, respectively, refers the carbonate minerals undergoes dissolution while the rest of the 
samples 48% and 65% have positive saturation indices values of dolomite and calcite minerals, 
respectively, infers carbonate minerals precipitation. On the other hand, 100% and 75% of the Six Hills 
Formation groundwater samples have positive values of dolomite and calcite minerals, respectively, 
refers to the precipitation of the carbonate minerals and the rest of the samples (25%) have negative 
values, indicates the dissolution of the carbonate minerals. 

 

 

Fig. 7: The saturation indices (SI) values of major minerals for groundwater samples in the study area 

 
5.9. Geo-statistical analyses 

The relation between the hydrochemical compositions of the groundwater can be shown by 
statistical analysis (Kim et al., 2002; Helena et al., 2000). This analysis investigates the degree of 
similarity and the probable relation between the physical and chemical parameters in water (Isawi et 
al., 2016). Ten physiochemical parameters were used as input data in Kyplot software (version 2), which 
developed by Yoshioka (2001) and the factor analysis and correlation matrix were obtained. These 
suggest that these ions largely control the groundwater salinity through mineralization due to rock-water 
interaction.  
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Table 5: Saturation indices of groundwater due to chemical equilibrium with Nubian Sandstone aquifer 
matrix 

Sample 
No. 

Calcite Dolomite Gypsum Anhydrite Halite 

Sabaya Formation 
4 -0.422 -0.697 -2.451 -2.665 -5.925 
5 0.571 0.732 -2.125 -2.32 -5.888 
6 0.113 -0.029 -2.497 -2.713 -6.185 
7 0.48 0.862 -1.753 -1.971 -5.543 
8 0.126 0.142 -2.202 -2.421 -5.843 
9 0.225 0.408 -2.259 -2.478 -5.802 

10 0.757 0.968 -2.065 -2.279 -5.826 
11 -0.498 -1.337 -2.382 -2.599 -6.049 
12 -0.305 -0.478 -2.598 -2.817 -6.210 
13 0.028 -0.293 -2.392 -2.613 -6.009 
14 -0.151 -0.341 -2.239 -2.457 -5.897 
15 -0.106 -0.344 -1.851 -2.071 -5.454 
16 -0.567 -1.122 -2.569 -2.787 -6.142 
17 -0.421 -0.926 -2.523 -2.741 -6.125 
18 -0.475 -0.812 -2.578 -2.795 -6.059 
19 -0.423 -0.711 -2.332 -2.55 -5.911 
20 -0.548 -1.436 -2.302 -2.52 -6.003 
21 0.086 -0.284 -2.164 -2.378 -5.871 
22 -0.14 -0.138 -2.343 -2.559 -6.067 
23 0.059 0.082 -2.383 -2.6 -6.055 
24 0.535 0.914 -2.341 -2.557 -6.094 
25 0.192 0.52 -2.283 -2.502 -5.787 
26 0.213 0.269 -2.256 -2.471 -5.468 
27 0.174 0.189 -2.423 -2.639 -5.179 
28 0.173 0.356 -2.108 -2.327 -5.760 
29 0.23 -0.099 -2.068 -2.285 -5.886 
30 0.908 1.453 -2.003 -2.23 -5.890 
31 0.161 0.15 -2.409 -2.63 -6.094 
32 0.078 0.328 -2.478 -2.682 -6.009 
33 0.026 -0.255 -2.387 -2.592 -6.025 
34 0.506 0.786 -2.069 -2.273 -5.903 
35 -0.263 -0.415 -2.568 -2.795 -6.025 
36 0.624 0.764 -2.121 -2.327 -5.717 
37 0.485 1.004 -2.15 -2.36 -5.986 
38 0.27 0.484 -2.705 -2.914 -5.617 
39 -0.088 -0.174 -2.806 -3.017 -5.679 
40 0.196 -0.013 -1.985 -2.196 -5.154 
41 -0.154 -0.355 -2.763 -2.988 -5.520 
42 -0.081 -0.236 -3.035 -3.254 -5.436 
43 0.127 0.248 -2.655 -2.874 -5.413 

Six Hills Formation 
44 0.106 0.142 -2.826 -3.045 -5.497 
45 0.122 0.01 -2.4 -2.62 -6.067 
46 -2.62 0.195 -2.475 -2.694 -6.009 
47 0.233 0.602 -2.39 -2.61 -5.97 

 
5.9.1. Factor analysis 

Three factors are formed from varimax rotation (Davis, 1986), which accounting for 75.5% of 
the total variances of the original data set (Table 6), which reflects different hydrogeochemical 
contributions are included in the chemical characteristics of groundwater in West  El Mouhoub area.  
Factor 1 (F1) is constituted 46.1% of the total variance (Table 6), whereas it has strong positive loading 
for TDS (0.71), EC (0.7), Na+ (0.77) and HCO3

- (0.97). This factor may be accounting for silicates 
weathering, which responsible for increasing both of Na+ and HCO3

- concentrations in groundwater. 
Factor 2 (F2) constitutes 17.1% of the total variance, whereas it has strong positive loading for Ca2+ 



Middle East J. Appl. Sci., 11(4): 910-932, 2021 
EISSN: 2706 -7947    ISSN: 2077- 4613                                        DOI: 10.36632/mejas/2021.11.4.71 

926 

(0.74) and SO4
2- (0.98) and moderate positive loading for TDS (0.66) and Mg2+ (0.55). This factor may 

be accounting for carbonate and sulphate minerals dissolution and/or ion exchange, which are 
responsible for increasing both of Ca2+, Mg2+ and SO4

2- concentrations in groundwater. Factor 3 (F3) 
constitutes 12.3% of the total variance, whereas it has strong positive loading for Cl-, which is 
responsible for increase the Cl- ion concentration as a result of leaching the Cl-bearing minerals from 
the clay within the aquifers material (Negrel and Roy, 1998). 
 

Table 6. Loads of top factors (F1, F2 and F3) and communality for each quality parameter deduced by 
FA of the water samples. Factors with high loadings (0.70 or more) are highlighted in red bold 

Variable F1 F2 F3 Communality 

E.C 0.71 0.34 0.48 0.84 

pH 0.04 0.015 -0.39 0.16 

TDS 0.71 0.67 0.21 1 

Ca++ 0.28 0.74 0.14 0.64 

Mg++ -0.03 0.54 0.12 0.31 

Na+ 0.77 0.03 0.01 0.59 

K+ 0.12 0.36 -0.08 0.15 

HCO3- 0.97 0.11 -0.09 0.97 

SO4-- 0.06 0.98 0.14 1 

Cl- 0.45 0.47 0.75 1 

% of variance 46.1 17.1 12.3  

Cumulative proportion 46.1 63.2 76.5  

 
5.9.2. Correlation analysis 

Since the salinity (TDS) originates generally from salt dissolution, elements highly correlated 
with TDS data can be defined as source materials of the salts. Correlation analysis using Pearson's 
coefficient (r) of physicochemical parameters of groundwater quality is listed in table 7. Correlation 
between water quality parameters considerably enhances the task of progressive monitoring of water 
quality. A correlation analysis is a bivariate method applied to indicate the extent of relation among two 
hydrochemical parameters. A strong correlation coefficient (near 1 or ~1) shows a good relationship 
between two variables and its value around zero means no relationship among them at a significant 
level of <0.05. More precisely it can be stated that parameters showing r > 0.7 are considered to be 
highly correlated, whereas (r) between 0.5 and 0.7 indicates moderate correlation. Table 6 indicates a 
perfect correlation between EC and TDS (r=1), indicating that EC is a measure of total dissolved solids 
in the groundwater. The matrix shows clearly a positively strong correlation between EC with Cl- (r= 
0.84). EC also moderately correlates with Na+ (r =0.54) and HCO3

- (r = 0.69). The positively strong 
correlation coefficients among TDS and EC (r =0.83), Ca2+ (r =0.72), HCO3

- (r =0.75), SO4
2- (r =0.74) 

and Cl- (r =0.8) indicates that these contents are the main factors contributing to the emerging 
groundwater salinization, while TDS is moderately correlates with Na+ (r =0.57). There is a strong 
correlation between Ca2+ and SO4

2- (r=0.76) refers to gypsum and anhydrite dissolution, while a low 
moderate correlation between Ca2+ and HCO3

- (r =0.33) indicate to Ca(HCO3)2 dissolution. A moderate 
correlation between Mg2+ and SO4

2- (r=0.55) indicative to epsomite (MgSO4.7H2O) dissolution. Also, a 
good correlation between Na+ and HCO3

- (r=0.67) refers to leaching of organic matter and carbonate 
minerals embedded in the confining layers matrix that overlies (Maghrabi clay stone) and underlies 
(Abu Ballas Formation) which underlies the Sabaya aquifer. A moderate correlation between SO4

2- and 
Cl- reflect the impact of the aquifer fluviomarine depositional environment. 
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Table 7:  Pearson's correlation matrix for all parameter pairs of groundwater sample data (red numbers 
indicate coefficients greater than 0.5) 

 E.C pH TDS Ca2+ Mg2+ Na+ K+ HCO3
- SO4

2- Cl- 

E.C 1          

pH -0.17 1         

TDS 0.83 -0.04 1        

Ca2+ 0.47 0.24 0.72 1       

Mg2+ 0.19 -0.09 0.37 0.23 1      

Na+ 0.54 -0.09 0.57 0.05 -0.13 1     

K+ 0.31 -0.08 0.31 0.21 0.03 0.05 1    

HCO3
- 0.69 0.07 0.75 0.33 0.1 0.67 0.17 1   

SO4
2- 0.44 -0.04 0.74 0.76 0.55 0.07 0.35 0.16 1  

Cl- 0.84 -0.27 0.8 0.58 0.34 0.37 0.16 0.42 0.6 1 

 
6. Groundwater quality assessment 

Various chemical quality standards have been established for assessment the water suitability for 
drinking of human, poultry, livestock and cattle. Also, the evaluation extends to domestic and laundry 
use as well as irrigation purposes. In the current study, the groundwater suitability for different purposes 
is based on the concentration of its major ions constituents. 
 

6.1. Evaluation for human drinking based on the salinity 
Generally, water used in human drinking, domestic and laundry purposes should be colorless and 

free of turbidity, excessive amounts of dissolved salts and unpleasant odor or taste. By applying the 
water quality guidelines for human drinking uses international standards (WHO, 2011) and table 1, it 
is clear that; 

All the groundwater samples (100%) of the Nubian sandstone aquifer in the study area are 
suitable for human drinking as they have concentrations of water salinity (123.35 - 317.145mg/l) less 
than that of the permissible limit (1000mg/l) but with some exceptions where this groundwater has high 
concentration of Fe(II) more than the permissible limit (0.3mg/l). So, it must be occurred treatment 
process for the investigated groundwater at the study area before drinking use. 

 
6.2. Evaluation for domestic and laundry uses 

Water is classified according to its hardness as shown at table 8 (Durfor and Becker, 1964).  
 
Table 8: Classification of water for laundry usage 

Classification 
Hardness concentration as CaCO3 in 

mg/l 
Soft 0-17 

Slightly hard 17.1-60 
Moderately hard 61-120 

Hard 121-180 
Very hard 180&over 

 
Noteworthy, to use water in domestic and laundry purposes, the hardness should be in the range 

from soft to moderately hard water. According to the chemical analyses (Table 1) and standard (Table 
8), most of the groundwater samples in the study area (68%) are suitable for domestic and laundry 
purposes as they ranged from slightly hard to moderately hard water, while the rest of the groundwater 
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samples in the study area (32%) are unsuitable for laundry purposes because they ranged from hard to 
very hard water. 
 
6.3. Evaluation for drinking of poultry, livestock and cattle 

Water is included in every aspect of poultry metabolism. It represents important roles in 
regulating body temperature, digesting food, and eliminating body wastes. At normal temperature, 
poultry consume at least twice as much as water feed. When heat stress undergoes, water consumption 
will double or quadruple. A safe and adequate source of water is therefore essential for efficient poultry 
production.  

Excessive salinity in livestock drinking water can disturb the animal’s water balance and cause 
death. Furthermore, high levels of specific ions in water can cause animal health problems. In other 
words, water to be used by livestock is mostly of the same quality limitation of suitability for human 
drinking purposes. Most animals, however, are able to use water with higher salinity than that 
considered satisfactory for human purposes.  

By comparing the chemical analysis data of the groundwater samples (Table 1) with the 
permissible standards (Mckee and Wolf, 1963), it is noted that all the groundwater samples in the study 
area are excellent water for all classes of livestock and poultry as they have relatively low level of 
salinity (TDS < 1000 mg/l). 

 
6.4. Evaluation for irrigation use 

The most commonly grown crops in the study area are wheat or clover hay (berseem) in winter 
and rice in summer. The groundwater in the study area was evaluated for irrigation purposes according 
to Richard, 1954. The diagram of the US Salinity Laboratory Staff classification (Richard, 1954) states 
that irrigation water can be classified according to sodium adsorption ratio (SAR) and electric 
conductivity (EC) in micromhos/cm at 25℃ (Fig.8). 

The sodium adsorption ratio (SAR) is a measure of sodium hazard of the irrigation water on the 
irrigated land. Irrigation water containing large contents of sodium is of special concern due to sodium's 
effects on the soil and poses a sodium hazard. Use of water has high sodium adsorption ratio (SAR) 
cause a breakdown in the physical structure of the soil. Sodium is adsorbed and becomes adhered to 
soil particles. The soil then becomes hard and compact when dry and increasingly impervious to water 
infiltration. Fine textured soils, especially those high in clay, are most subjected to this action. 

 

SAR = Na+/ �
���������

�
 

 
High values of SAR reflect a hazard of sodium replacing adsorbed calcium and magnesium and 

this replacement causes damaging to soil structure. 
By applying this classification to the groundwater in the investigated area (Table 1 and Fig.8), it 

can concluded that all groundwater samples (100%) in the study area lie in the parts of low salinity and 
low sodium (C1-S1), and medium salinity and low sodium (C2-S1), i.e., they are good water for irrigation. 
So, this type of water is used for the irrigation of all kinds of plants and suitable for soil of medium 
permeability. Generally, the evaluation of the studied groundwater concluded that the soluble iron is 
the major problem for drinking water. The soluble salts in the groundwater were within the safe level 
for drinking and irrigation. 
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Fig. 8: U.S. Salinity Laboratory Staff diagram for the irrigation groundwater samples in West El 
Mouhoub area 

 

7. Conclusion 

The main aquifer in El Dakhla Oases of the Western Desert that including west El Mouhoub area 
is the Nubian Sandstone Aquifer System (NSAS) which consists of three units from top to base (El 
Taref, Sabaya and Six Hills units). El Taref unit is totally depleted due to the overexploitation, while 
the middle unit (Sabaya unit) is considered the main water-bearing unit in the study area. The local 
residents sometimes exploit the deepest unit (Six Hills) to get groundwater when there is no enough 
water at Sabaya unit. The pumped groundwater is the only water resource in West El Mouhoub area 
and it is used for drinking, domestic and irrigation purposes. The groundwater of the study area is 
classified as fresh water since its salinity ranges between 123 and 317mg/l. The efficient land and water 
use is essential for the future development and sustainability of groundwater in the study area. 

The hypothetical salts assemblages and the Piper's diagram confirm that there is a connection 
between the Sabaya and Six Hills Formations in the study area. Also, the assemblages of hypothetical 
salts, Piper's diagram and Durov's plot indicate that there is a chemical development is noticed from the 
groundwater that dominated by bicarbonate salts (salt assemblages I and II, earlier stage of chemical 
development) to that dominated by chloride salts (salt assemblages IV and V, more advanced stage of 
chemical development). Thus the salt assemblage III (intermediate stage of chemical development) 
where sulfate salts exist is considered as a transitional stage between the salt assemblages (I & II) and 
(IV & V). 

The Sabaya aquifer matrix is rich in calcium carbonate minerals (CaCO3) and can be considered 
as source of bicarbonate salts in groundwater. Therefore, the groundwater type presents HCO3-Ca water 
type. The water-rock interaction process includes the dissolution of secondary carbonates, and ion 
exchange between water and clay minerals. The estimated values of the saturation indices indicate that 
all groundwater samples of the Sabaya and Six Hills Formations have negative values of sulphate 
(gypsum and anhydrite) and halite minerals, suggest that these minerals are sparingly soluble in the 
groundwater. Also, 52% and 35% of the Sabaya Formation groundwater samples have negative 
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saturation indices values of dolomite and calcite minerals, respectively. This reflects that the carbonate 
minerals undergo dissolution while the rest of the samples 48% and 65% have positive saturation indices 
values of dolomite and calcite minerals, respectively, infers carbonate minerals precipitation. 

Generally, the evaluation of the studied groundwater in the investigated area concluded that the 
soluble iron is the major problem for drinking water, where the soluble salts in the groundwater were 
within the safe level for drinking and irrigation. The current study recommends the usage of modern 
irrigation methods such as sprinkler and drip irrigation instead of the traditional methods such as flood 
irrigation to reduce groundwater depletion by the over-pumping. Furthermore, the groundwater must 
be treated to remove Fe before use for human drinking. 
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