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Abstract: Groundwater is the main water resource used for drinking and irrigation purposes in the 
study area. However, the levels of shallow Quaternary groundwater from urbanized areas have been 
declining continuously and groundwater quality deteriorated in present time. Understanding the 
hydrochemical processes that govern groundwater quality is important for sustainable management of 
the water resource. Mineral hydrolysis of basement and metamorphic minerals of watershed area is the 
primary process controlling the hydrochemical processes such as cation exchanges, leaching, 
dissolution, evaporation and oxidation-reduction. Moreover, such hydrochemical processes help to get 
an insight into the contributions of rock-water interaction influences on groundwater quality. For this 
study, a field survey was carried out on 2008 where, thirty-six groundwater samples were taken from 
the uniformly distributed water wells in Quaternary alluvium aquifer. The measurements of various 
water quality parameters were conducted on the collected groundwater samples taken from selected 
sites covering an area of approximately 1675 km2. The study approach includes geochemical analysis 
and conventional graphical plots of the hydrochemical data to assess the geochemical evaluation of 
aquifer system based on the TDS, hardness, water types, hypothetical salts and hydrochemical 
processes. The results suggest that different natural hydrogeochemical processes like simple ion 
exchange, leaching and dissolution, weathering of metamorphic minerals and  igneous rocks (granite), 
evaporation and oxidation-reduction are the key factors. Most influence on the species of groundwater 
chemistry are leaching and dissolution of weathered rock of the watershed area with limited reverse 
ion exchange at few locations of the upper stream of the wadi. The evaporation is not among the major 
hydrochemical process controlling the hydrochemistry of groundwater. Also, the oxidation-reduction is 
not remarkable because sulfides are not detected in  oxidized form in different water bearing 
formations 
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INTRODUCTION 

 
 Generally, the variation of major elements in the groundwater can be controlled by cation exchanges, 
dissolution and precipitation of minerals, evaporation and oxidation- reduction reactions. These complicated 
hydrogeochemical processes help to get an insight into the contributions of rock-water interaction (geochemical 
study) that influences groundwater quality. These geochemical processes are responsible for the seasonal and 
spatial variations in groundwater chemistry (Matthess, 1982 and Kumar et al., 2006). Groundwater chemically 
evolves by interacting with aquifer minerals or internal mixing among different groundwater along flow-paths in 
the subsurface (Domenico, 1972; Wallick and Toth, 1976; Toth, 1984 and Schuh et al., 1997). This indicated 
that the  increase in solute concentrations in the groundwater are caused by spatially variable recharge, governed 
by geochemical evolution controls. Further, the weathering of primary and secondary minerals is also 
contributing cations and silica in the system (Jacks, 1973; Freeze and Cherry, 1979 and Bartarya, 1993). Many 
discussed analysis, such as leaching and dissolution, mixing, cation exchange, oxidation-reduction, 
precipitation, hydrolysis control the water quality during its movement from the recharge to discharge areas. The 
scale of these changes is dependent on the chemical and physical properties of the surrounding rocks, the degree 
of diagnosis in sediments (dolomitization, recrystallization, concentration… etc.), the water temperature, the 
groundwater velocity and climatic changes. Evaluation of these changes surely help to simplify and organize 
data set in order to make useful generalizations and insight.  
 Sinai Peninsula occupies about 61000km2 (6% of the area of Egypt). In South Sinai (30,000 Km2), 
characterized by scanty rainfall and scarcity of surface water, the dependence on groundwater resource has 
increased tremendously in present time where groundwater is the only source of drinking and irrigation. There 
are very few studies reported on the groundwater quality in most cultivated areas of Sinai Peninsula. The over 
growing development activities in the coastal areas of South Sinai specially at Wadi Feiran basin on the Gulf of 
Suez, necessitate an increasing demand for urban water supply at present. The fresh and brackish groundwater 
resources can be readily extracted from the existing both in the main Wadi and Delta of Feiran basin. Rainfall 
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represents the main source of groundwater supply in Wadi Feiran. The groundwater is obtained from four water 
bearing formations representing Quaternary alluvium, Lower Cretaceous sandstone, Miocene and fracture 
basement aquifers, (Aggour, 2005).  
  The aim of this work is to define the hydrogeochemical processes controlling groundwater quality in 
Quaternary aquifer based on major ion chemistry and conventional graphical plots analysis of groundwater 
quality along the flow path in the main channel deposits of Wadi Feiran. The hydrochemical processes and 
geochemical evolution are studied and investigated through the evaluation of 36 water points tapping 
Quaternary alluvium aquifer. 
 
2. Description of Study Area: 
 Wadi Feiran basin is one of the important basins in southwestern Sinai. It includes the main channel of 
Wadi Feiran and its upstream tributaries; among them Wadi El Sheikh, Wadi El Akhader and Wadi Solaf.  The 
study area lies in the southwestern part of Sinai, and extends along Wadi El Sheikh, Wadi Feiran (From El Tarfa 
in the east through Feiran Oasis to El Tor area at the west). This area (1675 km2) is bounded by Latitudes 28○ 
37` and 28○ 45` N and Longitudes 33○ 33` and 33○ 57` E  (Fig. 1). This area is located within the low rainy belt 
of Egypt where the average annual rainfall is about 60 mm/y occurs mostly during October to December and 
March to May. Occasionally, the area is subjected to temporary floods and snowstorm from adjacent high lands. 
The daily temperature ranges from 9 to 12 oC during winter and 23-32 oC during summer. Approximately, 20 
times a year the temperature drops below zero. The relative humidity ranges from 45% to 60% on average; the 
low humidity reached 5-10% on dry days and opposed to 90-95% during instances of rain or fog. 
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Fig. 1: Location map of groundwater samples of Wadi Feiran basin, South Western Sinai, Egypt.  
 
 Geologically, strongly deformed Precambrian igneous and metamorphic rocks consisting of gneisses and 
granites occupy the study area. The Precambrian rocks are unconformably overlain by non-metamorphosed 
sediments cropping out to the north and west of the area. In such a mountainous area, well-stratified Lacustrine 
sandy and pebbly deposits fill the main Wadis as Feiran and El Sheikh. Remnants of such Lacustrine beds are 
still hanging on the slopes of some hills in Feiran Oasis. The floor of the main Wadi and plains are covered by 
Quaternary alluvial deposits (Kassem, 1981).  Both igneous and metamorphic rocks in the area under 
investigation are invaded by dykes of different compositions and variable trends. Mineralogically, these dykes 
are acidic either albite or rhyoltes, red porphyry or trachyite types and basic or basaltic dykes. From the 
structural point of view, faults, folds, foliation and joints affect the study area, Fig. (2). 
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Fig. 2: Geologic map of Wadi Feiran, Southwest Sinai, Egypt (GSE 1994). 
 
 The studied basin comprises the highest peaks in Egypt that receive a great part of runoff attaining 89316.2 
mm3 (Abu El Magd, 2003). A great part of this amount drains to the Gulf of Suez and the other percolates 
downwards through the pore spaces or fractures to feed the different aquifers. Alluvium and Lacustrine deposits 
form reasonable reservoirs for groundwater accumulations in the main channel of Wadi Feiran.  
 The exciting of some lakes in the main wadi may be attributed to dam like barriers of dikes that cross wadi 
Feiran in an almost Aqaba rift trend, forming separate sub basins, Fig. (3). These barriers cause an interruption 
and retardation of subsurface water flow resulting in the accumulation of groundwater bodies and a high 
upstream water table. Connection between the sub basins may occur after an over-flow during the heavy rainy 
season (Awad, 1953 and Kassem, 1981). The Quaternary deposits are distributed along the drainage lines and 
their composition and texture differ from one wadi to another, reflecting the composition of the watershed areas.  
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Fig. 3: Hydrogeologic sketched cross section representing the ways of water connection between two adjacent 
semi isolated reservoirs at Wadi Feiran. 

 
 Thirty-six water points representing the Quaternary aquifer are selected for study (Fig. 1). The depth to 
water in Wadi Feiran and Wadi El Sheikh ranges from 13.16 m to 49.12 m. This wadi variation reflects the 
variation of alluvium thickness between the main Wadi  and surrounding sub basins as well as the impact of the 
barrier dykes. The major acidic dykes divide the main channel into four sub-basins; Katherine–Watia, Watia–
Tarfa, upstream from Feiran Oasis and Feiran Oasis–Hiswa (Issawi and Zaghloul, 1994 and Abdel Mogheeth 
and Himida, 1998). This Quaternary alluvium aquifer is classified into three main types of facies, old alluvium, 
Laustrine deposits and Recent alluvium (El-Ghawaby et al., 1983).  
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 From the field observations, it was noticed that old alluvium act as water bearing and the recharge is mainly 
from the surrounding fractured basement rocks. The shallow ground water is recorded at Feiran Oasis reflecting 
the impact of NW-SE dyke which forms a barrier. The transmissivity and the specific yield of the alluvium were 
estimated by (Aggour, 2005) as 96.93m2/d and 1.32x10-3, respectively. 
 
3. Groundwater Occurrence: 
 The field observations show groundwater occurrence, this is predicted on basis of  the following main 
conditions (Abdel-Mogheeth and Himida, 1998). 
1- The acid and red porphyry dikes having widths of more than 5 m, act as real dams for groundwater. So, some 
trials in the area between 2 to 4 km along the upstream of Feiran Oasis give negative results 
2- Lacustrine deposits play an important role in groundwater occurrence since their facies are either impervious 
to semi-pervious (clay, silt and marl), or occasionally pervious (sand and gravel).  
3- In the last few years, the groundwater levels have shown a gradual drop of about 2 m between St. Catherine 
and Tarfa and about 15 m in the Feiran Oasis. This drawdown is due to the productivity of the well is 38 m³/h 
with a specific capacity equals 3.1. Meanwhile, the salinity of the groundwater samples changes and fluctuated 
in the Quaternary alluvium aquifer along the whole trajectory of the Wadi.   
 
4. Experimental: 
4.1 Sampling and Measuring Technique: 
 Thirty-six water samples were collected from the study area and subjected to both field and laboratory 
analysis. These water samples were collected in clean polyethylene bottles. At the time of sampling, bottles 
were thoroughly rinsed 2–3 times with groundwater to be sampled. In the case of bore holes and hand pumps, 
the water samples were collected after pumping for 10 min. This was done to remove groundwater stored in the 
well.  
 
4.2 Field Measurements:  
 In situ measurements of water samples location together with some physical and chemical characteristics of 
the collected water were evaluated in the field using GPS model (Magellan Nave 5000 pro.) for the 
determination of latitudes and longitudes and Electrical Conductivity meter Jenway, model(470) for the 
determination of water salinity(EC in µS/cm) and pH  was measured using pH meter Jenway, model(3150). 
 
4.3 Laboratory Analyses:  
 The analyses include the determination of EC, TDS, pH and concentration of major cations (Ca2+, Mg2+, 
Na+, K+) and anions (CO3

2-, HCO3
-, SO4

2-, SiO3
2- ,S2- and Cl-). The obtained chemical data are expressed in 

milligram per liter (ppm), milligram equivalent (epm) and percentage (% epm). The results are listed in table (1) 
according to the standard methods (Rainwater and Thatcher, 1960; Fishman and Friedman, 1985; American 
Public Health Association, 1995 and  ASTM, 2002).  
 

RESULTS AND DISCUSSION 
 
 The Hydrogeochemical aspects and their impact on the hydrochemistry of the groundwater quality of the 
Quaternary alluvium aquifer through the main channel of Wadi Feiran area will be discussed in the following: 
 
5.1 Hydrogeochemical Aspects of the Quaternary Alluvium Aquifer: 
 According to the results of chemical analyses of the collected samples from the main trunk of Wadi Feiran 
basin, the following chemical characteristics are concluded: 
 
5.1.1 Water Salinity:  
 The total dissolved solids (TDS) in groundwater samples of Quaternary alluvium aquifer are ranged from 
400 to 1075mg/l (Table 1). This indicates that all samples of the aquifer are fresh water type.(Freeze and Cherry, 
1979). This variation of salinity indicates different direct flow (seepage) of surface and subsurface water from 
east to west in main channel may be a attributed to the location of wells near or away from the recharge area. 
 
5.1.2 Total Hardness: 
 In the Quaternary alluvium aquifer, the obtained mean values of total hardness, permanent and temporary 
hardness are 351, 215 and 136 mg/l, respectively. According to classification of (Chadha 1999), the 
groundwater samples of Quaternary alluvium aquifer (100%) lies in sub area (6) which have alkaline earth 
greater than alkali earth (alkali metals), permanent hardness  dominates over temporary hardness with water 
types of Ca or Na-Cl (Fig. 4). This means that, the total and permanent hardness increase as the water salinity 
increases while decreases as the temporary hardness increases. This is mainly attributed to the effect of leaching 
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and dissolution of salts leading to the increase of hardness with particular importance to the effect of NaCl 
concentration (effect of ionic strength) on increasing solubility of Ca2+ and Mg2+ in water (Hem, 1989). Also, 
the hardness of the groundwater increases with long residence time and the Ca2+ and Mg2+ concentrations are 
changed due to cation exchange reactions. The increase in permanent hardness reveals that regional flow of 
groundwater from east to west direction where the metamorphic, igneous (granite) and gypsum minerals in the 
aquifer matrix cause an increase in the hardness of groundwater (Issawi et al., 1981) and (Issawi and Zaghloul, 
1994). 
 
Table 1: Chemical analysis of groundwater samples of the Quaternary aquifer in Wadi Feiran (ppm, epm and %). 

Well no. pH TDS unit Ca++ Mg++ Na+ K+ CO3
-- HCO3

- SO4
-- Cl- 

1 7.9 467 
ppm 94.3 15.5 52 3.5 20.1 109 122.6 104.5 
epm 4.71 1.27 2.26 0.09 0.67 1.79 2.55 2.95 
% 56.49 15.30 27.14 1.07 8.42 22.46 32.07 37.05 

2 8.0 446 
ppm 91.8 14.9 48 3.5 13.4 128.1 110.6 99.3 
epm 4.58 1.23 2.09 0.09 0.45 2.10 2.30 2.80 
% 57.39 15.35 26.15 1.12 5.84 27.46 30.09 36.62 

3 8.0 400 
ppm 79.6 13.2 48 3 10.1 128.1 86.5 95.7 
epm 3.97 1.09 2.09 0.08 0.34 2.10 1.80 2.70 
% 55.01 15.03 28.90 1.06 4.85 30.28 25.95 38.92 

4 8.0 410 
ppm 80.2 12.8 52 3 13.4 103.7 86.5 109.9 
epm 4.00 1.05 2.26 0.08 0.45 1.70 1.80 3.10 
% 54.14 14.24 30.59 1.03 6.33 24.13 25.54 44.00 

5 7.8 547 
ppm 103 16.5 72 3.5 16.8 122.6 130 143.3 
epm 5.15 1.36 3.13 0.09 0.56 2.01 2.70 4.04 
% 52.97 13.94 32.17 0.92 6.01 21.57 29.03 43.39 

6 7.6 1075 
ppm 199 27.6 145 2 16.8 88.6 317.3 323.1 
epm 9.92 2.27 6.30 0.05 0.56 1.45 6.60 9.11 
% 53.49 12.24 34.00 0.27 3.16 8.19 37.24 51.41 

7 7.7 778 
ppm 161 29.5 73.6 4.5 13.4 109 216.3 225.9 
epm 8.01 2.43 3.20 0.11 0.45 1.79 4.50 6.37 
% 58.25 17.64 23.27 0.83 3.41 13.64 34.34 48.62 

8 8.0 490 
ppm 146 26.3 90 4.5 13.4 112.4 230 223.5 
epm 7.28 2.16 3.91 0.11 0.45 1.84 4.78 6.30 
% 54.04 16.06 29.05 0.85 3.34 13.77 35.77 47.12 

9 8.0 757 
ppm 134 22.1 105 4 20.1 102.2 197.7 223.5 
epm 6.68 1.82 4.57 0.10 0.67 1.68 4.11 6.30 
% 50.75 13.80 34.67 0.77 5.25 13.13 32.23 49.40 

10 8.1 785 
ppm 140 25.1 105 4.5 16.8 98.8 212 232.2 
epm 6.99 2.06 4.57 0.11 0.56 1.62 4.41 6.55 
% 50.90 15.03 33.24 0.84 4.26 12.33 33.57 49.85 

11 7.9 778 
ppm 135 22.3 105 4 16.8 98.8 210 235 
epm 6.76 1.83 4.57 0.10 0.56 1.62 4.37 6.63 
% 50.96 13.83 34.44 0.77 4.25 12.29 33.16 50.30 

12 7.9 828 
ppm 139 24.5 110 4 16.8 105.6 255.4 225.9 
epm 6.94 2.01 4.78 0.10 0.56 1.73 5.31 6.37 
% 50.13 14.56 34.57 0.74 4.00 12.39 38.02 45.59 

13 8.0 689 
ppm 119 19 96 5 20.1 98.8 170 210 
epm 5.94 1.56 4.17 0.13 0.67 1.62 3.54 5.92 
% 50.31 13.24 35.37 1.08 5.70 13.79 30.10 50.41 

14 8.0 683 
ppm 119 20.8 94 4.5 16.8 95.4 180 200.1 
epm 5.95 1.71 4.09 0.11 0.56 1.56 3.74 5.64 
% 50.15 14.42 34.46 0.97 4.86 13.58 32.53 49.03 

15 8.0 752 
ppm 130 21.4 107.5 5.5 16.8 109 200 216.2 
epm 6.50 1.76 4.67 0.14 0.56 1.79 4.16 6.10 
% 49.70 13.46 35.76 1.07 4.44 14.18 33.01 48.38 

16 8.0 689 
ppm 110 20.2 92 5.5 16.8 109 210 179.8 
epm 5.49 1.66 4.00 0.14 0.56 1.79 4.37 5.07 
% 48.62 14.71 35.43 1.24 4.75 15.16 37.07 43.03 

17 8.1 452 
ppm 92.2 12.6 48 4 16.8 109 141 82.6 
epm 4.60 1.04 2.09 0.10 0.56 1.79 2.93 2.33 
% 58.79 13.24 26.67 1.30 7.35 23.48 38.55 30.62 

18 8.0 453 
ppm 79.8 12.9 62 4 16.8 119.2 120.4 97.2 
epm 3.98 1.06 2.70 0.10 0.56 1.95 2.50 2.74 
% 50.79 13.53 34.38 1.30 7.21 25.18 32.28 35.33 

19 7.9 611 
ppm 124 19.2 64.4 5 13.4 129.5 177.9 141.8 
epm 6.21 1.58 2.80 0.13 0.45 2.12 3.70 4.00 
% 57.94 14.74 26.13 1.19 4.35 20.67 36.04 38.94 
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20 8.1 519 
ppm 88.7 14.2 68 4 16.8 112.4 150 121.5 
epm 4.43 1.17 2.96 0.10 0.56 1.84 3.12 3.43 
% 51.15 13.50 34.17 1.18 6.25 20.59 34.87 38.29 

21 7.9 728 
ppm 111 19.3 115 5 13.4 153.3 223.2 165.2 
epm 5.52 1.59 5.00 0.13 0.45 2.51 4.64 4.66 
% 45.11 12.97 40.87 1.04 3.64 20.49 37.87 38.00 

22 8.1 582 
ppm 97.6 16.4 76 4.5 20.1 122.6 170 136 
epm 4.87 1.35 3.30 0.11 0.67 2.01 3.54 3.84 
% 50.53 13.99 34.29 1.19 6.66 19.99 35.18 38.16 

23 8.1 534 
ppm 93.2 16 76 4.5 16.8 132.9 130.3 131.2 
epm 4.65 1.32 3.30 0.11 0.56 2.18 2.71 3.70 
% 49.55 14.02 35.21 1.22 6.12 23.81 29.63 40.45 

24 8.0 434 
ppm 65 17.5 59.8 4.5 23.5 122.6 110.6 92.2 
epm 3.24 1.44 2.60 0.11 0.78 2.01 2.30 2.60 
% 43.85 19.46 35.15 1.55 #### 26.12 29.91 33.80 

25 7.9 587 
ppm 106 23.1 71.3 7 20.1 153.3 153.8 128.7 
epm 5.30 1.90 3.10 0.18 0.67 2.51 3.20 3.63 
% 50.58 18.13 29.59 1.70 6.69 25.10 31.96 36.26 

26 7.8 545 
ppm 87.2 18 74 4.5 20.1 163.5 148 111.7 
epm 4.35 1.48 3.22 0.11 0.67 2.68 3.08 3.15 
% 47.48 16.15 35.11 1.25 6.99 27.98 32.14 32.89 

27 8.0 508 
ppm 85.1 17.6 74 4 20.1 160.1 117.9 109.3 
epm 4.25 1.45 3.22 0.10 0.67 2.62 2.45 3.08 
% 47.11 16.06 35.70 1.13 7.58 29.72 27.78 34.91 

28 8.1 585 
ppm 105 23.6 70 5.5 23.5 156.7 160 119 
epm 5.24 1.94 3.04 0.14 0.78 2.57 3.33 3.36 
% 50.58 18.72 29.35 1.35 7.80 25.59 33.17 33.44 

29 8.0 528 
ppm 89.4 20.2 76 4.5 20.1 166.9 120 114.2 
epm 4.46 1.66 3.30 0.11 0.67 2.74 2.50 3.22 
% 46.75 17.41 34.63 1.20 7.34 29.99 27.36 35.31 

30 7.8 539 
ppm 86.3 20.6 76 4.5 26.8 163.5 129.2 114.2 
epm 4.31 1.69 3.30 0.11 0.89 2.68 2.69 3.22 
% 45.72 17.99 35.08 1.22 9.41 28.27 28.35 33.97 

31 7.8 515 
ppm 85.8 20.2 74 4.5 20.1 180.6 108.6 111.7 
epm 4.28 1.66 3.22 0.11 0.67 2.96 2.26 3.15 
% 46.16 17.91 34.69 1.24 7.41 32.75 24.99 34.85 

32 7.8 541 
ppm 84.5 22.6 80 4.5 23.5 177.2 123.6 114.2 
epm 4.22 1.86 3.48 0.11 0.78 2.90 2.57 3.22 
% 43.61 19.22 35.98 1.19 8.26 30.64 27.12 33.98 

33 7.7 558 
ppm 85.7 24.8 84 5 20.1 187.4 128 116.6 
epm 4.28 2.04 3.65 0.13 0.67 3.07 2.66 3.29 
% 42.36 20.20 36.18 1.26 6.91 31.69 27.47 33.93 

34 7.9 772 
ppm 106 29.2 115 7.5 16.8 78.4 250 187.9 
epm 5.30 2.40 5.00 0.19 0.56 1.28 5.20 5.30 
% 41.11 18.63 38.78 1.48 4.53 10.41 42.13 42.93 

35 8.1 686 
ppm 93.3 29.4 108 5.5 16.8 180.6 165 177.9 
epm 4.66 2.42 4.70 0.14 0.56 2.96 3.43 5.02 
% 39.09 20.30 39.43 1.18 4.67 24.73 28.68 41.92 

36 7.9 727 
ppm 91 28.8 117.5 6.5 16.8 184 199.4 174.9 
epm 4.54 2.37 5.11 0.17 0.56 3.02 4.15 4.93 
% 37.27 19.44 41.93 1.36 4.42 23.83 32.77 38.97 

 
5.1.3 Water Types Relationships (Hydrochemical Facies): 
 The ion dominance order reflects the weathering degree of the watershed areas. The groundwater of the 
Quaternary alluvium reveals the dominance of one cations order (Ca2+>Na+>Mg2+) in 94% with four anions 
order recoded as Cl- > SO4

2-> HCO3
- (53%), Cl- > HCO3

- > SO4
2- (17%), SO4

2-> Cl-> HCO3
- (2%) and, HCO3

-> 
Cl-> SO4

2- (22%) of the water samples reflecting the distribution of the intrusive rocks (apatite, amphiboles and 
pyroxinites, (Burdon, 1958). Accordingly, the dominant water types are Cl-Ca (70%) and HCO3 –Ca (22%).  
SO4 –Ca water type is rarely occurred, table (2).  All such types are the result of hydrochemical processes acting 
between water and aquifer matrix such as leaching and dissolution of terrestrial salts of fragments of basement. 
The rest of the total samples 6% has cations order Na+>Ca2+>Mg2+ with water type Cl-Na. This may be occurred 
by dissolution of marine salts of the catchment area and the aquifer matrixes, while the variation reflects the 
flow path of water through the main channel of the Wadi west word. 
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Table 2: Hydrochemical ratios, Nitrate, Sulfide, Cation exchange, Alkali number, and water types of groundwater samples of Wadi Feiran. 
Well 
No. 

Hydrochemical ratio NO3
-, 

ppm 
S2- , ppm Cation 

Exch. 
Alkali 

No. 
Water types-

rNa+/rCl- rCa2+/rMg2+ rSO4
2-/rCl- rCl-/r(HCO3

-

+CO3
2-) 

1 0.77 3.70 0.87 0.81 63.4 <0.1 0.20 79.8 Cl-Ca 
2 0.75 3.73 0.82 0.70 60.7 <0.1 0.22 77.7 Cl-Ca 
3 0.77 3.65 0.67 0.69 50.2 <0.1 0.20 80.1 Cl-Ca 
4 0.73 3.79 0.58 0.94 46.3 <0.1 0.25 75.4 Cl-Ca 
5 0.77 3.79 0.67 1.03 45.1 <0.1 0.20 79.7 Cl-Ca 
6 0.69 4.37 0.72 3.07 134.0 <0.1 0.30 69.8 Cl-Ca 
7 0.50 3.30 0.71 1.85 90.0 <0.1 0.48 52.0 Cl-Ca 
8 0.62 3.36 0.76 1.78 48.6 <0.1 0.36 63.9 Cl-Ca 
9 0.72 3.67 0.65 1.83 48.2 <0.1 0.26 74.1 Cl-Ca 
10 0.70 3.39 0.67 2.01 47.8 <0.1 0.29 71.5 Cl-Ca 
11 0.69 3.68 0.66 2.03 48.1 <0.1 0.30 70.4 Cl-Ca 
12 0.75 3.44 0.83 1.85 47.6 <0.1 0.23 76.7 Cl-Ca 
13 0.70 3.80 0.60 1.77 43.3 <0.1 0.27 72.6 Cl-Ca 
14 0.72 3.48 0.66 1.78 36.4 <0.1 0.26 74.5 Cl-Ca 
15 0.77 3.70 0.68 1.72 56.0 <0.1 0.21 79.0 Cl-Ca 
16 0.79 3.30 0.86 1.43 48.0 <0.1 0.18 81.7 Cl-Ca 
17 0.90 4.44 1.26 0.66 34.7 <0.1 0.06 94.0 SO4-Ca 
18 0.98 3.76 0.91 0.71 38.5 <0.1 -0.02 102.1 Cl-Ca 
19 0.70 3.94 0.93 0.99 46.2 <0.1 0.27 73.2 Cl-Ca 
20 0.86 3.80 0.91 0.94 39.3 <0.1 0.11 89.3 Cl-Ca 
21 1.07 3.48 1.00 0.99 38.6 <0.1 -0.10 110.1 Cl-Ca 
22 0.86 3.61 0.92 0.95 49.6 <0.1 0.11 89.1 Cl-Ca 
23 0.89 3.53 0.73 0.88 47.3 <0.1 0.08 92.4 Cl-Ca 
24 1.00 2.25 0.88 0.63 35.2 <0.1 -0.04 104.4 HCO3-Ca 
25 0.85 2.79 0.88 0.74 42.0 <0.1 0.10 90.3 Cl-Ca 
26 1.02 2.93 0.98 0.61 36.0 <0.1 -0.06 105.8 HCO3-Ca 
27 1.04 2.93 0.80 0.61 35.6 <0.1 -0.08 107.7 HCO3-Ca 
28 0.91 2.70 0.99 0.66 33.8 <0.1 0.05 94.9 Cl-Ca 
29 1.03 2.69 0.78 0.61 41.9 <0.1 -0.06 106.2 HCO3-Ca 
30 1.03 2.54 0.83 0.60 27.6 <0.1 -0.06 106.2 HCO3-Ca 
31 1.02 2.58 0.72 0.56 34.0 <0.1 -0.06 105.8 HCO3-Ca 
32 1.08 2.27 0.80 0.57 30.8 <0.1 -0.12 111.6 HCO3-Ca 
33 1.11 2.10 0.81 0.56 40.1 <0.1 -0.15 115.0 HCO3-Ca 
34 0.94 2.21 0.98 1.98 29.5 <0.1 0.02 97.9 Cl-Ca 
35 0.94 1.93 0.68 0.90 17.9 <0.1 0.04 96.4 Cl-Na 
36 1.04 1.92 0.84 0.87 29.3 <0.1 -0.07 106.9 Cl-Na 

 
5.1.4 Hydrochemical Coefficients: 
 The expression of the ionic relationship in terms of mathematical ratios is quite helpful for establishing 
chemical similarities among waters representing aquifers. Ions ratios are also useful in detecting groundwater 
changes due to hydrochemical processes along flow path. The average value of rNa+/rCl- becomes greater than 
rainwater and seawater. This indicates a partial leaching and dissolution of terrestrial deposits evidenced by the 
high content of sodium in some groundwater samples. The ratio of rCa++/rMg++ is very far from that of seawater 
(0.14) but it is very near to rainwater standard (7.14). This may indicate a meteoric water origin affected by 
carbonate salt dissolution or CO2-CaCO3 interaction where the water bearing formation contains carbonate 
forms as (aragonite, calcite and chalice). The high value of rSO4

--/rCl- ratio in all groundwater samples indicates 
the high content of sulphate salts (gypsum and anhydrite) in the leached sediments (Tables 2). According to 
(Simpson, 1946) and (Todd, 1959) categories, the values of rCl- /rCO3

- + rHCO3
- ratio indicate slightly to 

moderately contaminated water in Quaternary alluvium aquifer due to leaching and dissolution or cation 
exchange processes 
 
5.1.5 Hypothetical Salts: 
 The groundwater of Wadi Feiran basin has different salt assemblages reflecting the impact of 
geomorphologic and geologic settings as follows: 
 
I- NaCl, Na2SO4, MgSO4, CaSO4 and Ca(HCO3)2    (31% of total samples) 
II- NaCl, MgCl2, MgSO4, CaSO4 and Ca(HCO3)2     (50% of total samples) 
III- NaCl, MgCl2, CaCl2, CaSO4 and Ca(HCO3)2      (19% of total samples) 
 The first assemblage in the aquifer reveals the dissolution of terrestrial salts but the second and third reveal 
the leaching and dissolution of marine salts i.e., halite, bischofite, anhydrite and hydophylite. 
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Fig. 4: Diagram demonstrating geochemical classification of groundwater samples  in the Quaternary alluvium 

aquifer.  
 
 In conclusion, although, only rainfall is the source of recharge for groundwater in the Quaternary alluvium 
aquifer, the hydrochemical processes have resulted in different species of salinity, total hardness, water types, 
ion ratios and hypothetical salts.  
 
5.2 Impact of Hydrochemistry on Geochemical Evolution of Groundwater in Wadi Feiran: 
 Generally, the evolution of geochemical properties of groundwater depends on the origin of water recharge 
(meteoric water, paleo-water or sea water) and on the subsurface geochemical processes within the aquifer 
system. The geochemcial evolution of groundwater in wadi Feiran area is discussed through metasomatic 
changes of anions, ion exchange process, leaching and dissolution of minerals, evaporation and oxidation-
reduction as follows: 
 
5.2.1 Metasomatic Changes: 
 (Burdon, 1958) postulated that the anions firstly show rapid change when water comes in contact with 
rocks. The changes increased with depth or distance from recharge to discharge region along the flow path. So, 
the majority of the groundwater types (56% of the total samples) under study belongs to the more advanced 
grade of metasomatic sequence; Cl- > SO4

2-> HCO3
-. This is due to salt water encroachment leaching and 

dissolution of marine salts from marine sediments. On the other hand, the rest of groundwater samples (44% of 
the total samples) displayed primary and less advanced stage of mineralization where the dominant anion is 
bicarbonate or sulfate and the metasomatic sequences are HCO3

-> Cl- > SO4
2- (22%),  SO4

2- > Cl- > HCO3
- (3%) 

and Cl- > HCO3
- >SO4

2- (19%). This could be attributed to the integrated recharge of subsurface infiltration of 
the runoff water from the hydrographic basin of wadi Feiran. 
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5.2.2 Ion Exchange Process:  
 This process depends on replacement of adsorbed ions on the exchange complex by ions in solution. Ion 
exchange is one of the important processes responsible for the concentration of ions in groundwater. Chloro 
alkaline indices 1 and 2 (CAI 1 and CAI 2) is calculated using Eq. 1 and 2 and plotted in Fig. 5. 
 
CAI 1 = Cl-- (Na++K+)/ Cl-                                                                   (1) 
 
CAI 2 = Cl-- (Na++K+)SO4

2- +HCO3
- +CO3

2- + NO3
-
                             (2) 
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Fig. 5: Bar diagram of Chloro Alkaline Indices (CAI 1 and 2) in groundwater samples of the Quaternary 

alluvium aquifer. 
 
 All values are expressed in me/l. When there is an exchange between Na+ or K+ with Mg2+ or Ca2+ in the 
groundwater, both the above indices will be positive and if a reverse ion exchange prevailed then both these 
indices will be negative (Schoeller, 1965). Figure (5) for the groundwater samples of Quaternary alluvium 
aquifer of wadi Feiran shows that 31% of total samples have a reverse ion exchange in the recharge area of 
upstream of Wadi while 11% of total samples displayed ion exchange downstream of Wadi. This ion exchange 
in downstream may be due to cation exchange and residual time in the aquifer. The rest of samples (58%) aren't 
show a significant switch over between the processes of ion stability and reverse ion exchange.  
 There is another several indices used for the identification of water that has undergone cation exchange 
processes (Matthess, 1982), these are:  
 a. The alkali number that is expressed as 100 (Na+K) / Cl, me /l). An increase or decrease of the alkali 
number is mainly attributed to cation exchange that takes place. The alkali number in 69% of groundwater 
samples in the Quaternary alluvium aquifer ranges from 52 to 98 (Table 2). These groundwater types are 
characterized by the assemblages II and III of salt combinations, with ratio of rNa+/Cl- less than unity, which 
reflect the effect of leaching and dissolution of marine salts, with some contribution of the cation exchange 
phenomenon. In this case, the high concentration of alkalis (Na+ and K+) in their halides in solution replaces 
Ca2+ and Mg2+ on the surface of clay minerals in aquifer matrix. As a result of cation exchange processes, Na+ 
concentration decreases, this is accompanied by an increase of Ca2+ and Mg2+ concentrations in solution, leading 
to an increase in salts causing permanent hardness (MgCl2, CaCl2, MgSO4 and CaSO4) rather than those causing 
temporary hardness Ca(HCO3)2 which is in equilibrium with PCO2 and a slight decrease in water salinity in the 
same time. On the other hand, 31% of the groundwater samples of the Quaternary alluvium aquifer have an 
alkali number 100 and less 120. This groundwater type is related to the salt combination assemblage (I) with a 
ratio of rNa+/Cl- more than unity, which reflects the effect of leaching and dissolution of terrestrial salt 
(continental facies groundwaters) with some contribution of cation exchange processes. In this case, the alkaline 
earths (Ca2+ and Mg2+) in their sulfates and part of their carbonates in solution replace the alkalis (Na+ and K+) 
on the surface of clay minerals in the aquifer matrix. As a result of cation exchange processes, the increase of 
Na+ concentration and decrease in Ca2+ and Mg2+ concentrations in solution, lead to a decrease in salts causing 
temporary and permanent hardness while cause a slight increase in water salinity but no change in pH and 
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HCO3
- because each mole of Ca2+ or Mg2+ adsorbed is replaced by 2 moles of Na+. The loss of Ca2+ and Mg2+ 

decreases the degree of water saturation with respect to both carbonate and gypsum minerals (Freeze and 
Cherry, 1979).  
 b. The cation exchange index that is employed as:  
 
Cation exchange index = {rCl  - r ( Na  + K )}/ rCl 
 

 
 
Fig. 6: Relation between Ca2+ + Mg2+ and SO4

2-+HCO3
- in groundwater samples of the Quaternary alluvium  

aquifer 
 
 This ratio has either negative or positive values. The negative value means that the alkaline earth’s (Ca2+ 
and Mg2+) in water replaces the alkalis (Na+ and K+) on the surface of clay minerals in the aquifer and vice versa 
in case of positive value. In the regard, 69% of the groundwater of Quaternary alluvium aquifer, affected by 
leaching and dissolution of marine salts from the catchment area, have positive values regardless of water 
salinity (Table 2). On the other hand, 31% of the total samples have negative value that reveals leaching and 
dissolution of terrestrial salts of the catchment area and aquifer matrices.  
 c. The plot of Ca2+ + Mg2+ versus SO4

2- + HCO3
- will be close to the 1:1 line if the dissolutions of calcite, 

dolomite and gypsum are the dominant reactions in a system. Ion exchange tends to shift the points to right due 
to an excess of SO4

2-+HCO3
- (Cerling et al., 1989 and Fisher and Mulican, 1997). If reverse ion exchange is the 

process, it will shift the points to the left due to a large excess of Ca2+ + Mg2+ over SO4
2-+HCO3

-. The plot of 
Ca2+ + Mg2+versus SO4

2-+HCO3
- in Figure 6 shows that most of the groundwater samples of the Quaternary 

alluvium aquifer exceed the 1:1 line, indicating reverse-ion exchange except for few samples distributed on both 
sides of line that indicate no ion exchange or reverse ion exchange. On the other hand, the points falling along 
the equi-line (Ca2+ + Mg2+ = SO4

2-+HCO3
-) suggest that these ions have been resulted from weathering of 

silicates of igneous rocks (Datta et al., 1996; Rajmohan and Elango, 2004 and Kumar et al., 2006). Groundwater 
points, which are placed in the Ca2+ + Mg2+over SO4

2-+HCO3
- side indicate that carbonate of metamorphic 

weathering is the dominant hydro-geochemical process, 
 d. The plot of (Ca2+ + Mg2+) versus (Cl-) in mmol/l (Fig. 7) reveals  that Ca2+ and Mg2+ do not increase with 
increasing salinity that  indication of reverse ion exchange in the clay/weathered layer. 
 
5.2.3 Leaching and Dissolution Weathering Minerals of Watershed Area: 
a.  Carbonate Weathering: 
 Ca2+ and Mg2+ are the dominant cations in the groundwater samples collected from the area under 
investigation with their average contributions of 65.5% to the total cations. On the other hand, HCO3

- has an 
average of 27.3% of contribution to the total anions in Quaternary alluvium aquifer. The crystalline limestone, 
dolomitic limestone and kankar (the lime rich weathered mantle overlies carbonate rocks) are the major sources 
for carbonate in the area. The carbonates from these sources might have been dissolved and added to the 
groundwater system with recharging water during irrigation, rainfall or leaching and mixing processes. 
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Fig. 7: Plot of (Ca2+ + Mg2+) against (Cl-) in groundwater samples of the Quaternary alluvium aquifer. 
 
 The plot of Ca/Mg ratio of the groundwater suggests the dominance dissolution of calcite and dolomite that 
present in the aquifer. That is, if the ratio Ca/Mg = 1, dissolution of dolomite should occur, whereas a higher 
ratio is indicative of greater calcite contribution (Maya and Loucks, 1995). Higher Ca/Mg molar ratio >2 
indicates the dissolution of silicate from igneous minerals, which contribute calcium and magnesium to 
groundwater. It can be seen from Figure (8) that the groundwater samples of Quaternary alluvium aquifer in the 
study area found near or greater than the 2, indicating the effect of silicate minerals (igneous including  granite 
rocks). 
 

 
Fig. 8: The Scatter diagram of Ca2+ /Mg2+ molar ratio in groundwater samples of the Quaternary alluvium  

aquifer. 
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b.  Silicate Weathering: 
 Silicate weathering is one of the keys for geochemical processes controlling the major ions chemistry of the 
groundwater, especially in hard rock aquifers (Mackenzie and Garrells, 1965; Rajmohan and Elango, 2004 and 
Kumar et al. 2006). Silicate weathering can be understood by estimating the ratio between (Na+ + K+) and total 
cations (TZ+). The is relationship  in the study area indicates that the majority of samples are plotted near the 
Na+ + K+ = 0.5 TZ+ line (Fig. 9), reflecting the involvement of silicate weathering in the geochemical processes, 
which contributes mainly sodium and potassium ions to the groundwater (Stallard and Edmond, 1983). 
Furthermore, weathering of soda feldspar (albite) and potash feldspars (orthoclase and microcline) may 
contribute Na+ and K+ ions to groundwater. Feldspars are more susceptible to weathering and alteration than 
ultrastalte quartz in silicate rocks. The (Ca2+ + Mg2+)/HCO3

- ratio of more than 3 is found in few samples in the 
alluvium aquifer suggesting that silicate weathering occurs in this region in addition to the carbonate 
dissolution, Fig. (10). Further plot of, Ca2+ + Mg2+ vs total cations (TZ+) groundwater samples, Fig. (11) resulted 
in a linear spread between 1:0.5 (Ca2+ + Mg2+ = 0.5 TZ+) line and 1:1 equi-line indicating that some of these 
ions (Ca2+ + Mg2+) are resulted from the weathering of silicate minerals. In the groundwater of the wadi Feiran, 
K+ is not as abundant as that of Na+, this is expected due to the predominance of Na together with the positive  
of K in 2:1 of clay minerals. 
 

 
 
Fig. 9: Scatter diagram of (Na+ + K+) versus total cations (TZ+). 
 
5.2.4 Evaporation: 
 In general, the evaporation process causes an increase in concentrations of all species in water. If the 
evaporation process dominates, assuming that no mineral species are precipitated, the Na+/Cl- ratio would be 
unchanged (Jankowski and Acworth, 1997). Hence, the plot of Na+/Cl- versus EC would give a horizontal line, 
which would then be an effective indicator of concentration by evaporation and evapotranspiration. If halite 
dissolution is responsible for sodium, the Na+/Cl- molar ratio should be approximately equal to one, whereas a 
ratio greater than one is typically interpreted as Na released from a silicate weathering reaction (Mayback, 
1987). The molar ratio of Na+/Cl- for groundwater samples in Wadi Feiran region generally a  ranges from 0.5 to 
1.1 Fig. (12). Most samples of Quaternary alluvium aquifer have Na+/Cl- a molar ratio below one (69%) 
indicating that halite dissolution is the major process, which is replaced by silicate weathering in the rest of 
samples (31%) at few locations where ratio is above one. The trend of EC versus Na+/Cl- scatter diagram of the 
groundwater samples shows that the trend line is inclined, which indicates that evaporation may not be the 
major geochemical process controlling the chemistry of groundwater. 
 The plot of Na+ versus Cl- in Fig. (13) shows that 69% of total groundwater samples are lying below line 
1:1. This indicates that the addital of Cl- may be due to water level rise, which causes more salt dissolution from 
the matrix of the aquifer. Na concentration is also decreased by ion exchange. Hence, Na+ and Cl- do not 
increase simultaneously and the decrease of Na+ is attributed to silicate weathering (Stallard and Edmond, 
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1983). To confirm that, the diagrams of Gibbs, 1970 were done to show the hydrochemical processes of the 
chemical components of waters from their respective aquifer lithologies. Log (TDS) versus (Na + K)/(Na + K + 
Ca) and Log TDS versus Cl/(Cl + HCO3) were plotted for waters of the Quaternary alluvium aquifer, Figs. (14). 
such diagram allows the distinction between waters controlled by evaporation, dilution and those influenced by 
water–rock interaction (leaching and dissolution of rock weathering). The results indicate that all the samples 
are laid in the water–rock interaction area. 
 

 
 
Fig. 10: Scatter diagram of (Ca2+ + Mg2+)/HCO3

-  and Cl- (mmol/l). 
 
 

 
 
Fig. 11: Scatter diagram of (Ca2+ + Mg2+) versus total cations (TZ+). 
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Fig. 12: Plot of Na+ /Cl- ratio versus electrical conductivity (EC) in groundwater samples of the Quaternary 

alluvium aquifer. 
 

 
 
Fig. 13: Scatter diagram of Na+ & Cl- molar ratio in groundwater samples of the Quaternary alluvium aquifer. 
 
5.2.5 Oxidation - Reduction Processes: 
 Oxidation reactions usually take place in the top surface near the atmosphere, where O2 is readily available. 
Sulfides carried to groundwater are oxidized to sulfates. On the other hand, the sulfate-reducing bacteria gain 
the upper hand under the anerobic conditions. In the study area, this geochemical reaction is not important 
because sulfides are not detected in amounts enough to be oxidized in the different water bearing formations 
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(Table 2). On the other hand, r SO4
2-/r Cl- ratio in the Quaternary alluvium aquifer is more than that in the sea 

water (0.1), this ratio indicates no sulfate reduction, to any extent, through the aquifer. 
 Finally, from all above aspects, the hydrochemical processes that mostly influence the species of 
groundwater chemistry are leaching and dissolution of weathered rocks of the watershed area with some 
influence of reverse and ion exchange water-rock interaction. Moreover, the evaporation and oxidation-
reduction hydrochemical processes have a slight effect, if any, on the chemistry of groundwater.    
 

 

 
 
Fig. 14: Gibbs diagrams for the classification of groundwater samples of the Quaternary alluvium aquifer in 

Wadi Feiran.  
 
6. Summary and conclusion:  
 The objective of this study is concerned with the impact of hydrochemical processes on groundwater of the 
Quaternary alluvium aquifer in Wadi Feiran area, through the study of the geochemistry of thirty-six collected 
water samples. The interpretation of results reflects the, wide range of water salinity values and high permanent 
hardness than temporary hardness although all water samples are fresh water type. Also, the ion ratio and 
hypothetical salts indicate that the main origin of water is rainfall. Different hydrogeochemical processes like 
simple ion exchange, dissolution, weathering of carbonate of metamorphic minerals, silicate weathering, 
evaporation and oxidation-reduction are the key factors in the variation of geochemistry of groundwater, which 
was overcastted by leaching processes and cation exchange. Limited reverse ion exchange has been noticed at 
few locations of the study area especially in the upstream of Wadi. There was a significant effect observed in 
terms of total and permanent hardness, this is due to cation exchange, leaching and dissolution processes in the 
aquifer matrix. The trend of EC versus Na+/Cl- scatter diagram of the Quaternary groundwater aquifer indicates 
that evaporation may not be the major geochemical process controlling the geochemistry of groundwater.  
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