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ABSTRACT

Groundwater is an important freshwater source for agricultural, drinking and industrial use in arid
areas. The present study integrates geographic information system (GIS), hydrochemistry, and factor
analysis to assess groundwater quality under expanding agricultural activities in Qena Governorate,
Egypt. A total of 73 groundwater samples were collected and analyzed for pH, electrical conductivity
(EC), total dissolved solids, major cations (Ca*, Mg*, Na*, K*), major anions (HCO;,Cl", SO, F),
and total hardness. The spatial distribution of these analyzed physico-chemical parameters was
mapped with GIS. According to the World Health Organization and Egyptian water standards,
the computed water quality index shows that about 62% of the groundwater wells are suitable for
drinking. Groundwater suitability for irrigation was assessed on the basis of sodium adsorption ratio
(SAR), residual sodium carbonate (RSC), Kelley ratio (KR), magnesium hazard (MH). It is found
that 99% of the wells are suitable for irrigation when considering the values of EC, and SAR only.
However, only 50% of the wells are suitable for irrigation if Na*%, RSC, and KR are considered.
Hydrochemical classification and factor analysis indicate that the groundwater is Na*-CI- (58%) and
MgCl (23%) dominant which signifies the role of evaporation under intensive irrigation and hot
climate. Dissolution of evaporites loads the system with Na" and CI- whereas return flow from irriga-
tion transports solutes to groundwater. Increasing Mg?" is due to dolomitic dissolution and the use of
fertilizers. Moreover, ionic exchange activities increase Na* concentration in the groundwater at the
expense of Ca*, but does not affect Mg*. The integration of traditional hydrochemical analysis and
GIS with factor analysis is useful to understand the factors controlling groundwater chemistry and
may aid decision makers toward effective groundwater quality management.
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1. Introduction

Groundwater is the most important source of water
supply in arid and semi-arid regions such as Egypt where
freshwater resources are mainly supplied from the ground-
water and the River Nile. Groundwater quality deterioration

* Corresponding author.

observed in Egypt represents a serious concern for domestic,
industrial, and agricultural uses. During the last five decades,
Egypt’s population has tripled while the available renew-
able water resources remained unchanged. Agricultural
consumption is the largest exceeding (85%) and contributes
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significantly to the socioeconomics especially in the rural areas.
Due to the ever-growing demand for drinking and irri-
gation and a shortage of available surface water from the
Nile River, the importance of groundwater is exponentially
increasing. The study area (Qena) is one of the Upper Egypt
governorates, which depends on groundwater for different
purposes. In the last two decades, people in Qena installed
many pumping wells for drinking and irrigation purposes.
Although Qena governorate is located along the Nile River
and the surface water is presumably available, shortage in
the infrastructure for direct surface water intake has led
to intensive uses of groundwater in the areas near and far
from the Nile River. This is associated with a larger expan-
sion in agriculture driven by increasing demand for food,
the fertility of soil and availability of land for cultivation.
It is, therefore, a necessity to assess groundwater suitabil-
ity in the area for drinking and irrigation purposes to avoid
potential health and environmental disasters. Hydrochemical
assessment of the groundwater in the study area will lead
to its proper management and protection, which in turn
contributes to the sustainability of agriculture in the region.

Reclamation of desert areas in Egypt is vital to cover
the growing demand for food associated with population
growth and changes in diet. Such reclamation, which has
been active for the past 30 years, requires expansion into
lands with scarce surface water and thus depends entirely
on groundwater. Therefore, gradual changes in ground-
water quality and storage are anticipated. On the other hand,
studying groundwater chemistry is also important to assess
its suitability for agricultural, domestic and industrial pur-
poses. Groundwater contamination has been considered
dangerous [1-3] and its remediation is expensive and time
consuming. Groundwater quality depends on its natural and
physical state and on the changes induced by human activi-
ties [4]. The concentration of ions dissolved in groundwater
is often many factors affecting groundwater quality (natural
and anthropogenic). Understanding these factors is import-
ant for designing exploitation plans, future development,
and required infrastructure.

Statistical factor analysis has been widely used to inves-
tigate groundwater geochemistry [5-14]. Factor analysis is
a multivariate statistical technique that correlates measured
chemical variables by showing multivariate patterns that may
be helpful to classify the original data [6]. It allows devel-
oping unobservable information from water quality data
[15]. Liu et al. [6] used Factor analysis to identify pollution
indicators for prospecting and delineating the boundaries
of seawater salinization and arsenic pollution in a blackfoot
disease area of Taiwan. It was also used to describe the main
hydrochemical processes and identify the possible causes of
groundwater salinization and arsenic pollution in the coastal
aquifer of Yun-Lin. Love et al. [7] found that factor analysis is
useful to separate signatures due to uncontaminated ground-
water, agricultural activities and mining activities as well as
sewage effect. Yu et al. [9] concluded that factor analysis is a
useful method that could assist decision makers in determin-
ing the extent of pollution via practical pollution indicators.
Kudoda and Abdalla [13] integrated conventional hydro-
geological and hydrochemical analysis with a statistical
method to characterize groundwater resources in Khartoum
State, Sudan. It has been demonstrated that the integration

of conventional hydrochemical analysis with factor analysis
represents a powerful mean to understand the factors
controlling groundwater chemistry.

Geographic information system (GIS) is an effective
tool for mapping. In particular GIS can be used to map and
monitor groundwater quality. It may serve as a database
system to create distributed maps of ions concentration
and groundwater quality assessment [16-21].

This paper assesses groundwater quality in Qena gov-
ernorate using conventional and the multivariate statistical
analysis (factor analysis), and display spatial distribution of
groundwater quality using GIS. It will also determine the
factors controlling groundwater quality based on multivar-
iate analysis (factor analysis) and GIS. Quality assessment
will be on the basis of the WHO [22] and Egyptian standards
for drinking water [23].

2. Study area
2.1. Location

The study area, located in Upper Egypt, covers about
3,415.36 km?* as part of Qena Governorate that is distant
about 600 km south of Cairo (Fig. 1). The governorate’s
total area covers 10,798 km? located within the narrow Nile
valley and between the western and the eastern deserts.

The study area is located in zone 36 North in UTM
coordination system in 393,760 N and 2,915,210 E and
503,099 N and 2,841,700 E. The two main sources of fresh-
water are the River Nile, which bisects the study area, and the
Quaternary groundwater aquifer. The surface topography
varies between flat around the Nile (around 50 m a.m.s.])
and relatively elevated (530 m a.m.s.l) in the eastern parts
of the study area (Fig. 2). It is characterized by a desert cli-
mate that is very hot and dry in summer and cold in winter.
The average annual temperature is 25°C, the average annual
rainfall is 2.5 mm, and the mean monthly evapotranspiration
is relatively high 6.2 mm/d [24].

2.2. General geology, hydrogeology and land use

The study area is located on the alluvial plains of the
Nile Valley and covered by sedimentary rocks ranging in age
from Holocene to Paleozoic. The geology of the Qena area
was previously investigated by many researchers (e.g., Said
[25-27], Ahmed [28], El-Balasy [29], Mansour and Kamal
El-Dein [30]). The geological succession (Fig. 3) of the area is
composed of from top to bottom:

¢ Holocene sediments represent the top upper layer and
are formed from silty clay of the Nile floodplain and
Wadi deposits.

¢ Late Pleistocene sediments represent the main aquifer in
the study area (Quaternary aquifer) and are composed of
sand and gravel with clay intercalations.

* Plio-Pleistocene sediments, this unit is composed of clay,
sand and gravels and represent the Proto and Pre-Nile
deposits of the study area.

¢ Pliocene deposits composed of clay with sand interbeds
and act as the base of a Quaternary aquifer in the area
under study.
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Fig. 1. Map of the study area showing sample locations.
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Fig. 2. Topographic map of the study area.

* FEocene Limestone rocks formed from chalky and dolo-
mitic limestone and marl. The limestone rocks present in
the western part of the Nile Valley in Egypt have some
pockets of halite and gypsum [31,32].

e Paleocene-Late Cretaceous shale with thin interbeds of
chalk and phosphate.

e Late Cretaceous-(Paleozoic) sediment is represented by
sandstone with shale intercalations.

Structurally, the River Nile is drained in the central part
and bounded by two limestone plateaus on the east and west
(Fig. 3). The near-surface Pliocene-Holocene sediments in the
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central part of the Nile Valley rest unconformably on a suc-
cession of Late Cretaceous to Early Eocene age [34].

The Quaternary aquifer represents the main aquifer in
the study area which is composed of fluvial sands and grav-
els with minor clay intercalations (Prenile, Qena Formation)
[31]. This aquifer is semi-confined in the floodplain, but
becomes unconfined in the desert fringes due to the absence
of the Pliocene clay. The main source of recharge to the
Quaternary aquifer is the return flow from irrigation. Active
agriculture in the area heavily depends on the Nile Valley,
irrigation canals and pumping groundwater wells depend-
ing on proximity to the Nile. The extensive pumping from
the drilled wells, which are used for irrigation, represents the
main groundwater discharge mechanism, as well as the base-
flow to the Nile River. Dawoud and Ismail [35] modeled the
interaction between the Nile River and the Quaternary aqui-
fer along the Nile Valley and concluded that the Nile River is
a gaining stream along most of its course in Egypt.

Notable agricultural activities take place in the study
area along the Nile valley. These activities extend into the
desert when soil fertility as well as land and water availabil-
ity permit such extensions (Fig. 4). Farms are irrigated from
the surface water drained from the Nile and canals’ network
and/or from groundwater abstracted from several scattered
pumping wells. Intensive use of fertilizers such as magne-
sium phosphate characterizes these farms in addition to the
use of lime for pre-cultivation land preparation.

3. Materials and methods

In order to achieve the objectives of the study, 73 ground-
water samples were collected from different locations of
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Fig. 3. Geologic cross-section of the study area, modified after RIGW [33].
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Fig. 4. A map that shows extension of agriculture with reference
to the Nile in the study area.

the study area (Fig. 1) in the period between July 2013 and
January 2014. The water samples were collected in new pre-
cleaned polyethylene bottles (1 L capacity) and transported
to the laboratory in an ice-box for further analysis. The
coordinates and ground elevation for each water point are
recorded by using a global positioning system (GPS). Before
collecting groundwater samples, the wells were pumped for
about 1 h to remove stagnant groundwater. Temperature,
pH, total dissolved solids (TDS), and electrical conductiv-
ity (EC) were measured by Ultrameter SM101 instrument
in the field immediately after sampling. The groundwater
depth was measured for each sampled point and informa-
tion about total drilled depth was collected from the well

owners, which are used to construct water level map by
subtracting the depth to groundwater from DEM (Fig. 2) to
interpret the water flow. The complete chemical analysis of
the collected groundwater were carried out in the Laboratory
of Engineering Faculty, Minia Univeristy, El Minia, Egypt,
in accordance to the standard methods adopted by the
American Public Health Association (APHA) [36]. Calcium
(Ca*), magnesium (Mg*), bicarbonate (HCO;), and chlo-
ride (CI") were analyzed by volumetric titration methods,
whereas sodium (Na*) and potassium (K*) were measured
using the flame photometer. Sulphate (5O?") was determined
by UV spectrophotometer.

The results are evaluated in accordance with the drink-
ing water quality standards given by the World Health
Organization (WHO) [22] and the Egyptian standards for
drinking water [23]. Irrigation quality parameters (i.e.,, EC,
SAR, sodium percentage Na%, residual sodium carbonate
(RSC), Kelley’s ratio (KR), magnesium hazard (MH), perme-
ability index (PI), and Gibbs diagram were calculated based
on the physico-chemical analyses of groundwater samples.
The correlation of the analytical data has been attempted
by plotting different graphical representation such as those
of Piper [37]; Richards [38]; and Wilcox [39] to classify
groundwater and its suitability for different purposes by
ascertaining various factors dependence on the chemical
characteristics of water. The spatial distribution maps of
groundwater quality parameters have been prepared using
ArcGIS 10.2.2 (Arc Map). The inverse distance weighted
(IDW) technique is used to generate spatial interpolation
maps for different parameters in the spatial analyst tool.
Factor analysis and statistical summaries were computed
using XLSTAT software. GWW software is used for chemical
classification of water.
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4. Results and discussion

The results obtained during this study will be presented
and discussed in the following sections:

4.1. Groundwater level

Groundwater flows from the elevated areas into the
Nile as indicated by the map (Fig. 5a) and the hydrau-
lic heads range between 36.34 and 504.34 m above (m.s.L).
This confirms the finding of Dawoud and Ismail [35] as they
concluded that the Nile is a gaining stream at Qena. The
depth to groundwater ranges between 3 and 40 m below
ground surface and increases toward the east and west direc-
tions (desert fringes), which impacts the cost of ground-
water abstraction for irrigation (Fig. 5b).

4.2. Hydrogeochemical characteristics of groundwater

The analytical results of the major cations and anions data
for the analysed 73 groundwater samples and the calculated
values of total hardness (TH), SAR, sodium percentage
(% Na), RSC, KR, MH, and PI of the study area are shown
in Table 1.

The descriptive statistics (minimum, maximum, average,
and standard deviation) were calculated for the physico-
chemical variables in groundwater samples of the study area,
and the values of maximum allowable limits of different
parameters, according to the WHO [22] and Egyptian water
standards (EHCW) [23] are represented in Table 2.

The groundwater pH ranges between 6.1 and 8.84 with
an average of 7.74 that indicates more or less neutral ground-
water mostly suitable for drinking [22,23]. The EC is an
important parameter to assess salinity hazards and suitabil-
ity for irrigation. The EC is variable (334-6,045 uS/cm) with
an average of 1,544 puS/cm. Higher EC values are recorded in
the groundwater wells in the newly reclaimed area due to
dissolution of limestone as well as there is no direct recharge
from the surface water.

TDS is a measure of the combined content of all inorganic
and organic substances contained in a liquid as a molecular,
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ionized, or micro-granular (colloidal sol.) suspended form
[40]. According to Hem [41], 62% of the groundwater sam-
ples are freshwater with TDS less than 1,000 mg/L (Table 3)
whereas 37% are slightly saline (TDS 1,000-3,000 mg/L).
The increasing salinity may be due to mineral dissolution
such as evaporites present in the sediments or salts-leach-
ing from the soil as return flow joins groundwater. Salts
accumulate in the soil profile due to high evaporation that
is characteristic of dry and hot climates. TDS contour map
(Fig. 6) shows that the northeastern part is characterized by
low TDS due to its connection to the irrigation system, while
the southwestern part is characterized by the higher TDS due
to mineral dissolution and lack of recharge as it is located
farther from the irrigated areas.

The TH of water primarily depends upon the amount
of Ca* and Mg* which are among the abundant ions in
groundwater. Hard water causes scales in the boilers, pipes
and other domestic appliances, while soft water is more cor-
rosive and contains more metal contaminants from the water
pipes [42]. TH classification [43] indicates that about 64% of
the groundwater samples are hard to very hard reflecting
dissolution of limestone and dolomitic limestone present
in the western part of the study area (Table 4). The use of
fertilizers will also contribute to the increased hardness as
they mostly contain Mg.

The aerial distribution of the major cations (Ca*, Mg?,
Na*, K*) and major anions (HCO;, CI;, SOZ) is shown in
Figs. 7 and 8, respectively. The concentration of all ions
increases in the west due to the dissolution of limestone
and absence of direct recharge from surface water. On the
contrary, ions concentration decreases in the east because of
direct connection with the surface water from the Nile and
irrigation canals, which is in accordance with the TDS trend.

The hydrochemical data of the study area is presented in
the Piper diagram [37] to classify its groundwater (Fig. 9a).
The major ions, in the order of their concentration (first
more abundant), presented in the Piper diagram are Na,
CI, HCO;, Mg*, Ca™. The triangular cationic field (Fig. 9a)
reveals that most of the groundwater samples are sodium
dominant class, while only 7% and 3% of the samples
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Fig. 5. Maps show the groundwater level (a) and the depth to the groundwater (b) in the study area.
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Table 2
Minimum, maximum, average, and standard deviation values of different elements of water samples of the study area
Elements Minimum Maximum Mean Standard WHO WHO Egypt
deviation desirable limit allowable limit limit
pH 6 9 7.8 0.57 6.5-8.5 8.5 7-8.5
Electrical conductivity (EC) (uS/cm) 350 6,045 1,544 9458 1,500 1,500 -
Total dissolved solids (TDS) (mg/L) 224 4,050 1,034 633.7 500 1,000 500
Calcium (Ca*) (mg/L) 1.0 432 63.8 83 75 75 75
Magnesium (Mg?*) (mg/L) 8.0 191 539 455 30 30 50
Sodium (Na*) (mg/L) 29 865 179.1 1291 200 200 200
Potassium (K*) (mg/L) 0.1 4.8 1.3 1.0 10 10 -
Bicarbonate (HCO;) (mg/L) 46 392 198.8 84.6 100 100 -
Chloride (CI") (mg/L) 21 2,130 346.6  330.6 200 200 200
Sulfate (SO>) (mg/L) 20 640 1449 1181 200 200 400
Total hardness (TH) (mg/L) 479 1,536.8 381.1 3579 300 600 500
Sodium adsorption ratio (SAR) (meq/L) 0.5 14.4 49 3.1 - - -
Residual sodium carbonate (RSC) (meq/L) -28.5 44 -44 7.0 - - -
Kelley ratio (KR) (%) 0.1 9.5 1.9 1.8 - - -
Magnesium hazard (MH) (%) 10 97 659 181 - - -
Permeability index (PI) (meq/L) 20.8 113.2 706 2552 - - -
Table 3 4000?0 420090 4400?0 4600?0 4300?0 500090
Classification of water types according to Hem [41] g/ L8
Water type TDS (mg/L) Number Percentage g_ _3
of samples  of samples . R
Freshwater <1,000 45 62% g- -g
Slightly saline 1,000-3,000 27 37% "] "
Moderately saline  3,000-10,000 1 1%
Very saline 10,000-35,000 — - | - -§
Brine >35,000 - - | []<to00 8
1 [ 1 1,000-1,500 i
. _ o | [ 1500 - 3.000 L8
are Mg™? and Ca*, dominant, respecnv?ly. In the anionic g - 3000 - 4.050 0 10 20Km g
triangle, most of the samples are chloride dominant and  ~ ’ ' —— ~

only 10% is bicarbonate dominant. The diamond-shaped
central field shows the dominance of Na* and CI- over the
other ions. The alkali metal Na* exceeds the alkaline earth
metals (Ca*" + Mg?). The total concentration of strong acids
(SOF + CI) exceeds that of the weak acids (HCO;). The
Na? and CI- ions are driven from the gypsum dissolution
of evaporitic minerals as well as from intensive evaporation
due to high temperature and aridity while the area is under
intensive irrigation. The return flow from irrigation facili-
tates the leaching of salts along the soil profile to reach the
shallower groundwater. This leads to the dominance of Na*
and CI-. On the other hand, the use of fertilizers in the area
introduced increased the concentration of particular ions
such as Mg* and SO} [32]. HCO; is driven from the dissolu-
tion of carbonate rocks in the new reclaimed area [44] and it
also increases in locations close to the surface water bodies
due to the direct recharge from the Nile River and irrigation
canals [45].

The hydrochemical classification of the groundwater
(Fig. 9b) shows five water types (NaCl 58%, MgCl, 23%,
NaHCO, 14%, CaCl, 4%, and Mg (HCO,), 1%). The sodium

T T T T T T
400000 420000 440000 460000 480000 500000

Fig. 6. Total dissolved solids zonation map for the study area.

Table 4
Classification of groundwater quality based on hardness

Total Hardness  Classification Number of Percentage
(mg/L) samples of samples
<75 Soft 4 6%

75-150 Moderate hard 22 30%
150-300 Hard 17 23%

>300 Very hard 30 41%

chloride and magnesium chloride dominant water types
indicate the dissolution of evaporites and the extensive use
of fertilizers while the presence of sodium bicarbonate water
type indicates recharge from the surface water. Such recharge
occurs as a return flow from irrigation which also leaches
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Fig. 7. Aerial distribution of the major cations Ca*, Mg*, Na*, and K" in the study area.

the soil and loads groundwater with the ions present in the
soil profile.

4.3. Assessment of groundwater quality for drinking and
domestic purposes

Natural and/or anthropogenic processes and activities
affect groundwater quality. In the evaluation of ground-
water quality for drinking and domestic purposes reference
will be made to the specific standards set by various agen-
cies including the drinking water standards of WHO [22]
and the Egyptian standards for drinking water [23] (Table 2).
By correlating the analyzed data with the domestic and
drinking standards, it is observed that, 62% of the collected
groundwater samples are suitable for drinking due to the
low salinity (TDS < 1,000 ppm) while 38% are unsuitable
due to high salinity (TDS > 1,000 ppm). Most of the col-
lected groundwater samples (64%) are hard to very hard
water, which labels these waters as unsuitable for domestic
purposes.

4.4. Assessment of groundwater quality for irrigation purposes

The important hydrochemical parameters of ground-
water used to determine its suitability for irrigation are EC,

percentage sodium (Na%), SAR, RSC, KR, MH, PI, and
Gibbs diagram. Salinity may harm plant’s growth physi-
cally by limiting the uptake of water through modification
in the osmotic processes or chemically by metabolic
reactions such as those caused by toxic constituents [46].
The EC values indicate that 78% of the groundwater in
Qena is suitable for irrigation with 18% being good and
60% permissible (Table 5). Only 1% is unsuitable and 21%
is doubtful.

4.4.1. Sodium percentage (Na%)

The sodium percentage (Na%) defined by Raghunath
[47] is calculated using the formula given in the following;:

(Na“ + K*)

Na% =
(Ca2+ +Mg* +Na** + K*)

x100 (1)

where all the concentrations are expressed in milliequiv-
alents per liter. The Na% indicates that about 52% of the
collected groundwater samples are excellent to permissible
for irrigation while the 48% is doubtful to unsuitable water
(Table 6).
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Table 5
Quality of irrigation water based on electrical conductivity [46]

Table 7
Quality of irrigation water based on SAR

EC (uS/cm) Classification Number of Percentage SAR  Alkalinity Classification Number of Percentage
locations of locations hazard locations of locations
<250 Excellent - - <10 S1 Excellent 66 90%
250-750 Good 13 18% 10-18 S2 Good 7 10%
750-2,250 Permissible 44 60% 18-26 S3 Doubtful _ -
2,250-5,000 Doubtful 15 21% >26 sS4 Unsuitable _ -
>5,000 Unsuitable 1 1%
4.4.4. Kelley’s ratio
Table6 KR is a method of evaluating the effect of sodium on
Quality of irrigation water based on Na% water quality for irrigation water. Sodium measured against
Na% Classification Number of Percentage calcium' and magnesium was considered by Kelly [49] 'for
) ! calculating KR. Kelly’s ratio is calculated by the following
locations of locations equation:
<20 Excellent 6 8%
2040 Good 14 19% KR = Na” @
40-60 Permissible 18 25% (Ca* +Mg™)
60-80 Doubtful 26 36%
>80 Unsuitable 9 12% where all the concentrations are expressed in milliequivalents

4.4.2. Sodium Adsorption Ratio (SAR)

SAR, defined by Karanth [48], is an important parameter
for determining the suitability of groundwater for irriga-
tion. It is a measure of alkali/sodium hazard to crops and
estimated as:

2+
SAR = Na @)

J(ca® +Mg*) /2

where the concentrations are reported in milliequivalents
per liter. About 90% of the groundwater in the study area
falls in the low-sodium class (51) and 10% in good class (S2)
(Table 7) which means that all the analyzed samples are
suitable for irrigation purposes.

4.4.3. Residual sodium carbonate

The quantity of bicarbonate and carbonate in excess
of alkaline sediments (Ca* and Mg"™) also influences the
suitability of water for irrigation purposes. When the sum
of carbonates and bicarbonates is in excess of calcium and
magnesium, there may be the possibility of complete precip-
itation of Ca** and Mg*" [47]. RSC has been computed by the
following equation:

RSC =(HCO;, +CO}" ) -(Ca* + Mg™") 3)

All ionic concentration is in milliequivalents per liter.
Waters with RSC values above 2.5 meq/L are not suitable
for irrigation and these with values less than 2.5 meq/L are
suitable. In the studied water samples 52% have RSC values
above 2.5 meq/L and unsuitable for irrigation, while 48%
have values less 2.5 meq/L and suitable for irrigation.

per liter. Groundwater having KR more than one is generally
considered as unfit for irrigation. In the study area, 53% of
the groundwater samples have KR value < 1, indicating the
good quality of the water for irrigation, and 47% is unsuitable
for irrigation as the KR values are more than one.

4.4.5. Magnesium hazard

The MH of irrigation water is proposed by Szabolcs and
Darab [50] with the following equation:

Mg2+

M e g

%100 @)

where all the ionic concentrations are expressed in milli-
equivalents per liter. The MH values exceeding [51] are
considered unsuitable for irrigation. The analyzed water
samples reflect that about 82% of the groundwater wells are
exceeding the magnesium ratio of 50 and hence is unsuitable
for irrigation.

The SAR vs. EC values for groundwater samples of the
study area were plotted in the USSL graphical diagram of
irrigation water (Fig. 10). Based on the USSL diagram [52];
the salinity hazard ranges between medium to very high
whereas the sodium hazard is mostly low to medium.
The samples are distributed in the C251, C351, C352, C4S1,
C452 (medium to very high salinity with low to medium
sodium) category and only one sample falls out of the
diagram. This shows that the majority (99%) of ground-
water samples are satisfactory for irrigation in almost all soil
types under ordinary conditions.

4.4.6. Permeability index

The PI values indicate suitability of groundwater for
irrigation, as the soil permeability is affected by a long-term
use of irrigation water, influenced by the Na’, Ca*, Mg?*
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Fig. 10. Groundwater suitability for irrigation according to US
Lab. classification [52].

HCO; and K* contents of the soil. Doneen [53] developed
PI parameter for assessing a water suitability classification
for irrigation water. The PI was calculated by the following
equation:

Na' +,/HCO; x100 ©

I= 2 2
Ca” +Mg™ +Na" +K"

According to the permeability index values of Doneen’s
chart [54] (Fig. 11), 56% of the samples falls under class 1 and
reflects good suitability for irrigation purposes, 47% falls in
class II which indicates moderate suitability for irrigation
and 15% falls in class III with poor or unsuitability for
irrigation (Table 8).

4.4.7. Gibbs grounduwater chemistry

Gibbs diagram [55] represents the ratio 1 for cations
[(Na + K)/(Na + K + Ca)] and ratio 2 for anions [Cl/
(Cl + HCO,)] as a function of TDS to assess the ground-
water chemistry. This diagram helps to understand the
groundwater chemistry and the relationship of its chemical
components to aquifers, such as the chemistry of rock types,
the chemistry of precipitated water, and evaporation rate.
The chemical data of the collected groundwater samples
are plotted in the Gibbs diagram as shown in Fig. 12. From
this figure, the majority (79%) of the groundwater samples
suggests that the chemical weathering of rock-forming
minerals is influencing the groundwater quality through
the dissolution of the host rock; only 15% of the collected
groundwater samples is affected by evaporation and the rest
by precipitation.
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Fig. 11. Doneen’s [53] classification for irrigation water based on
the permeability index.

Table 8
Quality of irrigation water based on PI

PI% Water Classification ~Number of Percentage
quality locations of locations

>75 Class I Good 41 56

75-25 ClassI  Moderate 21 29

<25 ClassIII  Poor 11 15

4.5, Statistics analysis
4.5.1. Correlation analysis

The correlation coefficient is commonly used to mea-
sure the relationship between two variables. It is simply a
measure to exhibit how well one variable predicts the other.
The correlation matrices for EC, TDS, TH, and major ions
(Table 9) show that EC and TDS have a high positive correla-
tion with Ca*" and Mg"™. A high positive correlation between
TH and Ca* (r = 0.92) and Mg* (r = 0.90) confirms that
groundwater hardness is related to these constituents. The
pH shows a weak negative correlation with other parame-
ters. Correlation analysis can give information about the
source of major ions. The close relationship between Ca*
and Mg* and SO} may indicate sulfate minerals dissolu-
tion (gypsum). The positive correlation between Na and ClI
indicates dissolution of chloride minerals that present in the
study area (as pockets in limestone and filling the cracks of
Pliocene clay). The bicarbonate negatively correlates with
Cl, which indicates that the Cl is from a different source as
compared with the bicarbonate.
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Table 9
Correlations coefficient of Na*, K*, Ca*, Mg*, HCO;, SO}, CI, EC, pH, TDS for the samples of the study area
Variables Na* K Ca* Mg* HCO; SOrF Cr EC pH TH TDS
Na* 1
K* 0.539 1
Ca? 0.285 0.194 1
Mg?* 0.301 0.186 0.647 1
HCO; 0.104 0.012 0.297 0.119 1
SOF 0.210 0.209 0.745 0.623 0.189 1
ClI- 0.714 0.362 0.606 0.644 0.023 0.436 1
EC 0.747 0.434 0.796 0.760 0.236 0.647 0.834 1
pH -0.167 -0.089 -0.459 -0.389 0.043 -0.376 -0.386 -0.416 1
TH 0.323 0.210 0.917 0.897 0.234 0.757 0.688 0.858 -0.469 1
TDS 0.747 0.434 0.796 0.760 0.236 0.647 0.834 1.000 -0.416 0.858 1

Bold values indicate high correlation between variables.

4.5.2. Factor analysis

In order to identify the main factors affecting the ground-
water quality and water types in the study area, factor
analysis was used as a statistical method. Factor analysis
is a multivariate statistical method that has the ability to
reduce the number of variables to be studied and to detect
how they are inter-linked. Factor analysis yields to explain
the correlation coefficient between the variables and the
factors [9]. The factor analysis distinguishes between
dependent and independent variables. Table 10 represents
factor analysis, calculated eigenvalues, percentage total
variance, and cumulative variance results for all samples
analyzed in the study area. The factor analysis generated
three important factors which explained 77.28% of the total

variance. The following factors have been identified as the
main drivers of the groundwater chemistry:

® TFactor 1 explains about 57.57% of the total variance and
includes TH, TDS, EC, Ca*, CI, Mg*, SO}, and pH, with,
respectively, loading values of 0.924, 0.991, 0.991, 0.840,
0.917, 0.794, 0.702, and —0.441. Even Na shows a reason-
able correlation with this factor but stronger with factor 2.
The increasing TDS, TH, and EC are mainly driven by
increasing concentration of the ions SO}, CI, Na*, Ca*,
and Mg?*, which is facilitated by agricultural practices
such as the extensive use of fertilizers and application of
lime. These practices introduce excess ions to the system
that is subject, when under irrigation, to intensive evapo-
ration that enriches ion concentration in the solution and
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Table 10
Factor analysis of Na*, Ca*, Mg*, HCO;, SO}, CI, EC, pH, TDS
for the study area

Variable F1 F2 F3
Na* 0.651 0.743 0.157
Ca* 0.840 -0.350 0.019
Mg?* 0.794 -0.225 -0.156
HCO; 0.240 -0.243 0.858
SOF 0.702 -0.319 -0.031
Cl- 0.917 0.314 -0.120
EC 0.991 0.128 0.049
pH -0.441 0.141 0.207
TH 0.924 -0.369 —-0.095
TDS 0.991 0.128 0.049
Eigenvalue 6.33 1.31 0.86
Total variance (%) 57.57 11.90 7.81
Cumulative variance (%) 57.57 69.47 77.28

Bold values indicate high correlation between variables.

the soil profile. Then the return flow under the action of
gravity will transfer these solutes into the groundwater
system.

* Factor 2 accounts for about 11.9% of the total variance
and includes Na* with loading value of 0.743. This fac-
tor suggests the dominance of ionic exchange. The high
loading of Na"is not associated with high loading of CL
The Na/Cl ratio is a good indicator for the efficiency of
the base exchange reactions. Low Na/Cl ratios (i.e., below
the original value of the irrigation water) reflect continu-
ation of exchange reaction, whereas an increase of Na/Cl
ratio toward the original Na/Cl value of the irrigation
water suggests exhaustion of the exchangeable sites and
reduction in the clay capacity for exchange reactions
[56]. Gavrieli et al. [57] showed that irrigation with calci-
um-rich water causes an opposite reaction, in which Na
is released and the residual groundwater has an Na/Cl
ratio higher than that of irrigation water related to ionic
exchange; mainly with Ca.

¢ Factor 3 accounts for only 7.81% of the total variance and
includes HCO; which has loading value of 0.858 and
negatively correlates with Cl and TH. Such factor can be
explained by recharge from irrigation canals. The chem-
istry of the Nile water, which is the sole source of canals
water, is known to be bicarbonate dominant. This leads
to the increase of HCO, ion and is evident from the bicar-
bonate contour map (Fig. 8) that shows the increase of
the bicarbonate concentration with the proximity to the
Nile where irrigation from the Nile water is widely used.

5. Conclusions

The main objective of this study was to evaluate the
groundwater quality in Qena Governorate using traditional
hydrochemical analysis, GIS, and Factor analysis method.
Quaternary aquifer represents the main aquifer in the study
area and this aquifer is composed of fluvial sands and gravels

with minor clay intercalations. The main source of recharge
to the Quaternary aquifer is taking place from the irrigation
system, which is represented by the River Nile and irrigation
canals in the study area. Water level (range between 3.0 and
40 m a.m.s.l.) decreases in the floodplain area and increases
at the desert fringes. Groundwater flow is mainly from the
south to north and from the west and east parts to the River
Nile. GIS and the inverse distance weighted (IDW) technique
have been successfully used to map groundwater quality
and visualize and identify mapping the spatial distribution
of groundwater quality parameters in Qena Governorate
has been successfully carried out using GIS and the IDW
technique.

According to the WHO and EHCW, the computed water
quality index (WQI) shows that 62% of groundwater is suit-
able for drinking due to the low salinity. Most of the col-
lected groundwater samples are not suitable for domestic
uses due to high level of hardness. The Piper plot showed
that 58% of groundwater is NaCl dominant suggesting
dissolution from evaporites. The concentration of alkali
metals exceeds that of alkaline earth metals. The suitability
of groundwater for irrigation was evaluated based on the
irrigation quality parameters. Among these parameters, EC
reveals 99% of the samples are suitable for irrigation. SAR
indicates that the groundwater is excellent for irrigation,
Na%, RSC, and KR shows that half of samples are suitable
and the other half is unsuitable for irrigation. MH reveals
that 82% is unsuitable and 18% of samples are suitable for
irrigation purposes. The factor analysis generated three
important factors which explained 72.53% of the total
variance: Factor 1 explains that about 55.89% of the total
variance and includes TH, TDS, EC, Ca*, Cl, Mg*, SOZ, pH
in respective order; Factor 2 accounts about 11.59% of the
total variance and includes Na*, and K"in respective order;
and Factor 3 accounts for only 5.05% of the total variance
and includes HCO;.

PI reveals that 56% of the samples reflect good suitability
for irrigation purposes, 47% indicates moderate suitabil-
ity for irrigation and 15% reflects poor or unsuitability for
irrigation. According to Gibbs diagram, 79% of the sam-
ples suggest that the chemical weathering of rock-forming
minerals is influencing the groundwater quality through
the dissolution of the host rock; only 15% of the samples is
affected by evaporation and the rest by precipitation.

In general, most of the groundwater elements in the
study area are below the maximum acceptable limits of the
WHO, and EHCW), indicating its suitability for drinking and
irrigation. Finally, the current study has confirmed that the
integration of traditional hydrochemical analysis and GIS
with statistical factor analysis can provide a powerful tool
to identify factors controlling the chemistry of the ground-
water in the study area.
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