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ABSTRACT 

 

Groundwater is increasingly recognized as a main factor in arid land development, i.e., desert 

reclamation, in many arid countries where the surface water resources are limited or scarce. Throughout 

the rapid urban and agricultural development, changes of groundwater quantity and quality commonly 

occur by the increase of groundwater abstraction and the introduction of new sources of recharge. 

Therefore, understanding the contribution and the changes of various recharge sources, natural and 

anthropogenic, to aquifer systems will provide important knowledge to develop water resources 

management and environmental conservation plans, and to assess pollution mechanisms. This study 

highlights these aspects for the Quaternary aquifer system underlying the new reclaimed lands in the 

eastern fringes of the Nile Delta, Egypt, through the identification of groundwater end-members and their 

sources.  

Using a set of chemical and isotopic (δ2
H, δ18

O, δ13
C and 

14
C) data in tandem with multivariate 

data analysis, source components in groundwater of the Quaternary aquifer system were estimated. 

Electric conductivity (EC) and stable isotopic characteristics of water varied widely and were used to 

group the samples into four clusters by applying hierarchical cluster analysis (HCA). The water groups 

were then examined through principal component analysis (PCA) together with the information on the 

groundwater from the Miocene aquifer, the water from the Ismailia canal, the old Nile water, and 

wastewater. The overlap of clusters 1 and 2, i.e., low EC groundwater, with the old Nile water and the 

water from the Ismailia canal in PCA space indicated that groundwater in the northern parts of the 

Quaternary aquifer are hydraulically connected with the water in the Ismailia canal. Depletion of stable 

isotopes of water of subcluster 1.3 suggested a different source other than the Nile water. Clusters 3 and 4, 

i.e., high EC groundwater, were grouped with the groundwater of the Miocene aquifer in PCA space to 

infer the hydraulic connection with the groundwater in the Miocene aquifer, mainly in the southern part of 

the study area. Cluster 4 samples were stable-isotopically enriched and showed high nitrate 
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concentrations. Also, the cluster 4 samples were distributed in the agricultural area where 

treated/untreated wastewater has been supplied for irrigation. The information obtained from the analysis 

of city water balance and recent geophysical data suggested the possibility of wastewater infiltration, 

which may explain the characteristics of the cluster 4 samples. Northward increasing trend of 
14

C and the 

lowest 
14

C values reported in the southern portion, i.e., cluster 3, of the Quaternary aquifer confirmed the 

stated mixing processes. Subcluster 1.3 was interpreted to be the “native” groundwater component of the 

Quaternary aquifer from their plotted zones in PCA space, δ2
H-δ18

O plots, and δ18
O-Cl

-
 plots. Overall, 

five different sources were introduced to the Quaternary aquifer in the area. Salinization, overexploitation 

and contamination from wastewater infiltration are found to be the main negative environmental impacts 

of land development as estimated from the end-members analysis while some irrigation practices, i.e., 

freshwater ponds, might have the positive ones.  

From a broader point of view, these results confirm that an understanding of the mixing 

processes in heavily development lands of arid/semi-arid region is vital for the continued groundwater 

resource management in similar settings.  
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---------------------------- CHAPTER 1: INTRODUCTION ---------------------------- 

1.1. ARID REGION ISSUES 

Arid region occupies about one third of the terrestrial Earth (Fig. 1.1) (Simmers, 2003; Şen, 

2008; Stevens, 2011). Due to the extreme climate, most part of this arid area is barren desert and left for 

human challenge to reclaim it for their habitat (Wushiki, 2002). Many developing countries in arid 

regions have seen their population growth by more than fivefold. For example, Egypt, Iran, and Turkey, 

all had populations of between 9 and 14 million in 1900, yet by the mid-1900s, these figures had risen to 

more than 60 million and is predicted to be around 100 million by 2025 (Beaumont, 2001) (Table 1.1). 

The challenges caused by increases in population are compounded by current and future increases in 

water stress and limitation of water resources (WHO, 1997; Arnell, 1999). Particularly, the water 

resources in the Middle East and The Arabian Gulf are anticipated to decline in the next century due to a 

decrease of rainfall in the range between 10-25 %, and increases of evaporation between 5-20 %, which is 

being associated with a surge in the demand of water consumption (IPCC, 2008). Generally, the majority 

of countries located in arid zone depend either on groundwater (from both shallow and deep aquifers) 

(Table 1.2) or on desalinization for their water supply, both of which enable them to use water in amounts 

far exceeding the estimated renewable freshwater in the country (IPCC, 1997). Increased food production 

by agricultural expansion in addition to building new communities over the past several decades has been 

achieved in many arid areas through groundwater pumping. A demonstration of this is seen in desert 

reclamation projects in Egypt, Ministry of Jehad-e-Keshavarzi project in combating desertification in Iran, 

irrigation projects in southern Tunisia, Saudi Arabia, Syria, and Israel (Farshad et al., 2002; Elhadj, 2004; 

Nativ, 2004; Haddad et al., 2008). This increased demand creates associated problems. In some places, 

rising groundwater levels have induced water logging or salinization, but many aquifers throughout the 

world are being depleted at pumping rates in excess of natural recharge (Simmers, 2003). For example, in 

Egypt, Libya, and Saudi Arabia, groundwater abstraction exceeds the total availability of annual 
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renewable groundwater resources by between 300 and 900 % (Giordano, 2009). Aquifers have also been 

increasingly suffered from water quality impairment, but remedial procedures are expensive and slow to 

take their effect (Lerner et al., 1990; Merrick, 2000). Despite or because of these problems, the optimum 

course of action for sustainable water resources management in arid areas will in most cases be a 

‘combination of surface- and groundwater use, with a range of storage options’ (Cosgrove and 

Rijsberman, 2000). However, for effective and sustainable management in arid regions, there is a need for 

proper understanding, continued monitoring, and a structured scientific assessment of the effects of 

human activities on land and water resources (Simmers, 2003). 

1.2. BACKGROUND AND PROBLEM STATEMENT  

As groundwater withdrawals increase, the need also increases for more precise hydrologic data 

to help refine management or protection decisions on water use (Plummer and Sprinkle, 2001). For the 

arid regions, data related to these issues are quite difficult to obtain because hydrogeological information 

and long-term series of observation data are usually missing (Fontes and Edmunds, 1989; Simmers, 2003). 

Other constraint is related to the groundwater recharge that can occur over a wider area under unconfined 

aquifer conditions and has a high sensitivity to small environmental changes; this, in turn, will make the 

recharge sources and mechanisms complex. These challenges are even more relevant for groundwater 

aquifers in areas that were historically called “deserts” and represent nowadays some of the most 

cultivated lands with high economic significance in arid environments, i.e., Tunisia, Egypt, Saudi Arabia, 

and Israel.  

An imbalance between available land in the Nile Valley and Delta and a growing population 

has become and will be one of the most critical problems facing Egypt (Springborg, 1979). To address 

this issue, the Government of Egypt has created policies to reclaim areas which were originally deserts 

(Meyer, 1978; Wolff, 1993). The national strategy of Egypt for the expansion of agricultural land until 

2017 aims at adding about 4.4 million acres in different regions, depending on land suitability and water 
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resources (Ismail et al., 2010). About 61% of the priority reclaimable land is located on the fringes of the 

Nile Delta region where water conveyors fed from the Nile, promising groundwater aquifers, wide plains 

with sandy soil, and relatively good accessibility are available (Biswas, 1993; El-Sayed et al., 2012).  

In the Eastern Nile Delta region, the land reclamation projects in desert fringes and coastal 

zones started in the early 1950s but have rapidly increased since 1980 (Fig. 1.2) (Richards, 1981; Schew, 

2012). As a result, desert fringe of the East Nile Delta, south of the Ismailia canal, is now home to many 

agricultural projects, i.e., El Adlia, El Mullak, Ramsis, El Shabab, El Shabab extension, and Orabi farms, 

in addition to new urbanized and industrial settlements, i.e., the Tenth of Ramadan city, El Obour city, 

Badr city, etc. (Fig. 1.3). These surface activities have expanded over the highly vulnerable Quaternary 

aquifer, the second water resource after the Nile River in Egypt, without proper protection and 

management plans (El Arabi, 1997). Salinization, contamination, upconing of deep saline water, and 

dramatic water level changes are the aspects of mismanagement of the Quaternary aquifer that may 

increase with continuous development and expansion of the area (Khalil et al., 2015). The problem 

becomes massive in the south, i.e., the Tenth of Ramadan city, due to water-logging and downward 

seepage from unlined wastewater ponds (Abd El-Samie et al., 2002; Khalil et al., 2015). Regionally, the 

future challenge to the sustainability of groundwater resources in these new lands will be likely the 

shortage of surface water supplies by the year 2017 to cope with the increasing demand (Ministry of 

Water Resources and Irrigation, 2005). This in turn will place significant pressure on groundwater 

aquifers and will result in more water quality and quantity degradation problems that have started to be a 

major concern globally (Foster and Chilton, 2003; Wada et al., 2010; Aeschbach-Hertig and Gleeson, 

2012). Given the aforementioned complex set of environmental and anthropogenic issues pertaining to 

groundwater management, information on the mixing between source components in groundwater system 

is required for the scoping and implementation of management and protection initiatives to guarantee the 

sustainability of these new lands. 
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1.3. OBJECTIVES OF THE STUDY  

The objectives of this research include developing a more comprehensive understanding of the 

groundwater recharge sources and their mixing processes in response to the progress of land development 

and subsequent human-induced activities in an arid to hyperarid environment. Hopefully, by doing so, 

more informed water resources management and environmental conservation plans could be decided to 

protect and sustain the new developed lands in arid settings.  

1.4. STRUCTURE OF THE THESIS  

This thesis contains six chapters. Chapter 1 provides an introduction to arid region issues, the 

research topic, and research objectives. Chapter 2 gives a summary of the basic geology, hydrogeology 

and hydro-environmental stresses of the study area. Methodology and data collection is presented in 

Chapter 3. Chapter 4 shows the results from hydrochemistry, environmental tracers and multivariate 

analysis. Discussion on the results and the environmental implications are presented in Chapter 5. Chapter 

6 presents the main conclusions obtained from this thesis. 
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Fig. 1.1 Distribution of arid land. After Stevens (2011). 
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Table 1.1 Population changes and predictions in some developing countries since the beginning of the twentieth century (population in millions)  

 

 

Country 1900s Late 1930s 1960s 1985 1995 2010 2025 

Turkey 13.9 17.8 31.4 50.7 61.4 79.2 95.6 

Iran 9.9 14.6 25.1 49.7 61.3 83.7 106.1 

Egypt 9.7 15.9 30.9 46.6 61.9 80.7 97.9 

 
Source: Population Reference Bureau’s 1995 World Population Data Sheet (http://www.ucar.edu/communications/gcip/m9popgrowth/m9pdfc7.pdf), Clarke and 

Fisher (1972), and Beaumont (2001). 
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Table 1.2 Annual water use in some arid countries in million cubic meters (MCM) (from FAO AQUASTAT, 2000 and 2005) 

 

 

 

 

 

 

 

 

Source Yemen Tunisia Saudi Arabia Egypt 

Surface water (MCM) 1,000 916 1,100 56,000 

Groundwater (MCM) 2,400 1,900 21,400 9,252 

Source Oman Iran Morocco Libya 

Surface water (MCM) 0 40,000 9,430 170 

Groundwater (MCM) 1,180 53,000 3,170 3,650 
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Fig. 1.2 A map showing temporal (1882-2012) expansion of land reclamation in the Nile Delta. Modified after Richards (1981) and Schewe (2012). 

Note: boundaries are estimations. 
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Fig. 1.3 A satellite map showing new reclaimed lands for urbanized and agriculture activities at the eastern fringe of the Nile Delta. See Fig. 1.2 for location 
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----------------------------- CHAPTER 2: STUDY AREA ----------------------------- 

2.1. LOCATION  

The study area is located on the desert fringe of the East Nile Delta, Egypt. It covers an area of 

about 600 square kilometers and is enclosed between longitudes 31⁰34' and 31⁰56', and latitudes 30⁰15' 

and 30⁰27'. It is bordered to the north by the Ismailia Canal, to the west by Al Asher-Belbeis road, to the 

east by El Mullak and Shabab agricultural areas, and to the south by the Cairo-Ismailia desert road (Fig. 

2.1).  

2.2. CLIMATE  

The area of study occupies a portion of the desert belt of Egypt. So, the climate of this area is a 

typical of arid desert which is characterized by hot, dry and rainless in summer (May–October), and cold, 

moist with some showers in winter (November–April). The average annual temperature, based on 10 

years from 1990 to 2000, varies from 14°C (in January) to 29°C (through July and August) (El-Ghani et 

al., 2012). Mean daily evaporation based on climatological data (1990-2000) ranges between 9.1 mm/day 

in August to 5.2 mm/day in December (El-Ghani et al., 2012). All the precipitation falls during months 

from October to February with very low intensities. The mean precipitation is 13.2 mm/year (El-Ghani et 

al., 2012).   

2.3. TOPOGRAPHY AND GEOMORPHOLOGIC SETTING  

The area of study is considered as the transitional zone between the Eastern Desert to the south 

(high relief) and the Nile Delta (low relief) to the north (Gad, 1995). Elevation varies from less than 30 m 

above mean sea level near the Ismailia Canal to more than 180 m above mean sea level in the south and 

south-west (Fig. 2.1). Geomorphologically, the study area occupies a portion of the rolling plain of the old 

delta (El-Shazly et al., 1975). It is bounded by the Nile flood plain to the north and to the south by upland 

series and the foothills area. According to the previous studies (Shatta and El-Fayoumi, 1970; El Shazly et 

al. 1975), the area and its surroundings are discriminated into five major geomorphologic units (Fig. 2.2); 
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each has its own characteristics as indicated in the following brief description. 

2.3.1. Upland area 

It constitutes a series of disconnected elevated plateau that oriented in an east-west direction for 

a distance of about 135 km (Salluma, 1983). Their altitudes range from 150 m to 870 m (El Shazly et al., 

1975). It is terminated northward by a steep scarps arranged in an echelon pattern and is dissected by 

relatively short and steep drainage lines (El-Fayoumi, 1968).  

2.3.2. Cairo-Suez foothills 

This unit forms the outer margins of the old Nile Delta. It occupies the foot slope of the 

southern uplands and is separated from upland area by a sharp fault escarpment. It stretches over 50 km 

distance in the N-S direction between latitude 30° 00´ and 30° 15´. It is represented by a series of 

elongated sub-parallel structural ridges of low relief, mostly oriented in WNW-ESE and E-W direction 

(El-Fayoumy, 1968; El-Shazly et al., 1975). On the northern limit, the ridges pass into the rolling plains 

of the old Delta through fault scarps of low relief. The average altitudes of these ridges range from 150 m 

to 200 m, and their lengths range from 20 to 50 km (El-Shazly et al., 1975).  

2.3.3. Rolling Plain (Old Deltaic Plain) 

This unit consists of the flat fluvial areas lying east of the present flood plain and extends from 

Cairo-Suez foothills in the south to the Ismailia Canal in the north (El-Fayoumy, 1968). The altitudes 

decrease gradually from 180 m to 40 m within a distance of 15 to 20 km with a roughly 7 m/km slope 

gradient (El-Shazly et al., 1975). Nowadays, vast areas of this plain have been progressively reclaimed for 

agriculture and new settlements.    

2.3.4. Nile Delta flood plain  

 It represents the traditionally cultivated land area occupying the majority of the eastern Nile 

Delta region. The plain has a flat surface and very gentle northward slope (0.1m/km) (El-Fayoumy, 

1968).  
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2.3.5. The drainage basins 

In the study area, the surface of the rolling plain is incised by the downstream portions of two 

dry drainage channels, i.e., Wadi El Gafra and Wadi El Watan (Fig. 2.3).    

2.4. GEOLOGY  

As shown from the schematic lithostratigraphic correlation (Fig. 2.4) of the Nile flood plain 

and the eastern desert fringe (the study area), rock units that range in age from Eocene to Quaternary 

constitute the main lithostratigraphic units in the area of study (Said, 1990; Geirnaert and Laeven, 1992). 

The surface geological map (Fig. 2.3) shows the Quaternary (Pleistocene and Holocene) deposits 

extensively cover about 85% of the area, particularly to the north and east. Further to the south and 

southwest, Neogene rocks constitute piedmont slopes of foothills and cover about 15% of the total area 

(Said, 1981; Eleraki et al., 2010). The followings are the general description of the stratigraphic 

succession of formations in the studied area from old to young. 

2.4.1. Neogene units 

The Miocene deposits have a wide spatial distribution in the Neogene sequence. It is mainly 

represented by sandy limestones and sandy marls of shallow marine origin with variable intercalations of 

clays, sands and sandstones (El-Shazly et al., 1975). These deposits dominate major portion of the surface 

exposures in the southern high slopes overlying the Oligocene sands and gravels or basalt flows (Hefny et 

al., 1980). Sediments older than Miocene are not of interest to the purpose of this study. 

2.4.2. Quaternary units 

The Quaternary sediments have a great extension over the land surface and unconformably 

overlie the Neogene units. It can be classified into the following units. 

2.4.2.1. Pleistocene deposits 

These deposits are dominated by unconsolidated sands and gravels, with clay intercalations. 

According to their mode of formation, the Pleistocene sediments can be subdivided into two units (Fig. 
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2.2); Early and Late Pleistocene sediments (El-Fayoumy, 1968; El-Shazly et al., 1975).  

2.4.2.1.1. Early Pleistocene  

These deposits are thick gravelly sand and sandy gravel beds that are composed of coarse 

quartz sand, cherty and flinty pebbles, and igneous fragments together with few and occasional fossil 

wood remains (El-Fayoumy, 1968; El-Shazly et al., 1975). It wedges out on the northern rim of the 

southern structural ridges and increases the thickness in the northward direction (up to 500 m thickness) 

to form the bulk of the rolling plains region (El-Shazly et al., 1975). Gradual vertical and horizontal 

changes in grain size have been reported and the unit generally increases the grain size with depth and 

towards the east (El Fayoumi, 1968). Such deposits may be transported to the study area by the Nile River 

and by the local wadis (Sandford and Arkell, 1939; El-Fayoumy, 1968). 

2.4.2.1.2. Late Pleistocene  

It is composed of fluviatile deposits which are dominated by fine to medium quartz sands with 

thin beds of silt and clay intercalations. These deposits constitute low terraces (30 to 40 m high) in the 

environs of wadi El Tumilat, north of the study area (El-Shazly et al., 1975).  

2.4.2.2. Holocene deposits 

The young deltaic (Nile silt, fine sands and clays) and wadi deposits (calcareous and 

ferruginous loamy sands, mixed with pebbles and rock fragments) are the forms of these deposits. Young 

deltaic deposits are distributed northward along the course of the Ismailia canal while wadi deposits occur 

in the course of large wadis (e.g., Wadi EI Gafra). Generally, the thickness of these deposits is less than 5 

m in the study area (El-Fayoumy, 1968).  

2.5. GEOLOGICAL STRUCTURES 

From the structural geological point of view, the east Nile Delta region is classified into two 

distinct tectonic zones, up-thrown south delta block and down-thrown north delta embayment separated 

by number of step faults (Said, 1981). Regionally, the study area is located within the up-thrown south 
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delta block (Fig. 2.2). The study area and its environ represent a wide northward sloping plain (El Shamy 

and Mohammed, 1999). Two fault sets, ENE-WSW (Syrian Arc Trend) and NW-SE (Suez Canal Trend), 

are dominated. They are mostly normal faults with vertical displacement ranging between 1 m and 100 m 

(El-Fayoumy, 1968; El Dairy, 1980). The ENE-WSW faults, most pronounced fault sets, configure a 

series of alternating uplifted and down-dropped blocks giving rise to the unique structural pattern and 

escarpments of the southern highland. Such faults are evident from the study of the Miocene and Eocene 

surface exposures (El-Fayoumy, 1968; El Dairy, 1980). The NW-SE faults represent the northern 

extension of the Gulf of Suez rift and probably configure the eastern low lands of the rolling plain and the 

flood plain (El Fayoumi, 1968; El Dairy, 1980; Geriesh, 1994). Unlike the southern highland, these faults 

are likely to exist in the subsurface underneath the Quaternary deposits of the rolling plain (El-Fayoumy, 

1968; El-Shazly et al., 1975; Geriesh, 1994) (Fig. 2.2).   

2.6. LAND USE  

Unbalanced ratio between land resources and population has become and will be one of the 

most critical problems in Egypt. This imbalance and the continuous loss of land resources in the Nile 

Valley and Delta due to overpopulation justify the Government of Egypt to reclaim new lands through 

horizontal expansion policy (Meyer, 1978; Wolff, 1993). Priorities of land reclamation are given both to 

the west and east Nile Delta desert fringes (Fig. 2.1) due to the presence of good quality aquifers, wide 

plains with sandy soil, and relatively good accessibility (El Sayed et al., 2012). Land reclamation of the 

study area has been started 35 years ago and is still in progress as shown by multi-temporal Landsat 

images for the dates 1973, 1990, 2000 and 2014 (Fig. 2.5). The continuous reclamation activities in the 

study area have resulted in an agricultural zone in the north and a new settlment, the Tenth of Ramadan 

city, in the south (Fig. 2.1). Agriculture zone includes four agricultural projects, i.e., Adlia, Ramsis, El 

Mullak, and El Shabab, mostly in the lowlands nearby the Ismailia canal (Fig. 2.1). The Tenth of 

Ramadan city consists of three main parts; an urban zone together with two small industrial zones for 
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small-scale industries (north of the Cairo-Ismailia road), and a large industrial zone for all types of 

industries south of the road (Fig. 2.1) (El Arabi, 1997).  

2.7. HYDROLOGIC SETTING 

With the increase of the reclaimed lands, more and more water will be required for different 

uses. Furthermore, desert fringes of the eastern Nile Delta are a good example for water scarcity region 

where rapid population growth and many development projects are competing under the condition of 

limited water resources (Saleh, 2009). Here, the water resources can be divided into two systems; the 

surface water system and the aquifer system. 

2.7.1. Surface Water System 

Land reclamation projects along the fringes of the eastern Nile Delta depend mainly on the 

Ismailia Canal for their water needs. The Canal was constructed in 1862 for the Nile water supply in the 

area between Cairo and Ismailia. It is 128 kilometer long, and for much of its length, it was constructed 

through sandy strata. Particularly in the sandy areas, there is a significant amount of seepage from the 

Canal and this has contributed to the relatively high water table in the adjoining land. The original Canal 

depth is reported to have been 2-4 m and its width about 18 m (Abu-Zeid, 1983). Canal widening was 

completed in two stages to increase the capacity of the Canal so as to provide the expansion of water 

supplies to the irrigated area. The enlargement of the Canal has caused the cut-off of the low permeable 

layers deposited along the sides and the beds of the Canal. This has caused the total seepage rate to 

increase from 17.0 to 22.4 m
3
/sec after the completion of the second stage (Abu-Zeid, 1983). Recently, in 

order to satisfy the increased irrigation requirements in the study area, a number of lined canals branched 

out from the Ismailia Canal are constructed, i.e., El Shabab, and El Mullak canals (Fig. 2.1). Also, a group 

of freshwater ponds were placed west of the city (Fig. 2.6) to dispose of excess water during 

overproduction from the water purification stations. 
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2.7.2. Aquifer System  

2.7.2.1. Quaternary Aquifer (main) 

The Quaternary deposits constitute the main water-bearing formation in the study area. The 

aquifer is considered as an extension and part of the huge Nile Delta reservoir (Hefny et al., 1980). This 

extension lies between the Ismailia Canal in the north and the east-west faulted zone in the south (Fig. 

2.2). Quaternary deposits, in the Delta and its adjacent desert fringes, show variable proportions of gravel, 

sands and clay in lateral and/or vertical directions (FAO, 1966; El Fayoumy, 1968; Hefny et al., 1980) 

that result in variations of hydraulic properties throughout the aquifer. The Quaternary aquifer has been 

classified into three hydrogeologic units, i.e., A (aquitard to aquiclude), B (aquifer) and C (main aquifer) 

units (El Fayoumi, 1968). The aquifer system in the study area consists of two hydraulically connected 

water-bearing layers, B and C units (Fig. 2.2). The lower layer (unit C) is composed of highly permeable 

Pleistocene graded sand and gravel of fluviatile origin while the upper layer (unit B) is composed of fine 

to medium sands with clay intercalations (El Fayoumi, 1968; El-Shazly et al., 1975; Geriesh 1994; 

Ghodeif et al., 2013). The total saturated thickness of the Quaternary aquifer increases from south to north 

and northwest and becomes about 250 m near the Ismailia canal (El-Shazly et al., 1975; Hefny et al., 

1980). The aquifer is unconfined due to the absence of unit A (El Fayoumi, 1968; El-Shazly et al., 1975; 

Hefny et al., 1980) and changes to the east, i.e., toward the Suez Canal, into variable confinement 

conditions (Fig. 2.7). In the vicinity of the Ismailia Canal (which runs through unit B), the aquifer is 

directly connected with the Canal, and the wells located nearby the Ismailia Canal show a depth to water 

to be less than 7 m (El Haddad, 1996; AlShahat et al., 2014). This is attributed to the presence of coarse 

sand in the banks and the bottom of the Ismailia Canal and the coarser facies of unit B (Abdulaziz, 2007). 

In the south of the Ismailia Canal, the change in the depth to water increases dramatically, i.e., 73 m and 

67.5 m at the east and north of the Tenth of Ramadan city, respectively (AlShahat et al., 2014) that might 

be explained by the increase in ground elevation southward (180 m above mean sea level) due to the 
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presence of fault systems dominating the area. The aquifer is recharged mainly by the seepage from the 

Ismailia Canal, unlined irrigation canals and percolation of excess irrigation water (Hefny et al., 1980; 

Geirnaert and Laeven, 1992; Gad, 1995). Fig. 2.8 shows the interaction and connection between the 

Ismailia Canal and the groundwater system where the bottom of the Canal cuts through the sand and 

gravel of the Quaternary deposits allowing the free seepage of surface water down to groundwater. The 

regional flow of groundwater, before the reclamation, was directed to east and northeast (El Arabi, 1997). 

From the water table map (Fig. 2.9), the course of the Ismailia Canal constitutes a water divide with 

groundwater flow mainly from west to east in the study area. Based on the tracer technique using 

radioactive 
131

I, the net seepage from the Ismailia canal was estimated to be 326 x 10
6
 m

3
/year which is 

equivalent to 8 % of the total flow (Hamza et al., 1988). Groundwater discharge takes place either 

naturally through natural outflow to the Suez Canal or artificially through pumping wells (Hefny et al., 

1980). Groundwater abstraction from 24 wells at the well field situated at the northwest of the Tenth of 

Ramadan city (Fig. 2.1) is at around 60,000 m
3
/day (Shedid, 2005). Porosities of the Quaternary aquifer 

in the study area and its surroundings are reported to be 25% to 30%, horizontal and vertical hydraulic 

conductivities to be 8.7 x 10
-4

 m/sec and 2.9 x 10
-4

 m/sec, respectively (Research Institute of Groundwater, 

1994). 

2.7.2.2. Miocene Aquifer (local) 

The basal portion of the Pleistocene sediments rests unconformably on the Miocene aquifer. 

The latter attains extensive areal distribution to the south and to the west of the Tenth of Ramadan city. 

This aquifer is not fully understood due to the lack of detailed exploratory hydrogeological work. The 

Miocene aquifer is either unconfined or semi-confined depending on the occurrence of clay intercalations 

(Gomaa et al., 2003). The aquifer thickness is not accurately determined due to partial penetration of the 

wells. The depth to water varies from 160 m to 240 m along the Cairo-Ismailia desert road. The recharge 

of the Miocene aquifer is thought to be from precipitation in the past wet periods and to less extent from 
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irrigation water (El-Shazly et al., 1975; Gomaa et al., 2003). Groundwater in this aquifer flows from 

southeast to north and northwest (Abou Heleika and Atwia, 2014). Higher total dissolved ions (TDI), with 

large variability, were reported by Abou Heleika and Atwia (2014), and due to its low quality, abstraction 

from this aquifer is limited to irrigation after mixing the abstracted water with surface water. 

2.7.3. Aquifer Vulnerability 

Vulnerability of an aquifer is defined as the sensitivity of groundwater quality to an imposed 

contaminant load, which is determined by the intrinsic characteristics of the aquifer (Lobo-Ferreira, 1999). 

The thickness and hydraulic properties of the geologic formations above the aquifer, the unsaturated zone, 

and confining layers above the aquifer, are the key factors determining the vulnerability of an aquifer 

system (Harter and Walker, 2001). Within the Nile Delta region, the groundwater vulnerability to 

pollution is determined by the thickness of the clay layer, depth to groundwater, rate of recharge and 

direction of natural vertical groundwater flow (Table 2.1) (Khater, 2002). According to these parameters, 

the vulnerability increases from low in the northern part of the Nile Delta to moderate in the southern part 

and to high along the desert fringes of the Nile Delta (Fig. 2.10) (Khater, 2002).  

2.7.4. Hydro-environmental stresses and their sources  

2.7.4.1. Wastewater disposal 

All types of wastewater from the Tenth of Ramadan city are discharged to the sewer network 

that finally leads to three unlined oxidation ponds (Fig. 2.1), and some of the wastewater were used 

directly for irrigation in between the early to late 1980s (El Arabi, 1997). The oxidation ponds (Fig. 2.11) 

were established at the eastern boundaries of the city with a design capacity of 60,000 m
3
/day, including 

anaerobic, facultative and maturation basins (El Monayeri et al., 2011). The location of the ponds is 

characterized by low altitude compared with the nearby residential area, and this allows the discharge to 

the ponds by gravity. During the last decades, the Tenth of Ramadan city has witnessed an explosive 

growing of Egyptian industry (more than 1130 industries). These large industrial compounds have 
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discharged a large amount of toxic persistent components either organic ones or heavy metals. El 

Monayeri et al. (2011) reported two sources of industrial wastewater. The first source includes industrial 

waste only (treated and untreated) with a flow rate of about 130,000 m
3
/day coming from heavy industrial 

zone (including food processing, dye and textile industry, glass factories, and oil industry) at the south of 

the city (Fig. 2.1). This sewerage system is directed to the pond No.3. The second source involves the 

industrial waste (including painting factories, food factories, textile, and chemical industry) coming from 

light industries within the residential zone of the city and is combined with domestic sewage. Despite the 

presence of independent networks for every area, the industrial and sanitary wastewaters are combined in 

the main common lines to go through gravity and pumping stations to the first and second stabilization 

ponds. The flow rate of the combined industrial and sanitary wastewater is estimated to be approximately 

90,000 m
3
/day, 70 % - 80 % of which represents industrial wastewater (El Monayeri et al., 2011). Most of 

the factories violate the law (Decree 22, 2000) and do not apply any wastewater treatment for their liquid 

effluents (El Karamany, 2010), leading to the deterioration in the sewage pipe network and the increase of 

the environmental risk of wastewater seepage to subsurface. Currently, the efficiency of these three ponds 

is deteriorated due to hydraulic overloads and the lack of purification and maintenance ever since they 

have been established (El Monayeri et al., 2011). Moreover, some ponds have been being turned into 

forests full of trees, grass and ditch reed which affect the efficiency of treatment in these ponds. The 

effluent concentrations as displayed in Table 2.2 don’t comply with the allowable standards (El Monayeri 

et al., 2011). 

As an integrated part of the treatment system, the final effluent was planned to be used for 

irrigation of new reclamation schemes around the city (El Arabi, 1997; Misheloff, 2010). However, there 

are about 465 hectares close to the three ponds that are in use for storage and evaporation of wastewater 

instead of irrigation as planned (El Karamany, 2010). Consequently, flooding and overflow of wastewater 

to adjacent agricultural area happened as seen by the existence of the lands inundated by wastewater (Fig. 
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2.1). 

To highlight the environmental impact of oxidation ponds, an overview of the water budget is 

estimated and presented for the Tenth of Ramadan city (Fig. 2.12). As the comprehensive information on 

the water volumes is not available, this overview is computed using 2007 census data (GOPP and JICA, 

2008) and other reference data which are indicated in Fig. 2.12. Water supply was mainly secured from 

the Ismailia Canal, providing the city with roughly 184.4 million cubic metres per year (MCM/y) (GOPP 

and JICA, 2008). About 67% of this input is directed to residential and industrial purposes where about 

20% is estimated to be consumed (GOPP and JICA, 2008). The total output of wastewater is about 99.2 

MCM/y, in which about 21% is efficiently treated considering the pond’s capacity and wastewater 

retention time within the pond system (28 days). About 59% of raw wastewater is over the capacity of the 

treatment system, and hence, it is either discharged directly to vast desert or inefficiently treated by 

accelerating the treatment process. Water losses from water mains and sewers are considered to be in the 

range 20% of the delivered water, however, high losses (40-50%) are reported to occur due to poor 

maintenance and rehabilitation (Attia, 1999; GOPP and JICA, 2008). The evaporation loss is estimated to 

be 2.1 MCM/y (10% of water delivered to ponds), based on the isotopic difference between inflow and 

outflow of ponds' water (Abd El-Samie et al., 2002).    

Misheloff, (2010) detected various metals, including nickel, lead, and arsenic at low 

concentrations; and mercury and chromium at concentrations exceeding limits in groundwater at several 

localities surrounding the ponds, and it was considered to be due to poor disposal of industrial effluent or 

due to irrigation with poorly treated and/or raw wastewater. 

In view of above, pollution risks to soil and groundwater are expected to become high due to 

high groundwater vulnerability to pollution within pond’s vicinity, poor construction of ponds, the 

overflow of wastewater during peak water consumption and/or direct discharge, and utilization of 

wastewater prior to treatment (El Arabi, 1997; Margane, 2003; Misheloff, 2010). The problem of how to 



25 

 

accommodate large and growing water requirements (supply and disposal) will be further complicated 

with the continued rapid growth in population and industry.  

2.7.4.2. Water-logging 

Water-logging and flooding have occurred since 1998 near the center of the Tenth of Ramadan 

city (Fig. 2.13). From the local monitoring wells, depth to the subsoil water table was found to range from 

1.2 to 3.2 m (Eleraki et al., 2010; Abou El-Magd, 2011). This water accumulates above the shallow (about 

2 m depth) impervious layer (hydraulic conductivity is < 1.2 x 10
-6

 m/s) which prevents vertical 

infiltration, and water moves laterally to appear at the surface in low topographic locations as the 

hydraulic conductivity of the upper layers is high, ranging from 1.2 x 10
-5

 to 4.1 x 10
-5

 m/s (Eleraki et al., 

2010; Abou El-Magd, 2011). The sources of soil water are attributed to the leaked water from water mains 

and sewers, flood irrigation of cultivated areas within the city and possibly the horizontal flow from the 

wastewater ponds in the east of the city (Research Institute of Groundwater, 2005; Eleraki et al., 2010).  

2.7.4.3. The variation of water table levels 

The first regional plan for the development of groundwater was drafted in 1980 for reclamation 

and cultivation of large desert areas along the fringes of the eastern Nile Delta (Farid and Tuinhof, 1991). 

Table 2.3 gives the average area of the cultivated land irrigated by groundwater for each project until 

1990. These large-scale agricultural projects have changed groundwater quality by fertilizer and pesticide 

applications but have also changed groundwater quantity as shown by the drawdown of the water tables 

in the El Mullak and Ramsis areas (Fig. 2.14). Plans for further reclamation of about half a million 

feddans (210,000 hectares) are formulated by Research Institute of Groundwater/IWACO (1988). 

Accordingly, the Ministry of Water Resources and Irrigation (MWRI) plans to supply surface water to the 

areas in the eastern Nile Delta fringes by constructing branches from the Ismailia Canal to cope with the 

increase of water demand. As a result of long-term irrigation with surface water without proper drainage 

water system in the new reclaimed lands (e.g. Ramsis and El Mullak), groundwater table has been 
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elevated (Fig. 2.15), and soil salinization and water-logging have started to occur (Abou El Magd, 2011). 
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Fig. 2.1 Location map of the study area indicating the main land use divisions. 
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Fig. 2.2 A general SW-NE geologic cross section of the east Nile Delta. Modified after El-Shazly et al. (1975) (see Fig. 2.3 for the location). 
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Fig. 2.3 Geologic map of the east Nile Delta, simplified and modified from CONOCO (1987) and 

Research Institute of Groundwater (1992). 
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Fig. 2.4 Schematic correlation of rock units between the flood plain and the study area (modified after 

Geirnaert and Laeven, 1992)
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Fig. 2.5 Temporal changes of the Landsat images of the study area for the dates 1978, 1990, 2000, and 2014. 
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2014 2000 
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Fig. 2.6 Field photographs of the freshwater ponds located northwest of the Tenth of Ramadan city.
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Fig. 2.7 Distribution of the confinement conditions in the Quaternary aquifer of the east Nile Delta, 

modified after Sallouma (1983).  
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Fig. 2.8 Hydrogeological cross sections across the Ismailia Canal, modified after Sallouma (1983). 
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Fig. 2.9 Water table map of the Quaternary aquifer, south of the Ismailia Canal at year 2009. Modified after Misheloff (2010). 
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Table 2.1 Factors affecting the groundwater vulnerability in the Nile Delta (after Khater, 2002) 

 

Thickness of the 

clay cap (m) 

Vertical groundwater 

flow 

Rate of recharge 

(mm/day) 

Depth to 

groundwater from 

surface (m) 

Groundwater 

vulnerability 

Location 

0 Downward -- <5 High 

Transition zone between old and 

reclaimed land 

0-2 Downward >1 5-15 High Transition zone 

0 Downward <1 >15 Moderate-high Desert fringes 

0-10 Downward <1 <5 Moderate-low 

Flood plain and partially transition 

zone 

>10 Downward 0.25-1 <5 Low Flood plain 

0-10 Upward <25 <5 Low North Delta (Flood plain) 
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Fig. 2.10 Vulnerability map of the Quaternary groundwater aquifer in the east Nile delta, modified after 

Khater (2002). 
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(A) 

 
(B) 

 

 
(C) 

 
 

Fig. 2.11 Field photographs of (A) wastewater pond No. 1, (B) wastewater pond No. 2, and (C) 

wastewater pond No. 3. 
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Table 2.2 The characteristics of raw, primary and secondary treated combined domestic and industrial wastewater, taken from El Monayeri et al. (2011). 

 

Analysis Raw wastewater 
Primary treated 

wastewater 

Secondary treated 

wastewater 

Required wastewater characteristics 

according to law 48/1984 

COD (ppm) 814-1,542 650-1,033 340-676 80 

BOD (ppm) 420-780 260-620 190-300 60 

TSS (ppm) 220-440 154-220 160-290 50 

    COD: Chemical Oxygen Demand 

     BOD: Biochemical Oxygen Demand 

     TSS: Total Suspended Solids  
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Fig. 2.12 Estimated water inflow and outflow for the Tenth of Ramadan city. 
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Fig. 2.13 A field photograph of the water-logging (raised soil-water levels) problem at the center of the Tenth of Ramadan city. 
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Table 2.3 Reclaimed area till 1990 in the eastern Nile Delta (Research Institute of groundwater/IWACO, 1991). 

 

 

 

Reclaimed Area Starting time 
Average cultivated area 

(in square meters x 105) 

Salhiya 1982 588 

El Shabab 1981 840 

El Mullak 1964 462 

Ramsis 1987 378 

Khattara 1976 252 
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Fig. 2.14 Water table map of the Quaternary aquifer with the progress of land use in the study area at 1991, modified after Research Institute of groundwater 

(1992) 
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Fig. 2.15 Water table map of the Quaternary aquifer with the progress of land use in the study area at 2008, modified after Saleh (2009).  
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---------- CHAPTER 3: METHEDOLOGY AND DATA COLLECTION ---------- 

3.1. OFFICE WORK 

3.1.1. Gathering of data 

The ability to properly study any groundwater system requires a solid understanding of the 

distribution, thickness, and quality of water aquifers. Such information were necessary to be collected 

prior to performing any fieldwork for the water sampling. Geology, hydrogeology, and surface 

geophysics data of the study area from various resources (El Shazly et al., 1975; Hefny et al., 1980; Ezz 

El Din, 1993; Gad, 1995; Abd El-Gawad, 1997; El-Haddad, 1996 and 2002) were revised to stand on the 

available subsurface information. Also, data, i.e., well logs, of the wells located at the well field area 

along with available reports from some well owners were integrated with the literature data to adequately 

map the Quaternary aquifer in the study area.  

3.1.2. Analysis of borehole data 

For the present study about 29 boreholes have been inventoried within the studied region and 

are presented in Appendix A. The locations of the boreholes are shown in Fig. 3.1. These boreholes have 

variable depths, with total depth values ranging from something about 20 to 30 m, along the Ismailia 

Canal, to over 300 m, along the Cairo-Ismailia desert road. Most boreholes, if not all, are completed in the 

Quaternary unit that is mainly composed of loose sand and gravels with some clay intercalations (El 

Shazly et al., 1975; Hefny et al., 1980). The analysis of data obtained from deep wells, over 300 m, 

revealed that the basal portion of the Quaternary deposits mostly rests unconformably on sandstones and 

sandy limestone, which are mostly belonging to the Miocene age (Hefny et al., 1980).   

3.1.3. Delineation of aquifer boundaries 

The stratigraphic succession and vertical distribution of the Quaternary and Miocene deposits 

across the study area were defined, based on the aforementioned lithological data, for each bore well and 

then correlated from one borehole to the next along two hydrogeologic cross sections to elucidate the 
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Quaternary and Miocene aquifer boundaries (Fig. 3.2). It is shown from these cross sections that the 

Quaternary aquifer is the main hydrogeologic unit and spreads all over the study area with a general 

increase of thickness towards the Ismailia canal while the Miocene aquifer is limited to the southern part 

of the study area as series of faulted structural highs (Fig. 3.2).  

3.2. FIELD WORK 

3.2.1. Water sampling 

Samples were collected over two campaigns during August to September in both 2013 and 

2014. Groundwater samples were collected from 69 wells which tap the Quaternary aquifer and five wells 

which tap the Miocene aquifer. In addition, three surface water samples were collected from the Ismailia 

canal, two samples from freshwater ponds, and 13 samples from the wastewater ponds (Fig. 3.3). About 

14 samples from the Quaternary aquifer were collected at the same locations during the two campaigns 

and were used to check for the seasonal variations in groundwater chemical and isotopic characteristics. 

3.2.2. Field measurements 

For each field campaign, groundwater samples were collected from active municipal and 

private water supply wells after purging it for 15 to 20 min (Fig. 3.4) unless they were in continuous use. 

Coordinates and altitudes of the sampling sites were determined in the field with a GARMIN handheld 

global positioning system (GPS) at the well head, and the depths of wells were noted, where possible, 

from the well owner's records. Field parameters, i.e., electrical conductivity (EC), pH, and temperature 

(T), were measured using portable HORIBA probes (D-55 and D-54 models) (Fig. 3.4). The pH electrode 

was calibrated against pH 4, 7 and 10 standard solutions every seven days.  

Field analyses were performed for the chemical constituents of which concentrations are 

susceptible to rapid change, i.e., alkalinity and redox sensitive species (e.g. NH4
+ and NO3

-), under 

atmospheric conditions (Jorstad, 2006). Samples for alkalinity were not filtered to prevent potential 

removal of inorganic carbon species (Jorstad, 2006). Alkalinity was determined in the field by titration 
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with 0.16 or 1.6 M H2SO4 in the presence of a bromcresol green-methyl red indicator using a HACH 

digital Titrator (Model 16900) (Fig. 3.4). Spectrophotometric analyses were performed in the field for 

NH4
+ and NO3

- by using a HACH DR/890 spectrophotometer.  

Samples for general ion chemistry analyses were collected once field parameters had stabilized. 

Sampled waters were filtered through 0.45 µm membrane filters and collected in two 50 ml polyethylene 

bottles after three repeated rinses. Samples are mainly filtered for several purposes; for example, to 

remove microorganisms in order to help preserve ambient analyte concentrations, and to remove 

suspended materials that interfere with specified analytical procedures, i.e., the IC system (Wilde et al., 

2004-2009). Cation samples were preserved with a few drops of HNO3 immediately after sampling. 

Acidification helps prevent precipitation, microbial activity, and sorption losses to the bottle walls. 

Unfiltered samples were collected for stable isotope analysis in 50 mL polyethylene bottles with poly-seal 

caps after three repeated rinses. No air bubbles were present in the samples, and bottles were kept from 

direct sunlight. No filtration is needed for stable isotope analysis since bacterial activity or suspended 

materials will not affect the measured values (IAEA, 2009). Selected well samples from the Quaternary 

and Miocene aquifers were analyzed for carbon-14 (14C) activity and δ13C to determine groundwater age. 

For this purpose, unfiltered water samples were collected in two 1000 mL high-density polyethylene 

bottles after rinsing three times. Following collection, the samples were sealed, labelled and stored in an 

ice-filled cooler, and transferred to refrigerator upon return from the field. All laboratory samples were 

analyzed within six months after sampling. 

3.3. LABORATORY ANALYSES  

3.3.1. Hydrochemistry 

Major cations (Ca2+, Mg2+, Na+ and K+ ) and anions (Cl- and SO4
2-) were analyzed following 

the USEPA method 300.1 (US Environmental Protection Agency, 1997) using a Dionex Ion 

Chromatograph (Model: DX 120) at the Environmental Science Center, The University of Tokyo, Japan. 
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Samples with high electrical conductivity (>700 µS/cm) were diluted before analysis to remain within the 

working range of the instrument (< 100 mg/l). The ion balance errors for the analyses were within or less 

than ±10% except for some water samples. According to Hem (1989), Hounslow (1995) and other studies, 

a charge balance error within ±10% is considered to be acceptable. Observed precipitation in sample 

bottles before the analysis might be the cause of the charge imbalance. 

3.3.2. Environmental tracers 

3.3.2.1. Background 

In hydrology, a tracer is a substance that marks the water itself or dissolved substances therein, 

and moves passively with the water or the solutes (Aeschbach-Hertig, 2006). That means, tracers need to 

be mobile, soluble and should not be strongly retarded by the soil or aquifer matrix (non-reactive or 

conservative) (Geyh, 2000). Environmental tracers include isotopes of hydrogen or oxygen in the water 

molecule, solute isotopes (e.g. C, N, S, etc.), and gas tracers (e.g. noble gases) that either dissolve into 

groundwater at recharge or accumulate in the subsurface from radioactive decay (Doyle, 2013). They can 

be categorized into two categories: natural and historical tracers (Scanlon et al., 2002). Natural tracers are 

tracers that are created or transported in the environment by natural processes, i.e., stable isotopes of 

oxygen and hydrogen, whereas historical tracers have been introduced to the environment by 

anthropogenic sources such as Chlorofluorcarbons (CFCs) (Scanlon et al., 2002; Healy, 2010; Doyle, 

2013). The term "environmental tracers" is mainly used to distinguish them from "artificial tracers". The 

essential difference is that environmental tracers can be applied for studies on large spatial and temporal 

scales, whereas artificial are suitable for targeted studies of small scale processes, i.e., local tracers 

experiments using dyes, SF6, and so on (Aeschbach-Hertig, 2006). 

The stable isotopes of oxygen, 16O (99.7 %) and 18O (0.2 %), and those of hydrogen, 1H 

(99.9 %) and 2H or deuterium; D (0.02 %), combine and produce water molecules of differing molecular 

mass (Geyh, 2000; Yoshida, 2002). These water molecules may be divided into light molecules (1H2 
16O) 
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and heavy water molecules (1HD 16O and 1H2 
18O). Isotopes of water are ideal tracers for hydrological 

studies and they often form the foundation of a multi-tracer approach since they are a part of the water 

molecule itself (H2
18O and 1HD 16O), travel at the same rate as water, not retarded by interaction with 

aquifer materials or measurably altered by geochemical reactions, and vary temporally and spatially 

(Gibson et al., 2005; Liescheidt, 2012). This latter variation is caused by isotopic fractionation processes, 

which is the separation of isotopes by mass, due to a variance in reaction rates when water undergoes a 

phase change (Clark and Fritz, 1997). It is therefore possible to use stable isotope values to trace the 

origin of the water and evaluate the extent of mixing of groundwater with other resources since the 

isotopic composition of water changes only due to mixing of different water or due to fractionation 

(McGuire and McDonnel, 2007). 

There is a strong relationship between the δ18O and δ D values of precipitation, which is 

reflected in the Meteoric Water Line (MWL) (Craig, 1961). This line, MWL, has been found, with some 

local variations, to be valid over large parts of the world (Geyh, 2000; Mazor, 2004) and expressed by the 

equation; 

δ D = 8 δ18O + 10 

The meteoric water line is a convenient reference line for the understanding and tracing of local 

groundwater origins and movements (Mazor, 2004). Therefore, the deviations from the MWL could 

indicate various processes of isotopic exchange and fractionation (Geyh, 2000). The best known examples 

are departures due to evaporation observed in brines from sedimentary marine aquifers, exchange of 

oxygen between water molecules and silicate minerals (rock-water exchange processes) observed in 

geothermal systems, and mixing between meteoric groundwaters and seawater or paleowater (old 

groundwater) (Fig. 3.5) (Yurtsever, 1994; Geyh, 2000). 

Mixing of water occurs at all stages of groundwater flow, from the attenuation of seasonal 

inputs in the recharge area, to the mixing of deep and shallow flow paths in the discharge area (Clark, 
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2015). Mixing is calculated from the concentrations of conservative species such as Cl–, δ18O, and δ D 

provided their concentrations are known for the different mixing endmembers (Clark, 2015). Other tracers, 

such as Ca2+ and Na+ or HCO3
–, SO4

2– and their isotopes are less reliable due to non-conservative 

exchange or redox reactions (Clark, 2015). The relation between salinity and δ18O or δ D is also useful to 

highlight salinization pathways, i.e., leaching or dissolution, evaporative concentration or mixing of fresh 

water with saline water or seawater (Fig. 3.6) (Yurtsever, 1994; Geyh, 2000). For processes of leaching 

salt formations or mineral dissolution, the stable isotopic content of the water is not affected while the 

salinity of water increases (Yurtsever, 1994).  

In addition to the use of H and O isotopes, Carbon-14 (14C) is a naturally occurring radioactive 

isotope of carbon having a half-life of about 5,730 years (Mook, 1980). 14C refers to the ratio of 14C to 

total stable carbon (i.e., 14C/ (12C + 13C)) (Athanasopoulos, 2009). Since the early 1960s, 14C present in 

groundwater as dissolved inorganic carbon (DIC) has been used in hydrologic studies to determine the 

time since recharge of older groundwater (Vogel and Ehhart, 1963). 14C concentrations of the DIC in 

groundwater are reported in percent modern Carbon (pMC), where the modern activity of 14C is set as 

13.56 decays-per minute per gram of carbon (Kalin, 2000; Athanasopoulos, 2009). The reference (or, 

zero) year for this activity is 1950 AD (Kalin, 2000; Athanasopoulos, 2009). This reference year is 

considered to have an activity of 100 pMC; therefore with no possible mixing or dilution occurs, 

groundwater samples with an activity lower than 100 pMC are pre-1950 AD, and samples with an activity 

higher than 100 pMC are younger (Kalin, 2000; Athanasopoulos, 2009). 14C is formed naturally by 

cosmic-ray bombardment of nitrogen in the upper atmosphere, where it rapidly oxidizes to 14CO2, mixes 

into the lower atmosphere and is assimilated in the biosphere and hydrosphere (Kalin, 2000; 

Athanasopoulos, 2009). In addition to natural sources, 14C also was produced by the atmospheric testing 

of nuclear weapons (Mook, 1980), and 14C activities may exceed 100 pMC in areas where groundwater 

contains tritium from nuclear weapons tests (Izbicki and Michel, 2004). Carbon-14 activities are used to 
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determine the age (time since recharge) of groundwater on time scales ranging from recent to more than 

20,000 years before present (Izbicki and Michel, 2004). Because 14C is not part of the water molecule, its 

activity and interpreted 14C ages may be affected by reactions between constituents dissolved in 

groundwater and aquifer materials (Izbicki and Michel, 2004). 13C and 12C, naturally occurring stable 

isotopes of carbon, play an important role in quantifying water-rock interactions in the case of 14C age 

determination of groundwater (Geyh, 2000). Their ratio (13C/12C) also allows to identify the proportion of 

biogenic and carbonate CO2 in water and to determine initial geological settings of the groundwater 

recharge (Geyh, 2000). 13C data are expressed in delta notation (δ) as per mil (parts per thousand) 

differences relative to the ratio of 13C to 12C in standard Peedee Belemnite (PDB) (Gonfiantini, 1978 and 

1984). Most marine carbonate rocks have δ13C = -2 to 0 ‰, whereas frequent values for organic material 

and CO2 in soil are -28% to -20 ‰. Most plants have values around -23±3 ‰, but certain plants have 

more positive values, around -12±2 ‰ (Mazor, 2004).  

Several studies have been conducted using multi-isotope study with hydrochemical analysis to 

understand the origin of variably mixed groundwater reservoirs (e.g. Gat and Gonfiantini, 1981; Clark 

and Fritz, 1997; Cook and Herczeg, 2000), to link groundwater recharge and salinization processes (e.g. 

Ma et al., 2005; Cartwright et al., 2007; Tweed et al., 2011), to relate groundwater recharge and salinity to 

geologic setting and structures (e.g. Morgan et al., 2006; Yuan et al., 2011), to show degradation of 

groundwater with increasing urbanization and agricultural demand (e.g. Ma et al., 2005; Négrel et al., 

2011; Hamed et al., 2014), and to identify pollution risk resulting from inappropriate practices of 

wastewater handling and disposal in arid and vulnerable hydrogeologic settings that may give rise to 

groundwater recharge ( e.g. Vanderzalm et al., 2011).  

3.3.2.2. Analytical techniques 

Stable isotopes of oxygen-18 (18O) and deuterium (2H) were analyzed in samples from the 

Ismailia canal, freshwater ponds, groundwater of the Quaternary aquifer, groundwater of the Miocene 
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aquifer, and wastewater. Samples were stored at room temperature in sealed bottles until the analysis at 

the hydrology laboratory, Kumamoto University, Kumamoto, Japan. δ2H and δ18O were measured by 

Isotope Ratio Mass Spectrometry (Thermo Fisher scientific, Delta V Advantage), using equilibration 

method with CO2 for δ18O (Epstein and Mayeda, 1953) and H2 in the presence of platinum (Pt) catalyst for 

δ2H (Ohsumi and Fujino 1986; Horita et al., 1989). Analytical error was estimated to be better than ± 

0.05 ‰ and ± 0.5 ‰, for 18O and 2H, respectively. Both δ18O and δ2H values were reported relative to 

Vienna Standard Mean Ocean Water (VSMOW) (Coplen, 1995). 

Samples for carbon-14 (14C) activity and 13C/12C ratios (δ13C) were kept chilled until analysis at 

Beta Analytic, Inc., U.S.A. The 14C activity and δ13C of the water samples were derived from the 

dissolved inorganic carbon (DIC) using National Electrostatics Corporation (NEC) 250 keV Single Stage 

Accelerator Mass Spectrometer (SSAMS) coupled with a Thermo DeltaPlus, gasbench. 12M phosphoric 

acid was placed into a vessel within a closed chemistry line and the entire line was evacuated of all air. 

Water sample was introduced into the acid to evolve CO2 from all DIC species present. The solution 

(water+acid) was then agitated and pumped on until no further CO2 evolution was observed. Upon 

completion, the solution was verified to be pH 1 or lower to ensure complete capture of all DIC as CO2 

for the analysis. δ13C was measured on CO2 created during the process of converting DIC to CO2 during 

14C sample preparation. CO2 was then graphitized over cobalt catalyst to provide the target for the AMS. 

14C analysis was performed on graphite after CO2 samples were reduced to this state. Uncertainties were 

lower than ± 0.4 pMC and ± 0.1 ‰ for 14C and δ13C measurements, respectively.  

3.4. MULTIVARIATE STATISTICAL ANALYSIS. 

3.4.1. Background 

The information gathered through many variables can be handled using multivariate techniques 

(Laaksoharju, 1999). Multivariate methods typically analyze three or more variables, and compared with 

univariate analysis, explain more variation in a data set (Nolan, 1999). Principal component analysis 
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(PCA) and hierarchical cluster analysis (HCA) are the two most commonly used multivariate approaches. 

PCA is a useful method in data reduction, manipulation, and visualization of complex data systems, 

where patterns and data similarities are not well understood (Stauffer et al., 1985; Melloul and Collin, 

1992; Valder et al., 2012). PCA reduces a large data set to a few independent, composite variables 

(principal components) that explain much of the variance of the original data (Puckett and Bricker, 1992). 

Extracted components are linear combinations of the original variables (Helsel and Hirsch, 1992). 

Component loadings show the degree of correlation between the original variables and each principal 

component. The greater is the loading (regardless of sign), the greater is the correlation (Nolan, 1999). 

Variables that are highly correlated with a principal component are considered to represent a particular 

process influencing the data. Interpreting principal components, however, is a subjective process (Puckett 

and Bricker, 1992; Nolan, 1999). Component scores show the influence of a principal component on 

individual samples. Information on which samples are influenced by a given process can be obtained by 

plotting the scores in relation to x- and y-axes representing extracted components (Nolan, 1999). The 

composite variables and associated scores yield insight into the data that could not be easily obtained by 

analyzing one explanatory variable at a time (Nolan, 1999).  

From the mathematical perspective, if you have P variables X1, X2,…….,XP measured on a 

sample of n objects, then the ith principal component, Zi, can be written as a linear combination of the 

original variables (Cornish, 2007; Lei, 2013); 

Zi = �i1 X1 + �i2 X2 + �i3 X3 + …...+ �ip Xp   

The principal components are chosen such that the first one, Z1 = �11 X 1 + �12 X 2 + �13 X 3 + 

…...+ �1p X p accounts for as much of the variation in the data as possible and subject to the following 

constraint that  � + � + ⋯ + � �  = 1 (Cornish, 2007) 

The second principal component Z2 = �21 X 1 + �22 X 2 + �23 X 3 + …...+ �2p X p is chosen such 

that its variance is as high as possible. A similar constraint is applied that  � + � + ⋯ + � �  = 1 
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(Cornish, 2007). The second component is chosen such that it is uncorrelated with the first component. 

The remaining principal components are chosen in the same way (Cornish, 2007). 

HCA aims to classify a sample of objects on the basis of a set of measured variables into a 

number of different groups such that similar subjects are placed in the same group (cluster) (Cornish, 

2007), where the within-group variance is as small as possible, and the differences between the clusters 

can be large (Templ et al., 2008; King, 2014). Two main HCA procedures are agglomerative methods and 

divisive methods. In agglomerative HCA, most commonly applied methods and used in this study, each 

observation starts as an individual cluster. The first step is then to group the two “closest” (most similar) 

clusters into one cluster, resulting in one less cluster. This process is done repeatedly until all 

observations have been grouped into one cluster (Cornish, 2007; King, 2014) and this allows a hierarchy 

of clusters to be established from the bottom up (Mooi and Sarstedt, 2011). There are various measures to 

express (dis)similarity between pairs of objects. A straightforward way to assess two objects’ proximity is 

by drawing a straight line and getting the distance between them (Mooi and Sarstedt, 2011). This type of 

distance is referred to as the Euclidean distance (or straight-line distance) and is most commonly used 

(Güler et al., 2002; Mooi and Sarstedt, 2011). To express the Euclidean distance mathematically, suppose 

we have P variables X1, X2,……., XP measured on a sample of n objects, the observed data for object i can 

be referred to as xi1, xi2,…, xip while the observed data for j object as xj1, xj2,……, xjp. Then the Euclidean 

distance between these two objects can be written as (Cornish, 2007; Mooi and Sarstedt, 2011): 

� = √ � + �  + � + � + ⋯ + � � + � �  

The squared Euclidean distance is simply derived by squaring the Euclidean distance equation. 

In addition to the distance or similarity measure, the clustering algorithm should also be decided. The 

clustering algorithm describes the procedure used to determine which clusters are the most similar to each 

other (Townend, 2002; King, 2014). The main methods used to determine which clusters should be joined 

at each stage are; single-linkage method (Sneath, 1957), complete linkage method (Sorensen, 1948), 
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average linkage method (Sokal and Michener, 1958), centroid method (Sokal and Michener, 1958), and 

Ward’s method (Ward, 1963). The first four linkage methods are all based on a similar principle: there is a 

chain of similarity leading to whether or not a case is added to a cluster. The rules governing this chain 

differ from one linkage method to another (Field, 2000). Ward’s method, used in this study, has a different 

and complex approach that does not combine the two most similar objects successively or depend on 

single measurement of similarity (Field, 2000; Mooi and Sarstedt, 2011; King, 2014). Instead, those 

objects whose merger increases the overall within-cluster variance to the smallest possible degree, are 

combined (Mooi and Sarstedt, 2011). This method tends to produce clusters of roughly equal size, 

because the smaller clusters usually have a smaller sum of squares (Cornish, 2007; King, 2014). Ward’s 

method is sensitive to outliers (Hair et al., 2006; Cornish, 2007), but it is still commonly applied to 

hydrochemical studies (Güler et al. 2002; Raiber et al. 2012; King, 2014) as it reduces the within group 

variance (Gong et al., 2008; Mooi and Sarstedt, 2011; King, 2014). 

Recent studies have confirmed the usefulness of multivariate analysis techniques for evaluation 

and interpretation of groundwater quality data sets (e.g. Singh et al., 2009), providing insight into the 

hydrological processes (e.g. Mohapatra et al., 2011; Ghesquière, 2015), identifying critical water quality 

issues and possible sources of pollution/polluting processes (e.g. Rao et al., 2010), and interaction of river 

water/groundwater and groundwater mixing (e.g. Long and Valder, 2011; Valder et al., 2012; King et al., 

2014).  

3.4.2. Checking the Data adequacy 

Principal component analysis (PCA) and hierarchical cluster analysis (HCA) were conducted 

using XLSTAT (Version 2015.4.01.20780). Two tests were used for the adequacy of the interest of the 

implementation of the PCA on a dataset: the Bartlett's sphericity test and the Kaiser-Meyer-Olkin (KMO) 

index. Bartlett’s test of sphericity is a statistical test of the correlation matrix to determine if the variables 

are significantly correlated (Hair et al., 2006; King, 2014). The KMO statistically analyses partial 
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correlations between variables and compares them to the simple correlations for the same variables 

(Spicer, 2004; King, 2014). If the KMO index is high ( 1), the PCA can act efficiently; if KMO is low ( 

0), the PCA is not relevant (Rakotomalala, 2013). The results from KMO test (0.76) and Bartlett’s test of 

sphericity (<0.05) confirmed that PCA can be applied on the dataset consisting of nine selected 

physical-chemical (EC, Na+, Mg2+, Ca2+, HCO3
-, Cl- , and SO4

2- ) and isotopic (δ18O and δ2H) variables.  

3.4.3. Statistical treatment of the dataset 

The raw data were used for the PCA because the correlation matrix has the effect of 

standardizing the data (DOE, 2012) while it was standardized for the HCA. The standardized data are 

obtained by subtracting the mean of the distribution from each data and dividing by the standard deviation 

of the distribution (Davis, 1986). A common criterion (Kaiser normalization) for determining the number 

of principal components to consider for further analysis is those having an eigenvalue greater than one 

(Kaiser, 1960). The Varimax rotation was also applied in order to reduce the overlap between original 

variables and maximize the variance in each principal component (Davis, 1986). The Ward linkage 

method and Squared Euclidean distance measurement were considered for the HCA, as they are effective 

in cluster determination in water studies (Güler et al., 2002). 
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Fig. 3.1 Location map of the available boreholes with lithologic data in the study area.  
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Fig. 3.2 Schematic drawings of the subsurface hydrogeological conditions of the study area.  
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Fig. 3.3 Location map of the sampling points. 
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Active groundwater wells sampled from the study area 

 

 

In-situ field measurements (pH, EC, and T) 

 

 

Office measurements (e.g. alkalinity and spectrophotometric analyses)  

   

Fig. 3.4 Flowchart of field and office measurements after each sampling day. 
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Fig. 3.5 Various processes which shift the δ18O and δ2H values from the meteoric water line (MWL). Modified after Yurtsever (1994) and Geyh (2000). 
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Fig. 3.6 Stable isotope composition (δ18O or δ2H ) versus salinity for the identification of different salinization processes: mixing of fresh water and seawater, 

dissolution of salt and leaching, and evaporation. Modified after Yurtsever (1994) and Geyh (2000). 
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--------------------------------- CHAPTER 4: RESULTS --------------------------------- 

Generally, no major temporal changes could be observed in the chemical pattern of the 

groundwater samples in the Quaternary aquifer (Table 4.1; Fig. 4.1). Although some exceptions to this 

general finding were observed in the anomalous depletion of potassium (K
+
) concentration during 2014 

campaign (Fig. 4.1) that might be related to an analytical error. Also, local changes in the concentration of 

some ions, i.e., Na
+
, and SO4

2-
, observed at site Nos. 39 and 54 might be related to site-specific conditions 

or an analytical error. The average δ18
O composition (-1.15 ‰) of first campaign is similar to that of the 

second campaign average isotopic values (-1.05 ‰) with standard deviations 1.28 ‰ and 1.30 ‰ for first 

and second campaigns, respectively. The same is observed for δ2
H. Based on that, seasonal effect on 

groundwater samples of the Quaternary aquifer was very small and can be ignored.     

4.1. CONVENTIONAL HYDROCHEMICAL ANALYSIS 

Major ion concentration, nutrient constituents (NH4
+
 and NO3

-
), and stable isotopic 

composition from the four groups of samples, i.e., surface water (Ismailia Canal, irrigation canals and 

freshwater ponds), groundwater in the Quaternary aquifer, groundwater in the Miocene aquifer, and 

wastewater from the wastewater ponds, are shown in Table 4.2. The chemical and isotopic composition of 

the River Nile, and the Ismailia Canal, changed temporally in response to the construction of the Aswan 

High Dam, completed in 1970, which collects water in the upper part of the Nile watershed by the Lake 

Nasser (El Bakri et al., 1992; Nada et al., 2002; Nada, 2013). According to the previous researchers (El 

Bakri et al., 1992; Clark and Fritz, 1997; Hussein and Moussa, 2012), the pre-1970 groundwater, 

recharged mainly by the Nile River, is depleted in δ18
O and δ2

H, plotted along or near the GMWL, and 

relatively similar to the mean values of precipitation in the Nile headwaters (Addis Ababa) whereas the 

post-1970 groundwater are more enriched due to intensive evaporation from the Lake Nasser. Available 

chemical and isotopic data of the old Nile water before 1970 (Matthess, 1982; Khalil and Hanaa, 1984; 

Awad et al., 1994; Sadek and Abd El-Samie, 2001) are also presented in Table 4.2. 
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A Piper diagram is presented in Fig. 4.2. This diagram is useful in screening and sorting 

large numbers of chemical data to aid in rapid determinations of similarities and differences among water 

samples (Piper, 1944). Water from the Ismailia Canal, water from fresh water ponds, and the old Nile 

water were characterized by Ca
2+

-HCO3
-
 water type which showed low electric conductivity (EC) ranging 

in between 320 µS/cm to 501 µS/cm (Table 4.2). The pH of the surface water (Ismailia Canal and fresh 

water ponds) were alkaline (from 7.8 to 8.4). Based on the Piper’s classification, four water types can be 

distinguished in the groundwater of the Quaternary aquifer. The first type, Ca
2+

-HCO3
-
 water, is plotted in 

the same field with the Ismailia canal and freshwater ponds. Samples from this type are located along the 

main course of the Ismailia canal, i.e., sample Nos. 33 and 37 (Fig. 3.3). The second type is classified as 

mixed Na
+
, Ca

2+
- HCO3

-
 water type and is found within three kilometers from the canal course, i.e., 

sample Nos. 31, 32, and 62 (Fig. 3.3). Both aforementioned types have EC values less than 1000 µS/cm 

(Table 4.2 ; Fig. 4.3). The third type is mixed Ca
2+

, Mg
2+

- Cl
-
, SO4

2-
 water type and is found in El Adlia 

area, i.e., sample Nos. 12, 13, 16 (Fig. 3.3). The EC of the latter varied from 500 µS/cm to 1779 µS/cm 

(Table 4.2 ; Fig. 4.3). The fourth type, majority of the water samples from the Quaternary aquifer, is 

distributed over the rest of the region and described as Na
+
-Cl

-
 or Na

+
-Cl

- 
,
 
SO4

2-
 waters. The increase of 

EC is observed in the last type from the north and northwest (< 1000 µS/cm), i.e., the well field area and 

close (3 to 6 kilometer distance) to the Ismailia canal, to south and southeast (> 6000 µS/cm) at El Shabab 

agricultural area (Fig. 4.3). However, some groundwater samples with high EC values were also found 

south of the Ismailia canal, i.e., sample No. 9, 11, 34, and 63, and north of the well field area, i.e., sample 

Nos. 17, 22, 66, and 67 (Fig. 4.3). The pH conditions of the groundwater samples from the Quaternary 

aquifer ranged from near neutral (6.6) to alkaline (8.2). Near neutral pH conditions are located in wells 

nearby the wastewater ponds. Groundwater samples of the Miocene aquifer are dominated by Na
+
-Cl

- 

water type while wastewater samples have Na
+
-Cl

- 
(HCO3

-
, SO4

2-
) water type. In comparison with 

samples of the Quaternary aquifer, the groundwater samples of the Miocene aquifer exhibit elevated 
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concentrations of Na
+
 and Cl

-
,
 
depleted

 
HCO3

-
, near neutral (6.8) to slightly alkaline (7.6) pH conditions, 

and high EC values up to 11530 µS/cm (Table 4.2). Wastewater samples were enriched in HCO3
-
 

compared with the sample from the Ismailia canal and groundwater of the Miocene and Quaternary 

aquifers. The pH varied from acidic (6.46) in pond 3 to alkaline (9.29) in pond 1, while EC ranged from 

774 µS/cm to 3440 µS/cm for pond 1 (domestic wastewater), from 832 µS/cm to 2390 µS/cm for pond 2 

(mixed domestic and industrial wastewater), from 1514 µS/cm to 3070 µS/cm for pond 3 (industrial 

wastewater) (Table 4.2).  

Dissolved concentrations of nitrogen compounds (as NO3
- 
and NH4

+
) are shown in Table 4.2. 

Overall, the main form of nitrogen compounds present in the groundwater of the Miocene and Quaternary 

aquifers is nitrate, while ammonia, up to 60 mg/l, was dominant in wastewater (Table 4.2). The nitrate 

concentrations in groundwater of the Quaternary aquifer varied from less than 1 mg/l at the well field area 

to about 50 mg/l at El Shabab agricultural area (Tables 4.2). 

4.2. CONVENTIONAL STABLE-ISOTOPIC ANALYSIS 

The relationships between δ2
H and δ18

O are shown in Fig. 4.4 for groundwater samples 

collected from the Quaternary and Miocene aquifers, surface water from the Ismailia Canal, freshwater 

ponds, and wastewater from the ponds along with the global meteoric water line (GMWL) (Craig, 1961). 

There has been no systematic monitoring of δ2
H and δ18

O in precipitation at Cairo station (50 km 

southwest from the study area) to define the local meteoric water line (LMWL). The calculated weighted 

means of δ18
O and δ2

H for local precipitation (1987-2003) at Cairo station based on Global Network for 

Isotopes in Precipitation (GNIP) data, were a -4.2‰ and -23.1‰, respectively (Fig. 4.4). Data of the 

water in the Ismailia Canal by previous researchers (Hamza et al., 1987; Abd El-Samie et al., 2002), 

wastewater (Abd El-Samie et al., 2002; Khalil et al., 2015), and groundwater in the Miocene aquifer (Abd 

El-Samie et al., 2002), and the old Nile water (Awad et al., 1994; Sadek and Abd El-Samie, 2001) are also 

shown in Fig. 4.4 for reference. 
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A wide range, from -2.41 to 2.71‰ for δ18
O and from -18 to 24.4‰ for δ2

H, is observed in 

groundwater of the Quaternary aquifer (Table 4.2). The majority of groundwater samples from the 

Quaternary aquifer are plotted in the range from -2.2 to -0.2‰ for δ18
O and from -7 to 6‰ for δ2

H while 

groundwater samples from wells in the eastern part, i.e., El Shabab agricultural area, are shifted to the 

heavier δ18
O and are lined in a linear trend, i.e., sample Nos. 42 to 47 (Fig. 4.4). Groundwater samples 

from the Miocene aquifer show depleted isotopic signature, less than -29.9 and -4.05‰ for δ2H and δ18
O, 

respectively, compared with the groundwater from the Quaternary aquifer (Fig. 4.4). Samples from 

wastewater ponds have the most enriched isotopic signatures (from 18.2 to 32 ‰ for δ2
H and from 2.4 to 

3.11 ‰ for δ18
O), higher than the other surface water samples (from 19 to 21.2 ‰ for δ2

H and from 1.80 

to 2.47 ‰ for δ18
O), possibly due to evaporation. 

Spatially, heavier (less negative) isotope values of the groundwater in the Quaternary aquifer 

were observed nearby the Ismailia canal and the freshwater ponds while lighter (more negative) values 

were recorded in the southern part of the study area, i.e., along the Cairo-Ismailia desert road (Fig. 4.5). 

Also, the distribution of δ18
O showed a relative depletion of stable isotope values in the well field area 

and some wells, i.e., 17, 18, and 66, in the agricultural areas northward of the well field. Heavier isotope 

values are also characterized for groundwater samples in El Shabab agricultural area (Fig. 4.5).  

4.3. MULTIVARIATE STATISTICAL ANALYSIS  

4.3.1. Data preparation and analysis 

Due to small range of pH and temperature (T), these two variables were excluded from the 

multivariate analysis. Minor solutes (NO3
-
and NH4

+
), δ13

C, and 
14

C were also not considered due to 

missing data (not measured) of most of the samples. Potassium (K
+
) was excluded from the analyses 

because it was below detection limits for a large number of samples (about 54 % of the samples). Such 

data are not appropriate for many multivariate techniques as noted by Sanford et al. (1993) and Güler et al. 

(2002). Samples with missing data values, i.e., Nos. 10, 11, 27, 33, and 37, were not included in the 
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multivariate analysis. Samples with ion balance error above 10 %, i.e., Nos. 2, 3, 4, and 5, were rejected 

as they were supposed to miss important ions. Finally, the dataset used in this analysis constitutes a data 

matrix of 82 sampling points by nine selected physical-chemical (EC, Na
+
, Mg

2+
, Ca

2+
, HCO3

-
, Cl

-
 , and 

SO4
2- 

) and isotopic (δ18O and δ2
H) variables.  

Because PCA is based on correlations, the variables should be related to each other (in pairs) in 

a linear or even monotonically relationship (Leech et al., 2015). The relationship can be assessed among 

variables with matrix scatterplots, as shown in Fig 4.6. From Fig. 4.6, most of the variables are linearly or 

at least monotonically related to one another. Also, because many statistical techniques, including PCA, 

assume multivariate normally distributed data, it is important to ensure that the data reflect this pattern. 

The distributions of nine variables, used for PCA, were evaluated for normality distribution through 

graphical displays such as quantile-quantile plot (Q-Q plot) (Fig. 4.7), and through descriptive statistics of 

the data, such as central tendency (mean and median) and dispersion (standard deviation and skewness) 

(Table 4.3). The Q-Q plot depicts the sample quantiles on the x axis against the theoretical quantiles from 

a normal distribution of the same sample size on the y axis (Chambers et al., 1983). If the data are from a 

perfectly normal distribution, the data will lie on a diagonal straight line while departures from the 

diagonal indicate deviations from a normal distribution (McGarigal, 2000). Also, skewed distributions 

show up nicely as deviations from the line at the tails (McGarigal, 2000). From the Q-Q plots (Fig. 4.7), 

the variables were generally found to be positively skewed with deviations from the diagonal line at the 

tails. The skewness coefficients are tabulated in Table 4.3 for each variable. The distributions of all 

variables, except deuterium (δ2
H), were positively skewed. The calculated skewness is significant and 

sufficiently large since the absolute values of skewness coefficients are higher than two times their 

standard errors (Table 4.3). In addition to the previous graphical and statistical tests of normality, the data 

were also analyzed by running a Shapiro-Wilk test, using XLSTAT, to further test the normality of the 

data. The Shapiro-Wilk test (Shapiro and Wilk, 1965) uses the hypothesis testing format to determine if a 
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normal distribution could be used to describe the data or not. The null hypothesis (Ho) states that the 

distribution function F(x) is a normal distribution function whereas the alternative hypothesis (Ha) states 

F(x) is non-normal. Shapiro-Wilk test calculates a test parameter (W), which is presented together with a 

probability of finding samples, with a worse match, with a normal distribution than the studied data set 

(Englert, 2003). This probability gives the significance level at which the normality of the data set is 

acceptable from a statistical point of view (Englert, 2003). With a α level of 0.05, the null-hypothesis 

would be rejected and the sample would be determined not to be normally distributed if the probability of 

the outcome (p-value) is less than 0.05 (Stevens, 2015). Conversely, if the p-value is greater than the α 

level, the null hypothesis cannot be rejected and the sample may be normally distributed (Stevens, 2015). 

As shown in Table 4.4, the p-value from the Shapiro-Wilk test clearly does not support a normal 

distribution with the results for all variables less than 0.0001. This is less than the α level of 0.05, and 

therefore, the null-hypothesis would be rejected and the sample would be determined not to be normally 

distributed. Based on the shape of the Q-Q plots, skewness coefficients, and Shapiro-Wilk tests for each 

variable, it was determined that non-parametric statistical techniques, Spearman’s rank correlation, were 

necessary for calculating the correlation matrix, used as input for the PCA. Because of the different 

variable units and ranges in the concentrations of each, a correlation matrix was used so that each variable 

is normalized to unit variance and therefore contributed equally to the PCA (Farnham et al., 2003; Chen 

et al., 2007; Ghesquière et al., 2015). Tables 4.5 and 4.6 provide the Spearman’s rank correlation 

coefficients and probability (p) values, respectively, for the analyzed parameters. 

4.3.2. Hierarchical cluster analysis (HCA) 

The HCA was performed on the standardized groundwater dataset of the Quaternary aquifer 

(64 samples) by Ward’s method as amalgamation rule using squared Euclidean distance as similarity 

measure. Fig. 4.8 shows the dendrogram, a more effective way of showing the clusters, obtained from 

HCA of the groundwater samples in the Quaternary aquifer. The vertical scale represents the measure of 
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similarity that is used to define the similarities between the sample points while the sample points are 

along the horizontal axis. The phenon line, an arbitrary line that defines clusters in Fig. 4.8, was drawn 

across the dendrogram at a linkage distance of about 42. Samples with linkage distance lower than 42 are 

therefore grouped into the same cluster. Based on the dendogram and a linkage distance of 42, four major 

clusters were identified. Samples from clusters 1 and 2 are linked to the other two clusters 3 and 4 at an 

elevated distance (284.41), indicating that groundwater samples in clusters 1 and 2 are clearly distinct 

from the groundwater samples of clusters 3 and 4. Clusters 3 and 4 have the lower linkage distance (about 

71) of the four clusters (Fig. 4.8), therefore, has the greater similarity between the clusters. It can be 

expected that the geochemistry of the groundwater samples of cluster 3 would have similarities with the 

ones of cluster 4. From the dendrogram, more than half (59%) of the samples were classified to cluster 1. 

In order to conduct detailed analysis, cluster 1 was divided into four subclusters (Fig. 4.8). The clusters 

were identified spatially by reclassifying the location map of the study area with the clusters (Fig. 4.9). 

4.3.3. Principal component analysis (PCA)  

PCA was applied to determine the variables that best represent the variations among four 

clusters identified using HCA, and to explore the relationships among the clusters in the groundwater of 

the Quaternary aquifer and other water groups in the study area, i.e., the Ismailia Canal, groundwater in 

the Miocene aquifer, wastewater from the wastewater ponds, and the old Nile water. As can be seen from 

the Spearman’s correlation matrix (Table 4.5), EC, Na
+
,
 
Mg

2+
,
 
Ca

2+
,
 
Cl

-
, and SO4

2-
 show relatively 

moderate to strong correlations with one another (r = 0.569-0.956). Weak to moderate negative 

correlations are apparent between HCO3
- 
and all the variables, but moderate positive correlations with δ2

H 

and δ18
O. EC, Na

+
,
 
Cl

-
, and SO4

2-
 exhibit negative weak to moderate correlations with δ2H and δ18

O. A 

statistically significant strong positive correlation between δ2H and δ18
O was also found (r = 0.948). In 

addition, the Spearman’s correlation coefficients determined that specific variables were not statistically 

significant at the α = 0.05 level of significance, i.e., Mg
2+

 with both δ2H and δ18
O, and Ca

2+ 
with δ18

O 
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(Tables 4.5 and 4.6). The correlations shown in Table 4.5 are translated into Principal Components (PCs) 

by calculating eigenvalues (Table 4.7). The number of significant principal components (PCs) was 

determined based on Kaiser Normalization Criterion (Kaiser, 1960). Two principal components, with 

eigenvalues larger than one, accounted for 80.9 % of the total variance in the data, are regarded as 

significant (Table 4.7). Thereafter, Varimax rotation was performed on extracted two significant PCs to 

improve the interpretation of PCA, as it increased the absolute values of larger loadings and reduced the 

absolute values of smaller loadings within each component (Lei, 2013). Table 4.8 summarizes the PCA 

results after rotation, including the loadings, the eigenvalues, the amount of variance explained by each 

PC, and the cumulative variance. The PC loadings were sorted according to the criteria of Liu et al. 

(2003), i.e., strong, moderate, and weak, corresponding to the absolute loading values of more than 0.75, 

0.75–0.50 and 0.50–0.30, respectively. As shown in Table 4.8, first principal component (PC1) represents 

the largest proportion, i.e., 53.1 % of the total variance within the dataset. It is associated with strong 

positive weightings of EC, Na
+
, SO4

2- 
, Cl

-
 , Ca

2+
, and Mg

2+
 and negative weak weightings of HCO3

-
. The 

second principal component (PC2), which explains 27.8% of the total variance within the dataset, exhibits 

strong positive weightings of δ18O and δ2
H, moderate positive weighting of HCO3

-
,
 
and negative 

weightings for Cl
-
 (Table 4.8). The correlations between the nine variables (Table 4.5) determine which 

variables contribute the most to the formation of the PCs (Table 4.3); high correlations (± 0.6 or greater) 

will be grouped together by the PC while low correlations will not have high loadings on the same PC. 

The loadings of the nine variables on PCs (Table 4.8) are also depicted graphically in the correlation 

circle shown in Figure 4.10. The loadings of these variables for PC1 and PC2 plot very close together, 

suggesting that the processes that impact these variables’ concentrations and variability in the 

groundwater are similar (Iranmanesh et al., 2014). The EC contributes significantly to the PC1. EC 

represents the contributions of all the constituents in the groundwater samples therefore, the PC1 may be 

termed “salinity factor of groundwater”. The δ18
O, δ2

H, and HCO3
- 

contribute to the PC2. 
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Concentrations of these variables are controlled by the interaction and mixing of groundwater with 

different water sources, surface water from the Ismailia Canal and/or groundwater from the Miocene 

aquifer. Hence, The PC2 might be termed “groundwater mixing”.   

Fig. 4.11 shows the scores of the groundwater samples from the Quaternary aquifer and other 

water groups on PCA space (PC1 vs. PC2). There appears to be reasonable statistical discrimination 

between the four major clusters as defined by HCA. The four clusters of the groundwater in the 

Quaternary aquifer occupy different areas in PCA space (Fig. 4.11). Most of the samples from clusters 1 

along with the old Nile River water are in quadrants 1 and 4. Cluster 2 samples, except for sample No. 59, 

and water from the Ismailia Canal are plotted in quadrant 1. Most of the samples assigned to cluster 3 are 

plotted in quadrant 3. Cluster 4 samples are in quadrant 2 and have higher positive PC1 scores. 

Groundwater samples from the Miocene aquifer are positioned in quadrant 3 whereas wastewater samples 

are located in quadrants 1 and 2 with high positive PC2 scores (Fig. 4.11). 

4.3.4. Re-evaluation of conventional hydrochemical and isotopic analyses 

As illustrated above, the use of conventional techniques, Piper diagram and δ18
O-δ2

H plot 

proved to have limitations compared with the multivariate methods for partitioning water chemistry and 

isotopic data of the Quaternary aquifer into distinct clusters that may be significant in the hydrogeologic 

context, i.e., different recharge sources and mixing processes. HCA classified the 64 groundwater 

samples of the Quaternary aquifer into four major clusters and four subclusters using nine variables (Fig. 

4.8). Statistical summaries of the variables under each cluster were introduced in Table 4.9 and combined 

with graphical techniques, i.e., Piper (Fig. 4.12) and Stiff (Fig. 4.13) diagrams to provide efficient 

hydrochemical and isotopic evaluation of the four major clusters defined for the groundwater of the 

Quaternary aquifer. 

As shown in Table 4.9, subcluster 1.1 (n= 5) has low EC (average 956 µS/cm) as indicated by 

very small Stiff diagram size (Fig. 4.13) and is spatially distributed within El Adlia area (Fig. 4.9). From 
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the Piper diagram (Fig. 4.12), this subcluster is plotted closer to surface water from the Ismailia Canal and 

the Old Nile water. Subcluster 1.2 (n= 8) have elevated Na
+
, Cl

-
, and

 
SO4

2- 
concentrations and slightly 

higher EC (average 1764 µS/cm) than subcluster 1.3 (n= 14) (average 1335 µS/cm) (Table 4.9 and Fig. 

4.13). Subcluster 1.2 is distributed in El Adlia to Ramsis areas while subcluster 1.3 at the well field area 

(Fig. 4.9). Subcluster 1.4 (n= 11) is characterized by elevated concentrations of Na
+
, Cl

- 
,and SO4

2- 
and 

high EC (average 2950 µS/cm) (Table 4.9 and Fig. 4.13) compared to the other subclusters. δ18O and δ2
H 

are progressively increased in the following sequence, subclusters 1.3 to 1.4 to 1.2 to 1.1 (Table 4.9), i.e., 

from the well field area to the El-Adlia area. Groundwater samples assigned to cluster 2 (n= 8) are plotted 

close to water from the Ismailia Canal in the Piper diagram (Fig. 4.12) and spatially found along and 

within four kilometers from the Ismailia Canal and near the freshwater ponds (Fig. 4.9). This cluster is 

characterized by high HCO3
- 
concentration (average 241 mg/l) and most enriched δ18O and δ2

H (Table 

4.9). Cluster 3 (n= 10) and cluster 4 (n= 8) have considerably elevated Na
+
, Cl

-
 and SO4

2-
 concentrations,

 

and very high average EC values, i.e., 3610 µS/cm and 6100 µS/cm, respectively (Table 4.9 and Fig. 

4.13), compared to the first two clusters. Additionally, cluster 3 is more depleted in δ18O and δ2
H relative 

to cluster 4 (Table 4.9) and projected together on the Piper diagram close to the groundwater of the 

Miocene aquifer (Fig. 4.12). Samples from the latter two clusters (clusters 3 and 4) are spatially located 

north of the well field area, El Adlia and Ramsis areas, neighboring the groundwater wells of the Miocene 

aquifer in the south of the study area, and in El-Shabab area adjacent to the wastewater ponds (Fig. 4.9). 

Although NO3
-
 is not considered in the HCA but it is found to be variant between four clusters (Table 4.9) 

and therefore could be used to further characterize each cluster. Subcluster 1.3 has the lowest nitrate 

concentrations (average 2.6 mg/l) compared to cluster 4 (average 36.6 mg/l) (Fig. 4.14).  
 
 

From δ18
O-δ2

H plot (Fig. 4.15), the isotopic composition of subcluster 1.1 has a narrow range 

of δ18
O (-0.87 to -0.53‰) and δ2

H (1 to 3.7‰) values. It is plotted very close to the old Nile water 

component (Fig. 4.15). According to their relative alignment in Fig 4.15, subcluster 1.2 is slightly 
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enriched in δ18
O (-1.44 to -0.46‰) and δ2

H (-6.3 to 3.2‰) than subcluster 1.3 (-1.74 to -1.38‰ for δ18
O, 

-6.8 to -2.3‰ for δ2
H). Samples from subcluster 1.4 are plotted in a wide range from -1.76 to -0.04‰ for 

δ18
O and from -6.5 to 6.9‰ for δ2

H. Highly enriched values of cluster 2, from 0.49 to 2.71‰ for δ18
O and 

from 10.5 to 24.4‰ for δ2
H, are plotted near the surface water from the Ismailia canal and freshwater 

ponds. Highly depleted values of cluster 3, from -2.41 to -0.47‰ for δ18
O and from -18 to 3.1‰ for δ2

H, 

were shifted toward the groundwater samples from the Miocene aquifer. Samples from cluster 4 were 

found to be shifted to the heavier δ18
O and were aligned in a linear trend (Fig. 4.15).  

Measured 
14

C activities for groundwater samples from nine wells in the Quaternary aquifer 

ranged from 42 to 80 percent modern carbon (pMC) (Table 4.10). 
14

C activity was highest for cluster 2, 

followed by subclusters 1.2 and 1.4, then subcluster 1.3. Groundwater sampled from the Miocene aquifer 

(sample No. 71) had a low 
14

C activity of 35 pMC. 
14

C activities of cluster 3 samples were in between 

those of subcluster 1.3 and of the Miocene aquifer (Table 4.10). Measured δ13
C of groundwater samples 

from wells in the Quaternary aquifer ranged from -11.8 to -5.4‰ (Table 4.10). The δ13
C values were more 

depleted in subclusters 1.2, 1.3 and 1.4, and cluster 2, than those in cluster 3. The δ13
C value of the 

groundwater from the Miocene aquifer was -8.2‰ (Table 4.10).  

 A summary table (Table 4.11) is presented for the main physical, hydrochemical, and isotopic 

characteristics of the defined four clusters for the groundwater in the Quaternary aquifer and the other 

water groups, i.e., the old Nile water, water from the Ismailia Canal, groundwater in the Miocene aquifer, 

and wastewater. It is apparent from Table 4.11 that some (sub) clusters, i.e., subcluster 1.1 and cluster 2, 

have relative similarity in hydrochemical and isotopic characteristics to the old Nile water and water from 

the Ismailia Canal, respectively. The same also could be applied on clusters 3 and 4 as they have similar 

physical and hydrochemical characteristics to the groundwater of the Miocene aquifer but more enriched 

stable isotopic composition.   
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Table 4.1 Chemical and isotopic data of 14 groundwater samples collected from the Quaternary aquifer over two campaigns (2013 and 2014).  

ID 
Sampling 

campaign 

*Well 

depth (m) 

T  

(ºC) 
pH 

EC 

(µS/cm) 

Cations (mg/l) Anions (mg/l) Isotopes 

Na+ K+ Mg2+ Ca2+ HCO3
- Cl- SO4

2- 
δ2H 

(‰) 

δ18O 

(‰) 

17 
2014 

150 
28.5 7.1 4300 701 ND 25 103 175 852 673 -2.9 -1.25 

2013 27.7 7.5 4020 715 19 31 151 150 1019 573 -2.3 -1.28 

24 
2014 

120 
27.3 7.5 1788 352 ND 3 24 150 301 241 -6.3 -1.44 

2013 26.1 7.9 1960 371 9 12 37 265 413 209 -6.4 -1.62 

25 
2014 

114 
27.5 7.4 1759 326 8 6 19 229 319 183 -6.2 -1.53 

2013 27.4 7.9 1658 NM -6.0 -1.75 

26 
2014 

120 
30.4 7.5 2120 370 ND 10 56 197 331 397 0.3 -0.81 

2013 27.4 7.9 1830 333 7 10 46 167 320 289 0.6 -1.12 

35 
2014 

105 
26.5 7.8 2140 398 ND 3 21 254 219 449 11.2 0.49 

2013 26.0 7.7 2300 461 27 7 51 246 246 499 10.5 0.54 

36 
2014 

105 
26.0 7.9 1591 346 ND 2 13 219 222 365 2.5 -0.55 

2013 26.0 7.9 2040 409 6 9 41 230 290 362 3.1 -0.59 

38 
2014 

160 
29.1 7.9 2060 373 3 2 17 198 351 149 -6.8 -1.74 

2013 27.8 7.8 2510 450 6 10 67 201 686 184 -7.2 -1.85 

39 
2014 

160 
29.3 7.8 3030 611 ND 15 63 170 716 705 -6.5 -1.76 

2013 28.9 7.8 3040 574 16 12 64 185 791 235 -6.8 -1.70 

40 
2014 

160 
27.3 8.1 1338 282 ND 1 6 190 189 252 23.6 2.69 

2013 27.4 8.0 1509 309 5 2 24 203 256 261 23.9 2.49 
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41 
2014 

165 
29.5 7.3 3870 605 ND 74 203 117 933 528 -13.1 -2.32 

2013 28.4 7.3 4460 613 19 92 251 117 1305 531 -14.5 -2.54 

53 
2014 

92 
27.6 7.8 2030 381 ND 12 88 131 481 217 -0.6 -0.91 

2013 25.8 7.9 2050 368 3 12 68 145 495 184 -1.3 -1.26 

54 
2014 

110 
27.3 7.9 1531 292 ND 4 16 205 219 165 -5.2 -1.71 

2013 25.9 7.8 2990 563 9 18 72 219 573 459 -4.5 -1.49 

61 
2014 

150 
27.9 8.0 774 229 ND 1 7 189 154 98 -5.3 -1.56 

2013 27.9 8.2 989 219 2 2 30 205 158 106 -6.1 -1.92 

73 
2014 

110 
29.0 6.6 3420 946 ND 76 309 65 1685 547 -18.0 -2.41 

2013 27.5 7.7 7130 1038 21 71 403 48 2318 520 -16.4 -2.08 

Average  
2014 2267 444 5 17 67 177 498 355 -2.3 -1.06 

2013 2749 494 11 22 100 183 682 339 -2.3 -1.16 

Standard 

deviation 

2014 1012 199 2 25 87 49 423 199 10.1 1.31 

2013 1579 244 7 27 109 58 594 159 10.1 1.28 

* Well depth information was obtained from the available well logs (e.g., well field area) and from the well owners.  

EC: Electric Conductivity, T: Temperature, ND: Not Detected, NM: Not Measured 
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Fig. 4.1 Representation of temporal change in the 

concentration of major ions for 14 groundwater 

samples from the Quaternary aquifer 
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Table 4.2 Field-measured parameters, hydrochemical and isotopic characteristics of water samples. 

 

ID Water group 

*Well 

depth 

(m) 

T  

(ºC) 
pH 

EC 

(µS/cm) 

 
Anions (mg/l) Isotopes  

Cluster/subcluster 

category 

Cations (mg/l) 

 

Na+ K+ Mg2+ Ca2+ NH4
+ HCO3

- Cl- SO4
2- NO3

- 
δ2H 

(‰) 

δ18O 

(‰) 

1 Ismailia 

Canal 
 

29.1 8.3 409 36 8 11 37 ND 138 25 52 0.9 19.0 2.07  

2  29.0 8.1 358 23 3 4 62 NM 126 15 25 NM 20.0 2.00  

3 
El Shabab 

Canal 
 30.6 8.4 342 24 4 7 56 NM 120 15 25 NM 20.2 1.80  

4 Fresh water  

ponds 

 29.6 8.3 380 24 5 7 59 NM 128 23 30 NM 21.2 2.47  

5  32.8 7.8 501 27 5 10 49 NM 122 24 34 NM 20.5 2.04  

6 

Quaternary 

Aquifer 

45 28.9 7.9 748 157 ND 14 30 ND 160 96 307 3.1 1.0 -0.82 Subcluster 1.1 

7 84 28.3 7.5 3060 413 10 30 102 NM 184 577 466 NM -0.9 -0.95 Subcluster 1.4 

8 80 27.3 7.4 2400 321 11 35 103 NM 172 504 386 NM 6.9 -0.04 Subcluster 1.4 

9 80 26.7 7.4 3710 620 ND 28 89 NM 182 578 816 NM 4.0 -0.45 Subcluster 1.4 

10 70 38.4 7.4 1328 133 27 20 42 ND 166 180 167 2.0 NM NM Unclassified 

11 60 26.1 7.1 3650 1006 ND 47 152 NM 207 843 1249 NM NM NM Unclassified 

12 90 27.1 7.5 899 65 15 21 53 NM 134 99 114 NM 3.3 -0.61 Subcluster 1.1 

13 90 27.0 7.3 507 54 10 16 42 ND 153 68 49 3.1 2.9 -0.87 Subcluster 1.1 

14 90 26.6 7.2 1564 205 1 15 35 ND 130 228 245 9.8 3.7 -0.71 Subcluster 1.1 

15 90 26.2 7.3 1064 111 ND 18 57 NM 148 145 161 NM 3.3 -0.53 Subcluster 1.1 
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16 

Quaternary 

Aquifer 

95 26.2 7.2 1779 250 48 82 130 NM 130 321 771 NM 3.1 -0.53 Cluster 3 

17 150 28.5 7.1 4300 701 ND 25 103 ND 175 852 673 15.9 -2.9 -1.25 Subcluster 1.4 

18 120 31.8 7.4 2790 454 ND 26 117 ND 160 686 176 4.8 -2.4 -1.30 Subcluster 1.4 

19 130 30.3 7.1 2780 870 ND 126 230 1 140 1610 558 24.7 -0.8 -0.98 Cluster 3 

20 130 27.5 7.3 5050 930 ND 34 130 10 174 1021 1041 28.3 -0.8 -0.98 Cluster 4 

21 150 29.5 7.4 2270 389 ND 67 97 5 167 701 141 11.0 -4.1 -1.50 Subcluster 1.4 

22 150 27.4 7.0 3440 843 ND 47 164 ND 142 1144 521 30.4 -1.7 -0.99 Cluster 3 

23 130 27.1 7.4 2730 617 ND 2 32 4 194 490 673 19.2 1.0 -0.61 Subcluster 1.4 

24 120 27.3 7.4 1788 352 ND 3 24 NM 150 301 241 NM -6.3 -1.44 Subcluster 1.2 

25 114 27.5 7.4 1759 326 8 6 19 ND 229 319 183 5.1 -6.2 -1.53 Subcluster 1.3 

26 120 30.4 7.5 2120 370 ND 10 56 4 197 331 397 11.3 0.3 -0.81 Subcluster 1.2 

27 130 34.3 7.4 1945 314 ND 8 44 NM 157 466 153 NM NM NM Unclassified 

28 115 26.8 7.5 5450 1234 ND 37 151 ND 233 1004 1726 47.0 -1.6 -0.95 Cluster 4 

29 60 24.9 7.2 2680 340 ND 36 106 3 240 362 513 10.9 10.5 0.60 Cluster 2 

30 60 23.7 7.2 1628 287 ND 29 94 NM 277 260 391 NM 14.2 1.28 Cluster 2 

31 30 24.9 7.7 687 107 ND 7 23 ND 223 31 38 14.8 24.2 2.71 Cluster 2 

32 30 24.1 7.6 733 140 13 6 24 NM 248 35 57 NM 23.3 2.61 Cluster 2 

33 15 26.2 7.6 576 40 2 10 51 ND 164 41 44 13.8 NM NM Unclassified 

34 60 25.0 7.1 5750 1445 ND 46 217 ND 274 1137 1928 27.0 6.4 0.37 Cluster 4 

35 105 26.5 7.8 2140 398 ND 3 21 NM 254 219 449 NM 11.2 0.49 Cluster 2 

36 105 26.0 7.9 1591 346 ND 2 13 2 219 222 365 5.8 2.5 -0.55 Subcluster 1.2 

37 18 26.9 7.3 792 64 1 16 73 ND 266 49 38 11.6 NM NM Unclassified 

38 160 29.1 7.9 2060 373 3 2 17 1 198 351 149 6.6 -6.8 -1.74 Subcluster 1.3 
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39 

Quaternary 

Aquifer 

160 29.3 7.8 3030 611 ND 15 63 2 170 716 705 11.8 -6.5 -1.76 Subcluster 1.4 

40 160 27.3 8.1 1338 282 ND 1 6 8 190 189 252 8.6 23.6 2.69 Cluster 2 

41 165 29.5 7.3 3870 605 ND 74 203 ND 117 933 528 24.8 -13.1 -2.32 Cluster 3 

42 180 28.5 6.9 7720 1306 ND 47 220 ND 64 1626 1116 22.7 -0.8 -0.10 Cluster 4 

43 120 28.4 7.4 7820 1416 ND 45 244 5 76 1359 1535 39.7 0.5 0.17 Cluster 4 

44 135 27.9 7.3 7530 1602 ND 75 383 ND 76 1547 2881 50.6 -9.3 -1.02 Cluster 4 

45 110 26.8 7.5 2920 547 ND 5 135 1 202 488 528 11.6 -5.5 -0.72 Subcluster 1.4 

46 120 27.8 7.3 4610 955 ND 24 91 ND 163 843 1135 30.1 -3.5 -0.51 Cluster 4 

47 120 27.7 7.4 4870 1088 ND 18 77 13 179 899 1447 47.1 2.0 0.37 Cluster 4 

48 140 27.9 7.9 2350 553 ND 16 56 ND 187 744 241 2.4 0.2 -0.99 Subcluster 1.4 

49 116 28.1 7.9 1223 255 ND 3 14 NM 192 200 108 NM 2.1 -0.60 Subcluster 1.2 

50 105 27.5 7.8 2660 491 ND 82 180 NM 174 397 884 NM 2.8 -0.53 Cluster 3 

51 110 27.1 7.5 3870 777 ND 83 175 NM 174 596 1253 NM 2.0 -0.47 Cluster 3 

52 110 27.2 7.4 2050 476 ND 16 38 24 188 471 485 3.2 1.2 -0.46 Subcluster 1.2 

53 92 27.6 7.8 2030 381 ND 12 88 NM 131 481 217 NM -0.6 -0.91 Subcluster 1.2 

54 110 27.3 7.9 1531 292 ND 4 16 ND 205 219 165 1.4 -5.2 -1.71 Subcluster 1.3 

55 150 27.9 8.1 1660 394 ND 1 12 2 167 301 223 3.1 -1.6 -1.15 Subcluster 1.2 

56 150 28.7 8.2 1210 258 ND 1 11 ND 187 224 120 1.4 -4.4 -1.56 Subcluster 1.3 

57 150 28.5 7.7 1708 309 ND 6 33 ND 187 290 167 0.4 -4.4 -1.38 Subcluster 1.3 

58 150 28.3 8.0 1228 228 ND 8 40 ND 166 218 95 1.5 -4.2 -1.53 Subcluster 1.3 

59 120 27.9 7.5 2890 538 ND 12 60 ND 164 432 520 7.7 0.2 -0.90 Subcluster 1.4 

60 150 28.2 7.9 1137 237 ND 3 46 3 190 195 94 1.5 -4.9 -1.43 Subcluster 1.3 

61 150 27.9 8.0 774 229 ND 1 7 NM 189 154 98 NM -5.3 -1.56 Subcluster 1.3 
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62 

Quaternary 

Aquifer 

20 23.8 7.6 795 97 8 9 50 NM 222 34 83 NM 24.4 2.64 Cluster 2 

63 100 23.8 7.5 4030 751 8 13 135 NM 274 466 1146 NM 13.0 1.06 Cluster 2 

64 85 26.7 7.8 1652 319 11 16 63 NM 180 341 249 NM 3.2 -0.60 Subcluster 1.2 

65 130 31.4 7.9 1514 288 3 4 38 NM 173 305 161 NM -2.4 -1.49 Subcluster 1.3 

66 150 28.2 7.6 4100 738 20 28 165 NM 145 1174 580 NM -2.2 -1.32 Cluster 3 

67 150 28.6 7.5 4230 551 19 80 218 NM 162 1311 407 NM -5.6 -1.46 Cluster 3 

68 150 28.1 7.6 1479 308 4 6 77 NM 192 380 160 NM -4.4 -1.62 Subcluster 1.3 

69 155 28.1 8.2 1209 243 3 4 39 NM 206 230 126 NM -5.3 -1.69 Subcluster 1.3 

70 160 28.2 8.1 682 275 5 2 30 NM 200 275 138 NM -3.4 -1.62 Subcluster 1.3 

71 157 28.1 8.0 814 291 9 4 49 NM 201 396 160 NM -4.4 -1.68 Subcluster 1.3 

72 160 27.9 8.1 1586 312 7 6 49 NM 185 332 157 NM -2.3 -1.39 Subcluster 1.3 

73 110 29.0 6.6 3420 946 ND 76 309 5 65 1685 547 6.1 -18.0 -2.41 Cluster 3 

74 110 29.1 6.8 5950 1112 ND 116 396 ND 70 2035 653 6.4 -16.9 -2.11 Cluster 3 

75 
 

Miocene 

Aquifer 

 

180 27.9 7.5 8880 1161 ND 114 401 11 97 1793 865 15.7 -34.4 -4.59  

76 120 28.2 7.5 5760 1530 ND 139 502 ND 62 2616 1725 16.6 -29.9 -4.05  

77 160 28.3 7.4 4900 1259 ND 150 551 ND 89 2410 793 16.7 -32.7 -4.31  

78 160 27.9 6.8 8420 1084 42 126 537 NM 68 2993 690 NM -31.8 -4.45  

79 120 27.9 7.6 11530 1667 66 95 675 NM 44.8 4307 670 NM -33.5 -4.46  

80 

W
a

s
te

w
a

te
r 

Pond 1 

 31.6 9.2 3440 599 33 24 68 ND 380 696 373 1.4 32.0 5.46  

81  35.4 8.6 774 276 20 6 71 NM 384 284 79 NM 22.4 2.86  

82  30.4 8.0 2160 345 38 9 64 NM 468 409 63 NM 23.4 3.11  

83  21.7 7.2 2320 329 34 7 62 NM 216 391 56 NM 21.3 2.54  

84  27.6 7.9 1135 345 36 12 63 NM 472 443 61 NM 23.4 3.08  
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85 
W

a
s
te

w
a
te

r 
Pond 1  29.7 7.6 2710 375 44 19 170 NM 322 391 526 NM NM NM  

86 

Pond 2 

 28.3 6.7 1592 271 17 1 17 14 342 274 107 1.5 20.6 2.4  

87  30.7 8.0 1526 219 25 8 68 NM 350 254 45 NM NM NM  

88  31.7 8.2 2390 333 39 16 63 NM 396 416 73 NM NM NM  

89  31.2 8.0 832 236 22 1 67 NM 362 312 35 NM NM NM  

90 

Pond 3 

  30.6 6.4 2400 466 30 9 45 60 294 331 696 1.4 18.2 2.27  

91  27.6 8.0 1514 228 24 9 66 NM 336 259 58 NM NM NM  

92  29.8 6.9 3070 492 58 19 60 NM 468 706 50 NM NM NM  

R1  

Old Nile 

water 

 

    
11.7 

 
8.8 15.8 

 
56.5 3.4 39.6 

   
 

R2 
   

320 16.79 2.7 18.3 46 
 

126.88 11.71 19.2 
 

4.3 -0.6  

R3 
    

17 4 9 27 
 

128 10 12 
   

 

R4 
    

27 4 10 28 
 

132 18 10 
   

 

* Well depth information was obtained from the available well logs (e.g., well field area) and from the well owners.  

EC: Electric Conductivity, T: Temperature, ND: Not Detected, NM: Not Measured 

R1: (Matthess, 1982), R2: (Awad et al., 1994; Sadek & Abd El-Samie, 2001), R3 & R4: (Khalil & Hanaa, 1984) 
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Fig. 4.2 Piper diagram for the different water groups in the study area.  
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Fig. 4.3 Spatial EC distribution of the Quaternary aquifer in the area of study.  
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Fig. 4.4 δ2
H–δ18

O diagram of groundwater from the Quaternary and the Miocene aquifers, surface water and waste water from the ponds. 
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Fig. 4.5 Spatial δ18
O distribution of the Quaternary aquifer in the area of study.  
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Fig. 4.6 Scatterplot matrix of nine variables for different water groups, i.e., Quaternary and Miocene 

aquifers, water from the Ismailia canal, old Nile water, and wastewater.
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Fig. 4.7 Q-Q plot of the nine variables used for PCA 
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Table 4.3 Descriptive statistics for the 82 samples from the Quaternary and Miocene aquifers, Water from the Ismailia canal, the old Nile water, and wastewater.  

 

Statistic EC Na+ Mg2+ Ca2+ HCO3- Cl- SO42- δ2H δ18O 

Nbr. of observations 82 82 82 82 82 82 82 82 82 

Minimum 320 16 1 6 44 11 19 -34.4 -4.59 

Maximum 11530 1667 150 675 472 4307 2881 32.0 5.46 

Median 2090 361 15 62 179 385 279 0.2 -0.82 

Mean 2749 516 30 114 186 651 479 1.9 -0.34 

Variance (n) 4845182 164817 1318 18129 6223 542832 262672 204.7 4.09 

Standard deviation (n) 2201 405 36 134 78 736 512 14.3 2.02 

Skewness  2 1 2 2 1 3 2 -0.2 0.58 

Standard error of 

skewness 
0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
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Table 4.4 Shapiro-Wilk test for normality for nine variables of the dataset 

 

 

Variables 
Shapiro-Wilk test*  

Test parameter (W) P-value 

EC 0.842 < 0.0001 

Na+ 0.872 < 0.0001 

Mg2+ 0.750 < 0.0001 

Ca2+ 0.704 < 0.0001 

HCO3- 0.889 < 0.0001 

Cl- 0.732 < 0.0001 

SO42- 0.782 < 0.0001 

δ2H 0.919 < 0.0001 

δ18O 0.912 < 0.0001 

* alpha (α) value for Shapiro‐Wilk test is 0.05 
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Table 4.5 Spearman’s correlation coefficients of the variables measured for 82 samples from the Quaternary and Miocene aquifers, Water from the Ismailia canal, 

the old Nile water, and wastewater. 

 

Variables EC Na+ Mg2+ Ca2+ HCO3- Cl- SO42- δ2H δ18O 

EC 1 0.956 0.642 0.770 -0.328 0.927 0.878 -0.444 -0.296 

Na+ 0.956 1 0.569 0.722 -0.288 0.942 0.871 -0.474 -0.326 

Mg2+ 0.642 0.569 1 0.875 -0.555 0.668 0.593 -0.183 -0.132 

Ca2+ 0.770 0.722 0.875 1 -0.437 0.821 0.667 -0.313 -0.214 

HCO3- -0.328 -0.288 -0.555 -0.437 1 -0.381 -0.317 0.490 0.479 

Cl- 0.927 0.942 0.668 0.821 -0.381 1 0.784 -0.529 -0.413 

SO42- 0.878 0.871 0.593 0.667 -0.317 0.784 1 -0.370 -0.236 

δ2H -0.444 -0.474 -0.183 -0.313 0.490 -0.529 -0.370 1 0.948 

δ18O -0.296 -0.326 -0.132 -0.214 0.479 -0.413 -0.236 0.948 1 

 Values in bold are different from 0 with a significance level alpha=0.05 
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Table 4.6 P-values of the calculated Spearman’s correlation coefficients  

 

 

Variables EC Na+ Mg2+ Ca2+ HCO3- Cl- SO42- δ2H δ18O 

EC 0 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.007 

Na+ < 0.0001 0 < 0.0001 < 0.0001 0.009 < 0.0001 < 0.0001 < 0.0001 0.003 

Mg2+ < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.100 0.237 

Ca2+ < 0.0001 < 0.0001 < 0.0001 0 < 0.0001 < 0.0001 < 0.0001 0.004 0.054 

HCO3- 0.003 0.009 < 0.0001 < 0.0001 0 0.000 0.004 < 0.0001 < 0.0001 

Cl- < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.000 0 < 0.0001 < 0.0001 0.000 

SO42- < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.004 < 0.0001 0 0.001 0.033 

δ2H < 0.0001 < 0.0001 0.100 0.004 < 0.0001 < 0.0001 0.001 0 < 0.0001 

δ18O 0.007 0.003 0.237 0.054 < 0.0001 0.000 0.033 < 0.0001 0 

 Values in bold are different from 0 with a significance level alpha=0.05 
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Fig. 4.8 Dendrogram for the groundwater samples from the Quaternary aquifer classified into four clusters. The horizontal broken line (phenon line) is an arbitrary 

line that defines clusters. 
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Fig. 4.9 Spatial distribution of four clusters in the groundwater of the Quaternary aquifer. 
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Table 4.7 The calculated eigenvalues and their contribution to the total variance 

 

  PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9 

Eigenvalue 5.582 1.703 0.975 0.368 0.184 0.082 0.051 0.034 0.022 

Variability (%) 62.019 18.918 10.836 4.086 2.040 0.911 0.571 0.379 0.241 

Cumulative % 62.019 80.937 91.773 95.859 97.899 98.810 99.380 99.759 100.000 
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Table 4.8 Component loadings, eigenvalues, explained variance, and cumulative percentages of variance for the two significant principal components (PC1 and 

PC2) after varimax normalized rotation 

 

Variables PC1 PC2 

EC 0.921 -0.238 

Na
+
 0.890 -0.268 

Mg
2+

 0.815 -0.080 

Ca
2+

 0.889 -0.146 

HCO3
-
 -0.325 0.583 

Cl
-
 0.888 -0.348 

SO4
2-

 0.864 -0.180 

δ2
H -0.206 0.952 

δ18
O -0.068 0.973 

Eigenvalue 5.514 1.880 

Explained variance (%) 53.146 27.790 

Cumulative % of variance 53.146 80.937 

Bold values are loadings > 0.7 
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Fig. 4.10 Correlation circle of the nine variables and each of the PCs   

EC 
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Fig. 4.11 Plot of principal component scores for the first two components for all water groups with groundwater samples from the Quaternary aquifer coded 

according to the HCA groupings. 
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Table 4.9 Average, median, and range values of the hydrochemical and stable isotopic composition of the four clusters in the Quaternary aquifer determined from 

HCA. 

 

Cluster Subcluster N parameter 
EC       

(µS/cm) 

Cations (mg/l) Anions (mg/l) 
δ2H (‰) δ18O (‰) 

Na+ Mg2+ Ca2+ HCO3
- Cl- SO4

2- * NO3
- 

1 

1.1 5 

Average 956 118 17 43 145 127 175 5.3 2.8 -0.70 

Median 899 111 16 42 148 99 161 3.1 3.3 -0.70 

Range 507-1564 54-205 14-21 30-57 130 -160 68-228 49-307 3.1-9.8 1.0 - 3.7 -0.87- -0.53 

1.2 8 

Average 1764 362 8 39 178 331 286 5.8 0.1 -0.80 

Median 1724 361 6 31 184 316 245 4.5 0.8 -0.70 

Range 1223-2120 255-476 1-16 12-88 131-219 200-481 108-485 3.1-11.3 -6.3- 3.2 -1.44- -0.46 

1.3 14 

Average 1335 283 4 34 193 277 141 2 -4.5 -1.60 

Median 1354 290 4 35 191 282 153 1 -4.4 -1.60 

Range 682-2060 228-373 1-8 7-77 166-229 154-396 94-183 0.4-6.6 -6.8- -2.3 -1.74- -1.38 

1.4 11 

Average 2950 524 24 88 178 616 485 10.5 -0.9 -1.00 

Median 2890 548 25 98 175 579 520 11.3 -0.9 -0.95 

Range 2270-4300 321-701 2-67 32-135 160-202 432-852 141-816 2-19 -6.5 - 6.9 -1.76- -0.04 

2 

  

8 

Average 1754 300 13 57 241 199 366 23.1 18.0 2.00 

Median 1483 285 8 37 244 204 321 14.8 19.0 2.00 

Range 687-4030 97-751 1-36 6-135 190-277 31-466 38-1146 8.6-44.8 10.5-24.4 0.49-2.71 

3 
  

10 
Average 3610 718 79 217 132 1120 670 18.5 -5.0 -1.00 

Median 3655 757 81 191 141 1159 569 24.7 -2.0 -1.00 
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Range 1779-5950 250-1112 28-126 130-396 65-174 321-2035 407-1253 24.7 -18.0 - 3.1 -2.41- -0.47 

4 

  

8 

Average 6100 1247 41 189 155 1179 1601 36.6 -1.0 0.00 

Median 5600 1270 41 184 169 1079 1491 34.9 -1.0 0.00 

Range 4610-7820 930-1602 18-75 77-383 64-274 843-1626 1041-2881 22.7-50.6 -9.3- 6.4 -1.02- 0.37 

*Not considered in HCA , N: Number of observations, EC: Electric Conductivity 



119 

 

 

Fig. 4.12 Piper diagram of the analyzed water samples with groundwater samples from the Quaternary aquifer coded according to the HCA groupings. 
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Fig. 4.13 Stiff diagrams of some selected samples in different water groups of the study area (see Fig. 4.9 for the legend sampling points). 
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Fig. 4.14 Spatial distribution of nitrogen components (as NO3
-
 and

 
NH4

+
) in groundwater from the Quaternary (coded according to HCA groupings) and the 

Miocene aquifers, surface water and wastewater from the ponds (see Fig. 4.9 for the legend sampling points). 
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 Fig. 4.15 Cross plot of stable isotope data with groundwater samples from the Quaternary aquifer coded according to the HCA groupings. 
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Table 4.10 Measured δ13C (‰) and 14
C (pMC) in three groundwater clusters of the Quaternary aquifer  

 

Cluster Subcluster Sample No. δ13C (‰) 14C (pMC) 

1 

1.2 

26 -10.9 68.7 

36 -11.2 70.3 

53 -8.8 63.3 

1.3 
54 -9.7 44.2 

58 -10.9 54.8 

1.4 17 -11.3 64.3 

2  35 -11.8 80.0 

3 
41 -8.7 52.0 

73 -5.4 42.0 

Groundwater in the Miocene aquifer 75 -8.2 35.3 
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Table 4.11 A summary table for EC (electric conductivity), hydrochemical and isotopic characteristics, and spatial location for different clusters defined in the 

groundwater of the Quaternary aquifer and water from other groups in the study area, i.e., the old Nile water, water from the Ismailia Canal, groundwater from the 

Miocene aquifer, and wastewater 

 

Water groups 
EC range 

(µS/cm) 

Hydrochemical 

characteristics      

 (water type) 

Stable isotopic characteristics 

14C (pMC) and δ13C 

(‰) 

Spatial location 

(Fig. 4.9) 

The old Nile water * 

<= 500 Ca2+-HCO3
- 

Less enriched (4.3 ‰ δ2H; -0.6‰ δ18O) NA NA 

Surface water from the Ismailia 

Canal (the recent Nile water) and 

fresh water ponds 

More enriched (from 19.0 to 21.2 ‰ for δ2H) 

 (from 1.80 to 2.47‰ for δ18O) 
NA 

North and 

northwest the 

study area 

G
ro

u
n

d
w

a
te

r 
fr

o
m

 t
h
e

 Q
u

a
te

rn
a

ry
 a

q
u

if
e

r 

C
lu

s
te

r 
1
 

subcluster 

1.1 
507-1564 Na+-HCO3

- (SO4
2-) 

from 1.0 to 3.7 ‰ for δ2H               

from -0.87 to -0.53 ‰ for δ18O             
NA El Adlia area 

Subcluster 

1.2 
1223-2120 Na+-Cl- (SO4

2-) 
 from -6.3 to 3.2 ‰ for δ2H              

 from -1.44 to -0.46 ‰ for δ18O            

63.3 to 70.3 for 14C     

-11.2 to -8.8 for δ13C 

Between El Adlia 

and Ramsis 

Subcluster 

1.3 
682-2060 Na+-Cl- (HCO3

-) 
from -6.8 to -2.3 ‰ for δ2H              

from -1.74 to -1.38 ‰ for δ18O 

44.2 to 54.8 for 14C     

-10.9 to -9.7 for δ13C 
Well field area 

Subcluster 

1.4 
2270-4300 Na+-Cl- (SO4

2-) 
from -6.5 to 6.9 ‰ for δ2H      

 from -1.76 to -0.04 ‰ for δ18O   

64.3 for 14C         

-11.3 for δ13C 

Scattered 

distribution 

Cluster 2 687-4030 Na+-HCO3
- (SO4

2-) from 10.5 to 24.4 ‰ for δ2H       80.0 for 14C         Along and within 3 
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from 0.49 to 2.71 ‰ for δ18O   -11.8 for δ13C Km from the Canal 

Cluster 3 1779-5950 Na+-Cl- (SO4
2-) 

from -18.0 to 3.1 ‰ for δ2H        

from -2.41 to -0.47 ‰ for δ18O  

42.0 to 52.0 for 14C     

-8.7 to -5.4 δ13C  

South part of the 

study area and 

north the well field 

area 

Cluster 4 4610-7820 Na+-Cl- (SO4
2-) 

from -9.3 to 6.4 ‰ for δ2H       

from -1.02 to 0.37 ‰ for δ18O   
NA 

El Shabab 

agricultural area 

Groundwater from the Miocene 

aquifer 
4900-11530 Na+-Cl- 

from -34.4 to -29.9 ‰ for δ2H        

from -4.59 to -4.05 ‰ for δ18O  

35.3 for 14C         

-8.2 for δ13C 

South part of the 

study area 

Wastewater 774-3440 
Na+-HCO3

- (SO4
2-,  

Cl-) 

from 18.2 to 32.0 ‰ for δ2H       

from 2.27 to 5.46 ‰ for δ18O   
NA Wastewater ponds   

* Available from reference data (Matthess, 1982; Khalil & Hanaa, 1984; Awad et al., 1994; Sadek & Abd El-Samie, 2001) 

NA: not available  
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------------------------------- CHAPTER 5: DISCUSSION ------------------------------- 

5.1. DETERMINATION OF END-MEMBERS AND MIXING PROCESSES 

According to Table 4.11, the clusters defined for the groundwater in the Quaternary aquifer   

appear to be derived from different water sources. The possible influence of the old Nile water and water 

from the Ismailia Canal could be observed for the subcluster 1.1 and cluster 2, respectively (Table 4.11). 

Also, clusters 3 and 4 appear to be more affected by the groundwater from the Miocene aquifer (Table 

4.11). It is difficult to estimate the possible mixing processes from Table 4.11 for the other (sub) clusters 

as they belong mostly to the same Na+-Cl- (SO4
2-) water type and overlapping in the isotopic 

characteristics. However, the positions of four groundwater clusters in the Quaternary aquifer relative to 

other water groups, i.e., water in the Ismailia Canal, the old Nile water, groundwater in the Miocene 

aquifer, and wastewater, in PCA space (Fig. 4.11) and δ18O-δ2H diagram (Fig. 4.15) furnish information 

concerning the mixing and possible recharge sources of the Quaternary aquifer. Samples assigned to 

clusters 1 and 2 have lower EC (Table 4.9) therefore low PC1 Scores (quadrants 1 and 4) in PCA space 

(Fig. 4.11) together with water samples from the Ismailia Canal and the old Nile water. With respect to 

the PC2 axis, subclusters 1.1 and 1.3, and the old Nile water were plotted to quadrant 4, whereas most 

subcluster 1.2 and cluster 2 in addition to the Ismailia Canal water were plotted to quadrant 1 (Fig. 4.11). 

This suggested that the groundwater of the Quaternary aquifer in the northern part of the study area (Fig. 

4.9), i.e., subclusters 1.1 and 1.2, and cluster 2, are in hydraulic connection with the Nile water from the 

Ismailia canal. In δ18O-δ2H diagram (Fig. 4.15), these subclusters 1.1, 1.2, and cluster 2 were plotted 

within the triangle of which apexes were the Ismailia Canal, the old Nile water, and the subcluster 1.3. 

The water table of the areas surroundings the Ismailia Canal (Fig. 2.10) shows the recharge of the Canal 

water to the aquifer, which is also consistent with the PCA results. The previous evidences confirmed that 

the Nile water from the Ismailia Canal is the end-member for the groundwater from the Quaternary 

aquifer in the northern part of the study area.   
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Samples from subcluster 1.3 are more depleted in δ18O and δ2H values (Fig. 4.15 and Table 

4.9) and show more negative scores on PC2 axis relative to the old Nile water (Fig. 4.11). Thus, a 

different source other than the Nile water needs to be considered for subcluster 1.3 samples. Subcluster 

1.3 samples are plotted at the corner of the data in PCA space (Fig. 4.11), in δ18O-δ2H diagram (Fig. 4.15), 

and in δ18O-Cl- diagram (Fig. 5.1). These aspects suggested that the source of recharge of subcluster 1.3 

samples is largely different in space and/or in time and might likely represent the “native” groundwater in 

the Quaternary aquifer. 

Samples from clusters 3 and 4 are characterized by high EC (Table 4.9), reflecting by their high 

positive PC1 scores (quadrants 2 and 3) (Fig. 4.11). Highly depleted δ18O and δ2H values (Table 4.9) 

shifted some cluster 3 samples closer to the space occupied by the groundwater samples from the 

Miocene aquifer in PCA space (quadrant 3) (Fig. 4.11) and in δ18O-δ2H diagram (Fig. 4.15). Given the 

spatial location (Fig. 4.9) of some cluster 3 samples, i.e., Nos. 41, 73 and 74, adjacent to the southern 

structural highs (Fig. 3.2), a high degree of hydraulic interaction with the Miocene aquifer could be 

inferred. Accordingly, the groundwater from the Miocene aquifer is the main end-member for the 

groundwater of the Quaternary aquifer in the southern part of the study area.  

Though cluster 4 samples exhibits a relative similarity in chemical composition (Table 4.9) to 

cluster 3 samples and also their closer location, i.e., Nos. 42, 43 and 44 (Fig. 4.9), relative to the southern 

structural highs (Fig. 3.2), cluster 4 samples are plotted to higher positive PC2 scores (quadrant 3) in PCA 

space (Fig. 4.11) and to the heavier δ18O in δ18O-δ2H diagram (Fig. 4.15), suggesting additional influence 

from different component (end-member).   

Chemical pattern of subcluster 1.4 samples (Table 4.9) and their position in PCA space (Fig. 

4.11) among subclusters 1.2, cluster 2, and cluster 3 might suggest that this subcluster is an intermediate 

or mixed groundwater among them. Unlike the previous clusters, this subcluster has a sparse spatial 

distribution in the area of study (Fig. 4.9) that could not be easily related to a specific geologic or 
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hydrogeologic setting.  

5.2. EVIDENCES FROM RADIOCARBON AND DELTA 
13

C 

The 14C activities and δ13C data were shown in Table 4.10 and were used to support the 

previously discussed mixing processes in groundwater of the Quaternary aquifer. Usually, δ13C values in 

the water increases concurrently with the increase in dissolved inorganic carbon (DIC) through the 

dissolution of carbonate (Clark and Fritz, 1997; Raidla, 2010). However, the δ13C values of the 

groundwater in the Quaternary aquifer is negatively correlated with both DIC (HCO3
- concentration) and 

14C activities (Fig. 5.2); Quaternary samples with lower δ13C values show higher HCO3
- concentration 

and higher 14C, while higher δ13C values are found in samples with low 14C and low HCO3
- concentration. 

This indicates that simple, congruent dissolution of carbonate minerals is not a major source of DIC in the 

groundwater of the Quaternary aquifer. This is consistent with the geologic composition of the Quaternary 

aquifer, i.e., primarily siliciclastic deposits with little to no carbonate materials. Within such lithology, 

DIC doesn’t evolve substantially beyond the conditions established in soil (Clark and Fritz, 1997). As a 

consequence, processes affecting δ13C composition in the area of study might be related to atmospheric 

CO2 (-8 to -6 ‰ (Cerling et al., 1991)), the decay of plants at the surface (-26 to -9 ‰ according to 

whether C3 or C4 plants (Mariotti, 1991)), and/or mixing of different δ13C water bodies. 

The 14C values progressively increase in the following sequence, subcluster 1.3 (44.2 to 54.8 

pMC) to subcluster 1.2 (63.3 to 70.3 pMC) to cluster 2 (80 pMC) (Table 4.10), i.e., toward the Ismailia 

Canal (Fig. 4.9), suggesting the mixing of modern recharge from the Ismailia Canal to the groundwater in 

the Quaternary aquifer. The δ13C composition varies from -10.9 to -9.7 ‰ in subcluster 1.3, from -11.2 to 

-8.8 ‰ in subcluster 1.2, and -11.8 ‰ in cluster 2 (Table 4.10). These ranges demonstrate progressive 

depletion in δ13C toward the Ismailia Canal. Relatively depleted δ13C likely represents decreased 

residence time, where the carbon isotopic system is less evolved and there is less hydrochemical evidence 

of interaction between the aquifer matrix and groundwater (Plummer et al., 1994; Kirby et al., 2014). The 
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lowest δ13C, i.e., cluster 2, are located along and near the Ismailia Canal (Fig. 4.9) indicating that a 

significant fraction of groundwater is the recently infiltrated water from the Canal.  

Cluster 3 samples are characterized by low 14C activities (42 to 52 pMC) and enrichment in 

δ13C values (-8.7 to -5.4 ‰) compared to clusters 1 and 2 (Table 4.10). The more enriched δ13C 

corresponds with increased residence time and carbon mass transfer (Clark and Fritz, 1997; Kirby et al., 

2014). Carbonate mineral dissolution are processes that can enrich the δ13C of DIC incorporated into 

groundwaters from soil organic-matter and/or atmospheric sources (Cox, 2003). Typical δ13C ratios for 

carbonate minerals range from -7 to 0 ‰ (Mook, 1980) and the extent of enrichment depends on the 

amount of carbon dissolved (Cox, 2003). Since the carbonate minerals are present throughout the 

sediment profile of the Miocene aquifer and some cluster 3 samples are located in close proximity to the 

southern subsurface structural Miocene highs (Fig. 3.1), the relatively high δ13C value (-5.4 ‰) of cluster 

3 might suggest mixing with groundwater from the Miocene aquifer, which shows very low 14C (35.3 

pMC) and relatively enriched δ13C (-8.2 ‰) (Table 4.10).    

 Subcluster 1.3 samples have relatively lower 14C activities (44.2 to 54.8 pMC) (Table 4.10), 

along with very negative values of 18O and δ2H (Table 4.9) with no to little mixing relations (Figs. 4.11 

and 5.1), emphasizing their different origin that might likely represent the “native” groundwater in the 

Quaternary aquifer. Subcluster 1.3 samples are relatively depleted in δ13C values (-10.9 to -9.7 ‰) that 

might indicate little or no reaction with carbonates and substantial input of groundwater affected by soil 

gas CO2. 

5.3. POSSIBLE CONTAMINATION OF THE QUATERNARY AQUIFER 

5.3.1. Indication of wastewater infiltration 

Because the cluster 4 samples showed the highest concentration in NO3
-, up to 50 mg/l (Table 

4.9 and Fig. 4.14), it appears to be influenced additionally by water from anthropogenic activities, i.e., 

excess irrigation water and/or wastewater. Nitrate polluted groundwater in cluster 4, i.e., sample Nos. 42, 
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43, 44, and 47 (Table 4.2 and Fig. 4.14), are located in agricultural area adjoining the unlined wastewater 

ponds (Fig. 4.9), which are high in ammonia concentration (60 mg/l at pond 3) (Table 4.2 and Fig. 4.14). 

The possible scenario is that through the process of nitrification the ammonia is converted to nitrate by 

oxidation. This process normally occurs above the water table, generally in the soil zone where 

subsurface conditions are aerobic (Aravena et al., 1993; Clark and Fritz, 1997; Kendall, 1998).   

The city water balance (Fig. 2.12) suggests that the wastewater discharge significantly exceeds 

the operational capacity of unlined wastewater ponds, and overflow together with final effluent find its 

way to the nearby irrigated lands in El Shabab area (Fig. 2.1). The possibility of downward infiltration of 

the wastewater to the aquifer is further revealed by the discontinuous nature of clay layers in subsurface 

inferred from geoelectric survey (Fig. 5.3) (Massoud et al., in press). According to Fig. 5.3, four layers 

were identified in the subsurface medium. The upper three layers are located above the regional water 

table, whereas the fourth one was interpreted to be fully water saturated. The second layer from the 

surface is of great importance as it is the low-resistivity clayey layer. This layer is discontinuous along the 

survey line. Downward infiltration of wastewater from the oxidation ponds is possible especially at the 

pond No. 2 as the clayey layer was interpreted not to exist at the site (Massoud et al., in press). 

Based on the aforementioned aspects, it might be possible to assume that groundwater samples 

from cluster 4 found nearby the wastewater ponds, i.e., Nos. 42, 43, 44, and 47, are more affected by 

wastewater recharge that might be infiltrated directly to the subsurface or through illegal application of 

wastewater for irrigation (sec. 2.7.4.1). 

5.3.2. Upconing of deep groundwater from the Miocene aquifer by pumping 

The mixing pattern between the groundwater in the Miocene aquifer and the groundwater in the 

Quaternary aquifer was mainly realized by the similarity in the Stiff diagram and more depleted stable 

isotopic ratios of some cluster 3 samples located in the southern part of the study area, i.e., Nos. 41, 73, 

and 74 (Figs. 4.5 and 4.13). However, at the north of the well field, the sample Nos. 19, 22, 66, and 67 
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were classified in cluster 3 (Figs. 4.5 and 4.13). The existence of cluster 3 samples near the well field area 

might be attributed to the excessive pumping for irrigation and reclamation activities, which in turn 

resulted in upconing of the deeper saline groundwater from the Miocene aquifer. It is noteworthy that 

many irrigation wells in the reclaimed agricultural lands are not under the control of the municipal 

authority to ensure the safe yield and sustainable groundwater exploitation of the Quaternary aquifer. 

5.4. ENVIRONMENTAL CONSIDERATIONS 

The groundwater in the Quaternary aquifer is interpreted to be composed of five potential 

end-members, i.e., native groundwater in the Quaternary aquifer (subcluster 1.3), groundwater in the 

Miocene aquifer, recent Nile water from the Ismailia Canal, the old Nile water, and wastewater. The 

average end-members compositions, based on the current and previous studies, are as follows; native 

groundwater in the Quaternary aquifer (Cl- = 278 mg/l; δ18O = -1.6 ‰; δ2H = -4.5 ‰) (current study), 

groundwater in the Miocene aquifer (Cl- = 2863.2 mg/l; δ18O = -4.39 ‰; δ2H = -32.61 ‰) (Abd El-Samie 

et al., 2002; current study), the recent Nile water after 1970 (Cl- = 27.4 mg/l; δ18O = 3.1‰; δ2H = 25.6 ‰) 

(Hamza et al., 1987; Abd El-Samie et al., 2002; current study), the old Nile water before 1970 (Cl- = 11.7 

mg/l; δ18O = -0.6 ‰; δ2H = 4.3 ‰) (Awad et al., 1994; Sadek and Abd El-Samie, 2001), and wastewater 

(Cl- = 337.5 mg/l; δ18O = 3.1 ‰; δ2H = 25.1 ‰) (Abd El-Samie et al., 2002; current study). The 

conceptual groundwater flow model is shown in Fig. 5.4 and the summary of the mixing processes is 

shown in Table 5.1. Five mixing lines could be drawn in δ18O-Cl- plot among potential end-members. All 

groundwater samples of the Quaternary aquifer are plotted within two triangle domains (Fig. 5.1). 

Groundwater of subcluster 1.1 is plotted in the small triangle of Fig. 5.1 and is represented by 

the mixing between three end-members; native groundwater in the Quaternary aquifer, the old Nile water, 

and the recent Nile water from the Ismailia Canal (Table 5.1). This subcluster can only be found in the 

western part of the El Adlia area, i.e., four kilometers from the Ismailia Canal (Figs. 4.9 ), suggesting a 

possible hydrogeologic compartmentalization (Fig. 5.4). The direct infiltration from the Ismailia Canal 
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seems to be the main mixing process in subcluster 1.1 (Table 5.1). The over-exploitation of the 

groundwater in the Quaternary aquifer at the north of the well field might be the reason for the 

contribution of the groundwater from the Miocene aquifer to cluster 3 samples (Fig.5.4; Table 5.1) and 

foreshadow the possible negative consequences of future expansion in groundwater development at the 

well field. Salinization problem, especially clusters 3 and 4, are estimated to be from the mixing with the 

groundwater of the Miocene aquifer and anthropogenic sources, i.e., wastewater (Fig. 5.4). The 

contribution from the Miocene aquifer is spatially controlled, i.e., gradual southward increase in chloride 

concentration (Figs. 4.13 and 5.1). Also, the contribution from the Miocene aquifer to almost all clusters 

of the Quaternary aquifer changed from being structurally controlled in the southern part of the study area 

to be human controlled, i.e., over-exploitation activities, in the northern part (Fig.5.4; Table 5.1).  

Contribution from the recent Nile water seems to be mainly controlled by the distance from the 

Ismailia canal, i.e., cluster 2 samples are located within four kilometers from the canal course (Fig. 5.4), 

however, as the irrigated area extends southward (Fig. 2.1), contribution from surface water could be 

noticed in almost all clusters in different degrees (Fig. 5.1; Table 5.1). Another factor to the groundwater 

challenges is the pollution caused by infiltration of wastewater (Fig. 5.4; Table 5.1). The effect of 

wastewater is not only limited to the cluster 4 samples, i.e., No. 42, 43, 44, and 47, but also to include 

some cluster 3 samples, i.e., Nos. 73 and 74 according to their spatial location (Fig. 4.9) and their plots on 

the mixing line between groundwater in the Miocene aquifer and wastewater (Fig. 5.1). By the year 2027, 

the city’s wastewater output might reach up to 293.5 MCM/year (GOPP and JICA, 2008) that is three 

times the 2007 situation (99.2 MCM/year). Considering the failure of the current disposal system to treat 

the wastewater effectively and handling it in a safe environmental way, the hazard of wastewater 

infiltration to the subsurface will be worsen in the future.   

The infiltrated wastewater from the oxidation ponds was interpreted not to be the cause of the 

surface seepage emerged at the city centre (Fig. 5.4) because the clayey layer dips toward opposite 
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direction, i.e., El Shabab agricultural area (Figs. 5.3). The probable sources of the seepage were 

considered the local surface infiltration from excess irrigation water in the nearby cultivated land and/or 

leakage from the underground water utilities in the city centre. 
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 Fig. 5.1 Cross plot of δ18O-Cl- 
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Fig. 5.2 δ13C as a function of (a) HCO3
- concentration and (b) 14C activities 
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Fig. 5.3 Geoelectric cross section of the area underlying the wastewater ponds, modified after Massoud et al., in press. 
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Fig. 5.4 Conceptual groundwater flow model of the study area 
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Table 5.1 Summary of end-members and possible mixing processes for four clusters defined for the groundwater in the Quaternary aquifer. 

ON: the old Nile water, Q: Groundwater in the Quaternary aquifer, RN: the recent Nile water, M: groundwater in the Miocene aquifer, W: wastewater from the 

ponds.  

Clusters 
End-members 

Possible mixing processes 
Supporting 

evidences Major   Minor 

Cluster 1 

subcluster 1.1 ON Q RN Infiltration from the Ismailia Canal 

Figs. 4.5, 4.9, 

4.11, 4.13, 4.14, 

4.15, 5.1, and 

5.4 

Subcluster 1.2 Q RN M 
Infiltration from the Ismailia Canal and 

Irrigation - Pumping 

Subcluster 1.3 Q Aquifer origin (?) 

Subcluster 1.4 Q RN M Pumping  

Cluster 2 RN Q M 
Infiltration from the Ismailia Canal, freshwater 

ponds, and Irrigation 

Cluster 3 M Q W RN 

Hydraulic connection with the Miocene 

aquifer - Excessive pumping- Infiltration from 

wastewater ponds and Irrigation 

Cluster 4 M Q W RN 

Hydraulic connection with the Miocene 

aquifer - Infiltration from wastewater ponds 

and Irrigation 
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---------------------------- CHAPTER 6: CONCLUSIONS ---------------------------- 

6.1. RESEARCH OUTPUTS 

Given the complex set of environmental and anthropogenic issues, information required to 

diagnose the drivers of groundwater quality/quantity degradation and aquifer depletion, and to assess 

management and/or protection options are usually difficult. This is even more relevant for groundwater 

aquifers in areas that were historically called “deserts” and represent nowadays some of the most 

cultivated lands with high economic significance in arid environments. The different methodologies, i.e., 

environmental tracers, hydrochemistry, multivariate analysis techniques, water balance estimation, and 

geophysics, in the study of these hydrogeological systems, were applied in a new reclaimed land with 

complex array of human activities, i.e., agriculture, industry, and unlined wastewater ponds to resolve the 

impact of surface development on groundwater environment. 

A multiple isotopic (δ18O, δ2H, δ13
C and 

14
C) and water chemistry approach in combination 

with multivariate statistics, principal component analysis (PCA) and hierarchical cluster analysis (HCA), 

were used to gain information on mixing phenomena in groundwater of the Quaternary aquifer stressed 

by land-use changes and subsequent anthropogenic impacts. The HCA allowed the sorting of the 69 

groundwater samples from the Quaternary aquifer into four clusters. Four clusters were largely 

differentiated by their EC, total dissolved ions (TDI), and stable isotopic composition. PCA revealed two 

components, PC1 and PC2, which explained a combined 82.2% of the total variance in the data. The PC1 

is associated with the change in EC and concentrations of major ions except HCO3
-
, while the PC2 is 

characterized by increase in loadings of δ18O, δ2
H and HCO3

- 
concentration. The PCA plot, PC1 vs. PC2, 

was used to visualize the clustering of the data as well as to identify possible end-members of the 

groundwater in the Quaternary aquifer. The information obtained from the analysis of 
14

C and δ13
C, city 

water balance, and recent geophysical data supported the PCA results. Accordingly, contributions from 

different end-members, i.e., native groundwater in the Quaternary aquifer, groundwater in the Miocene 
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aquifer, recent Nile water from the Ismailia Canal, the old Nile water, and wastewater, were qualitatively 

discussed.  

6.2. RESEARCH APPLICATIONS 

Based on the qualitative mixing discussion, the risks of the groundwater development in arid 

desert areas are mainly found to be salinization, overexploitation and contamination from inappropriate 

wastewater disposal while the pros might be associated with expansion of irrigation activities, i.e., 

freshwater ponds. Future exploitation and protection policies of this aquifer will have to account for the 

salinity factor from the Miocene aquifer, the pumping scheme at the well field area to prevent upconing of 

high-salinity Miocene aquifer water, the influence of water recharged from the wastewater ponds, along 

with the future shortage of surface water. 

Although conducted on local scale, this study is expected to have broader significance since 

urbanization and agricultural development of many drylands can be expected to place similar pressures on 

the development of water resources. The link between major changes in land use and groundwater 

environment has been well recognized in this study by identifying possible end-members of the 

groundwater in the Quaternary aquifer. This link has been translated into a simple conceptual 

groundwater flow model that could be used as a basis for modeling the long-term impact of dryland 

development on groundwater and assesses the management and protection plans.   

6.3. FUTURE WORK 

Effective groundwater management plans in such areas of high groundwater use and emerging 

groundwater problems need a quantitative discussion of the different end-members. However, this is not 

possible considering the current dataset. The chemical and isotopic composition of the water from the 

Ismailia Canal, irrigation water, and wastewater from the ponds are almost similar that constrain to 

introduce a quantitative discussion of the different end-members to the groundwater in the Quaternary 

aquifer. Further tracers to clarify those end-members should be identified.   
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