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Abstract The Nile River represents the basic surface water in Egypt as the area
beside it is the most fertile land in Egypt. The Nile River’s surface has become
insufficient in recent years to the Egyptian requirements because of the overpopu-
lation and the recent developing projects’ problems. Therefore, searching for new
possible reclamation areas turned into a critical need. Intensive efforts have been
made to set large agricultural projects and new urban communities in the desert. The
study region is located northwest of El-Sadat city (West Nile Delta) covering the
area between longitudes 30° 16’ 48" and 30° 30’ 40” E and latitudes 30° 21’ 36” and
30° 31’ 12” N. It occupies an area of 330 km?. Because of the presence of such a
vital location, a lot of work has been put into developing it. El-Sadat city is one of
Egypt’s most important new industrial cities. A lot of work has been planned into
developing such desired area due to the presence of agricultural soil potentialities,
gentle relief, and groundwater resources. The main purpose of the present study is to
evaluate the hydrochemical settings of the groundwater and defeat the groundwater
shortage problem in this area. The water samples gathered from 57 different drilled
water boreholes were tested for the major cations [Mg2+, Ca?*, Na*, K*], major
anions [CO32~, HCO;~, SO42~, CI~], Mn and Fe trace elements, in addition to elec-
trical conductivity (EC) and total dissolved solids (TDS). Moreover, the suitability
of 57 groundwater boreholes for drinking and irrigation purposes was assessed by
comparing with the known standard guidelines’ values. Water quality indices such
sodium content (SC), sodium adsorption ratio (SAR), residual sodium carbonate
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(RSC), permeability index (PI), Kelly’s ratio (KI), chloride classification, magne-
sium hazard (MH), and chloro-alkaline indices were also taken into consideration
while assessing the quality of groundwater for agricultural objectives.

Keywords West Nile Delta - El-Sadat city - Water quality - Hydrochemical
analysis

1 Overview

The Nile River, as Egypt’s principal surface water, aids in boosting the fertility of
the land beside the Nile River and around its two branches. These days, the Nile
River’s surface water got lacking to the Egyptian demands due to the overpopulation
issue. The Nile Basin has subjected to several changes in discharge, geomorphology
as well as hydrography, since its inception (Gaber et al. 2020). Several efforts have
been made to start new urban settlements and enormous agricultural activities in the
desert fringe and many researches concern with this issue (Attwa and Ali 2018; El
Osta et al. 2018; Gad et al. 2020; Hegazy et al. 2020; McCool 2019; Mohamed 2020;
Mosaad and Basheer 2020; Salem et al. 2018, 2019; Salem and Osman 2017).

The main objective of this research is to highlight some information on the quality
of the groundwater and its availability and appropriateness for irrigation and human
utilities in the region northwest of El-Sadat city in the West Nile Delta. Such current
research could be a great informative tool to help constructing new projects concern
with establishing new communities and land reclamation purposes. This can help
the Egyptian government to implement the desired development strategy for 2030.
Groundwater hydrochemistry has a considerable significance concerning the ground-
water’s suitability for different uses. It helps to assess the hydrochemical processes
in charge of the areal changes in the groundwater chemistry (Heath 1983; Miller
1991; Kimblin 1995; Mayo and Loucks 1995; Hudson and Golding 1997; Todd and
Mays 2005; Fetter 2014; Sen 2015). As there are several interactions between the
earth layers and its surroundings of the atmospheric gasses caused by the man-made
materials, no pure water will exist. Therefore, there is an urgent need for ground-
water analysis. The hydrochemical analysis deals with the groundwater’s chemical
composition and its source. In addition, it aims to discover the relation between
the rock constitution and the groundwater passing through (Zaporozec 1972). As a
result, both the quality and the geological context can be inferred from the ground-
water chemical composition (Dauda and Habib 2015). Variations in the geochemistry
of the groundwater are commonly used indicators for the aquifer composition varia-
tions, because groundwater’s geochemistry is a follower of rock mineral composition
(Rogers 1989). Ion dissolution results from water circulation in the surrounding soils
and rocks. The hydrochemical analysis exhibits to what extent if waters would be
suitable for human demands, industrial, and agriculture purposes. This will be carried
out through determination of the water type from its constitution, different diagrams,
moreover, calculating several indicators helping in taking decision of its suitability
for different purposes.
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2 Methodology

During many campaigns, water samples were taken directly from boreholes,
which are widely utilised for irrigation and drinking. They were collected in
pre-cleaned one-liter plastic bottles after a certain pumping duration (exceeding
30 minutes) in order to overcome the contamination and stagnant groundwater prob-
lems. The used bottles were washed out numerous times with sampling water, then
they were filled and sealed off quickly to avoid being exposed to the air. For identifi-
cation, each bottle was named and thereafter saved in an icebox container. Within less
than three days, the obtained samples were sent to laboratory. A total of fifty seven
water samples were collected from different drilled boreholes in the area (Fig. 1).
Water samples were subjected to a series of tests to determine the presence of the
major anions [CO3%~, CI-, HCO;~, SO42~], major cations [Mg?*, Ca**, Na*, K*],
Fe and Mn trace elements, total dissolved solids, and furthermore electrical conduc-
tivity at the Soil Fertility Tests and Fertilizers Quality Control Laboratory, Faculty of
Agriculture, Mansoura University, Egypt. Hydrochemical analysis mainly evaluates
the different ions concentrations. There are several computer software’s that are very
useful in the water analysis, especially for large volumes of data with small percent-
ages of error and it would exhibit these data in different manners such as graphs,
maps, and tables. Both Rockware AqQA (RockWare Inc. 2004) and Rockwork soft-
ware have been used to carry out the evaluation of the groundwater data analysis.
Graphical presentation of the output of these programs include the most common
aqueous geochemistry plots and diagrams, such as Piper and Schoeller charts. These
diagrams have a good role in deducing the hydrogeological facies and facilitating
data analysis in the investigated region.

3 Geological Settings

Geological and structural settings of the West Nile Delta including the area of interest
has been studied by many researchers such as Shata (1953, 1955, 1959, 1961),
Zaghloul (1976), Abdel Baki (1983), Shedid (1989), Harms and Wray (1990), Sadek
etal. (1990), Abdel Aal et al. (1994, 2001), Sarhan and Hemdan (1994), Sarhan et al.
(1996), Garfunkel (1998), Guiraud and Bosworth (1999), Dawoud et al. (2005),
ElGalladi et al. (2009), Abd El-Kawy et al. (2011), El Kashouty and El Sabbagh
(2011) and Ibraheem et al. (2018).

The surface geology of the West Nile Delta area is represented by Oligocene,
Miocene, Pliocene, and Quaternary sediments. Oligocene sediments consist mainly
of sandstone, sand, and gravel. These sediments exist at the southwest part of the
Nile Delta. Pliocene, Miocene, besides Quaternary deposits consist of sand and sand-
stones including intercalations of clay and limestone. These deposits are predominant
at western and southern parts at Wadi El-Natrun, El Ralat, and Wadi El Farigh depres-
sions, El Washika, Dahr El Tashasha, and Gabel El Hadid (Ibraheem 2009; Ibraheem
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Fig. 1 Groundwater samples’ locations posted on the geologic map of the area of interest

et al. 2016). Generally, the studied area is mainly covered by Prenile deposits and
stabilized dunes (Fig. 1). The subsurface stratigraphy includes sediments of Quater-
nary, Pliocene, Miocene, Oligocene, Eocene, Cretaceous, Jurassic, and Triassic ages
(Fig. 2). A thick sequence of Late Cretaceous to Quaternary sediments was recorded
in the West Nile Delta area (Sharaky et al. 2007).

4 Hydrogeological Settings

Many studies have been carried out on the hydrogeochemical and hydrogeological
settings at the area of the West Nile Delta such as: Abdel Baki (1983), Ahmed (1999),
Al-Kilany (2001), Embaby (2003), Atta et al. (2005), Dawoud et al. (2005), Ahmed
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etal. (2011), Massoud et al. (2014), Salem and El-Bayumy (2016), Ibraheem and El-
Qady (2017), Abd-Elhamid et al. (2019), Othman et al. (2019), Salem et al. (2019),
and Hegazy et al. (2020). They have studied the area of El-Sadat industrial city which
is situated to the south of our investigated area and they came to the conclusion that
the groundwater in that location is not uniform, with salinity and ionic composition
varying. With groundwater movement, the salinity of the groundwater rises gradually
from northeastern to southwestern directions. They mentioned also that, as mineral-
ization decreases with depth, this indicates limitations of water penetration to great
depths. They claimed that shallow groundwater has high nitrate concentration caused
by agriculture procedures and groundwater at northeastern and southwestern parts
of industrial areas has high heavy metals concentrations because of the industrial
activities. Five different chemical facies (Na-HCO3;, Ca-—HCO3, Na-SO,4, Ca—Cl
and Na—Cl) have been recorded at this area indicting process of ion exchange and
interactions between the groundwater and the formations.

Salem and El-Bayumy (2016) carried out a study on the groundwater’s hydro-
chemistry of the area east to Wadi El-Natrun. They concluded that most of the ground-
water samples are convenient for irrigation purposes except some samples having
high EC values. The samples show low to medium salinity and low sodium absorp-
tion ratio values. The main groundwater types are: Na—HCOj3, Na—Cl, Ca—HCO3,
Mg—Cl and Mg—HCOj3. Sodium/Chloride/Carbonate water types are dominant at that
area. Also, El Osta et al. (2018) discussed the groundwater flow and Vulnerability
at the district of Wadi El-Natrun depression and its surroundings using numerical
simulation and concluded that the present groundwater over-abstraction has resulted
in a general head drawdown of 3 m in 2015 and will reach 40 m in 2050. Moreover,
they mentioned that the western parts of their study area have a high vulnerability
rate (>110).

Generally, the West Nile Delta area has four main groundwater aquifers:
Oligocene, Miocene, Pliocene and Quaternary aquifers.

4.1 Quaternary Aquifer

The first main aquifer in the West Nile Delta is the Quaternary aquifer which is
located at the Coastal Plain, the Rolling Plains of the Nile Delta, and Nile Delta
floodplain (Geirnaert and Laeven 1992; Mohamed and Hua 2010). It represents the
substantial water-bearing zone in the region along east Abu Rawash—Khatatba—El-
Sadat—Alexandria where it changes from 100 to 500 m (in thickness) towards the
coast. It is composed of sandy and gravely layers. Clay strata split the aquifer into
smaller confined sub-aquifers.

Quaternary aquifer is subdivided into Recent aquifer and Pleistocene aquifer.
Recent aquifer (sand with some intercalations of aeolian deposits) is predominant
at the depression of Wadi El-Natrun (Ibraheem 2009). The main groundwater unit
of the Pleistocene deposits is Sahl El-Tahrer which is remarked by the presence of
Pliocene sediments at its base (Menco 1990). The Nile Delta groundwater is the main
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recharger for the Pleistocene aquifer at El-Sadat area. There are other water source
supplies by seepages from the irrigation canals and/or cultivated lands, and strong
rainstorms. Pleistocene deltaic deposits compose the main Nile Delta aquifer. These
deposits consist of unconsolidated coarse sands and gravels with the existence of
lenses, and it covers a thick clay layer of Pliocene age (Sherif 1999).

4.2 Pliocene Aquifer

Omara and Sanad (1975) mentioned that Pliocene aquifer is made up of multi layers
of sand and clay. It is subdivided into two parts: the lower part consists of sandy
horizon with thickness varying from 1 to 10 m, while the upper part is made up of
loose sand and sandstone with a thickness of 15 m. Between the two parts, there is
a thick clay bed, so that the groundwater at the lower part is found under confined
condition. The Upper part is found in a semi-confined condition due to the existence
of layers of sandy clay above it.

4.3 Miocene Aquifer

Miocene (Moghra Fm.) aquifer is the second main aquifer in the West Nile Delta.
Dawoud et al. (2005) mentioned this aquifer as well developed at Wadi El Farigh
and has a variable thickness (50-250 m). This aquifer is mainly sand, sandstone,
and clay interbeds with silicified wood and vertebrate remains (Said 1962).

4.4 Oligocene Aquifer

Oligocene aquifer is found at the western parts of Cairo. It consists of gravel, sand,
thin bands of limestone and clay interbeds (Salem and El-Bayumy 2016). Both
rainwater and paleowater are the main recharge sources for this aquifer (Abdel Baki
1983; El Abd 2005).

5 Results

5.1 Numerical Water Quality Indicators

Water classification based on different combinations of the major ions can provide
water quality indicators representing guidelines for assessing the groundwater
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Table 1 Classification of water according to EC, TDS and TH
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Parameter Classification References
TDS (mg/L) 0-1000 Fresh Fetter (2014)
1000-10,000 Brackish
10,000-100,000 Saline
>100,000 Brine
EC (uS/cm) <250 Excellent Wilcox (1955) and Sen (2015)
250-750 Good
750-2000 Permissible
2000-3000 Doubtful
>3000 Unsuitable
Hardness (mg/L) 0-75 Soft Sen (2015)
75-150 Moderately hard
150-300 Hard
>300 Very hard

quality. The classification of groundwater according to total dissolved solids (TDS),
electrical conductivity (EC), and total hardness (TH) is given in Table 1.

5.1.1 Electrical Conductivity (EC) and Total Dissolved Solids (TDS)

Electrical conductivity and total dissolved solids are the most commonly calculated
physical parameters. TDS is known as the total quantity of the solids especially
the inorganic one existing in the water. High concentrations of TDS would affect
negatively both soil and crops by reducing the groundwater’s suitability for the human
utilities and irrigation supply. TDS levels in water samples are significantly associated
with the rock weathering process and many other factors (Jacks 1973; Rao 2002;
Bartarya 1993).

Electrical conductivity is defined as the water ability to pass the electrical current
and it helps to study the groundwater’s quality. High EC values may result in a
gastrointestinal irritation for consumers (World Health Organization [WHO] 2011).
Groundwater having high EC levels are unsuitable for both domestic and irrigation
utilities.

Figure 3a, b exhibit the distribution maps of TDS and EC of the surveyed area.
They exhibit a zone of high EC and TDS levels at the northwestern sector of the study
area. The TDS and EC of the water samples have a clear linear relationship shown
in Fig. 4. The following empirical formula illustrates the relationship between TDS
and EC (Walton 1989):

TDS (mg/L) = 8EC (ns/cm) (D
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Fig. 3 A map showing the spatial distribution for a TDS, b EC, and ¢ TH

The parameter 3 was computed for the water samples in the area of interest as it
equals 0.625, therefore the formula can be expressed by Eq. 2:

TDS = 0.625EC )

5.1.2 Total Hardness (TH)

Hardness is taken into account as a crucial property for domestic and industrial
classification of water quality. It depends mainly on the presence of magnesium
(Mg?*) and calcium (Ca*) and it is estimated in milligram per liter (Sen 2015). The
following equation expresses the total hardness in terms of the calcium carbonate
equivalent (Todd and Mays 2005).
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Fig. 4 Linear cross plot between TDS and EC for the gathered water samples in the study area

TH = 2.5[Ca*"] + 4.1[Mg**] 3)

as TH, [Mg?*] and [Ca®*], are in mg/L.

For domestic purposes, if hardness exceeds 200 mg/L, then it would affect the
water taste and may form a dirty layer of the groundwater (scum formation) (Burbery
and Vincent 2009). The total hardness has been calculated for the water samples
(Fig. 3c). High TH levels can be seen at the surveyed area except at the southwestern
part in addition to other places at the eastern part of the region.

5.2 Groundwater Hydrochemical Analysis

Major ions existing in the groundwater samples are controlled by several factors
such as climate conditions, rock nature and the movement ability of water. Both
variable nature and the human activity are obvious through the differences in the
hydrochemical parameters (Karanth 1991). Surface and subsurface physicochemical
conditions usually affect the ion distribution (Aghazadeh and Mogaddam 2010).
Water chemical parameters include different ions concentrations: major anions
(CI~, SO42~, HCO3~ and CO3%~) and major cations (Na*, K*, Ca?*, and Mg?*). A
summarize of the maximum, minimum, average, and standard deviation for different
chemical parameters obtained in our study is shown in Table 2. Figures 5 and 6
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represent a graphical representation for exhibiting the different concentrations of
both cations and anions.

Table 2 Physicochemical parameter statistics

Parameter | Minimum value Maximum value Average value Standard deviation
Na*t 29 329.4 117.9 90.71
K* 0 9 6.2 2.15
Mg>* 0 122.7 24.5 18.54
Ca% 0 418 113.5 88
HCO3~ 72 585.6 227.5 113.3
CO;32~ 0 277 2.38 5.83
ClI™ 20 630.9 159 144.5
S04%~ 0 930 228 180.8
EC 300 4032 1127 734.6
TDS 216.2 2500 709 458.9
All previous parameters are measured in mg/L unless EC in pS/cm
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Fig. 5 The concentrations of various cations for the gathered groundwater samples
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Fig. 6 The concentrations of various anions for the collected groundwater samples

5.2.1 Major Cations

Calcium (Ca2+) and Magnesium (Mg2+)

In boilers and other heat exchange equipments, magnesium and calcium cations
interact with sulphate, carbonate, bicarbonate, and silica to produce a heat-retarding,
pipe-clogging scale. Moreover, they combine with fatty acid ions in soaps to generate
soapsuds, therefore the higher the calcium and magnesium content, the greater the
need for soap to form suds (Heath 1983).

Calcium content changes from 0 mg/L at well 34 to 418 mg/L at well 14. It could
be concluded that about 58% of all water samples are considered natural waters, as
calcium concentrations don’t exceed 100 mg/L (Todd and Mays 2005). The spatial
distribution map (Fig. 7a) representing the existing calcium cation exhibits high
values at the northwestern sector of the region, moderate values in the centre of
the area towards northwest-southeast direction, and low levels at the eastern and
southwestern parts of the study region. This map shows a good harmonization with
the total hardness distribution map (Fig. 3c).

High content of magnesium cation has laxative effect especially on the supply’s
new users (Todd and Mays 2005). It also has a side effect on the soil causing alkaline
environment and hence lowering the crops product. Magnesium levels change from
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30_.

Fig. 7 The major cations’ spatial distribution maps

0 mg/L at well 34 to 122.7 mg/L at well 46 and has 30.6 mg/L as an average value.
The distribution map of Mg?* shows high Mg?* concentration zone at the northeast
portion (Fig. 7b). Based on Todd and Mays (2005), all water samples are considered
to have natural magnesium concentration except three groundwater samples (at wells
27, 46, and 49). These samples have Mg?* concentration exceeding 50 mg/L.
Groundwater equilibrium state is well related to the existence of Ca?* and Mg?*
cations in water (Negm and Armanuos 2017). Concentrations of these two cations
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in natural waters differ over a wide range relying on the history of the water sample
including the geochemical characteristics and the geological formations (Sen 2015).
Mg?* and Ca?* are very similar in several aspects and they could be dissolved from
different soils and rocks (Salomons and Forstner 1984). Mg?* and Ca?* cations distri-
bution maps indicate that the majority of the research area has low concentrations of
both magnesium and calcium except some small zones.

Potassium (K+)

Most natural waters have K* levels less than 10 mg/L (Chow 1964). K* cation is
similar to Na* in many aspects but differs in other manners affecting its existence in
water and its effect on other utilities (Sen 2015). All of the samples in the research
area have K* concentration below 10 mg/L where K* concentration changes between
0 and 9 mg/L with an average value of 6.23 mg/L. The aerial distribution map of
potassium level (Fig. 7c) reveals normal K* levels all over the study area. These
normal K* levels are probably due to the nature of the sediments constituting the
aquifer as potassium salts are insoluble in several types of rocks (Sharaky et al. 2017).

Sodium (Nat)

Sodium is a wide common alkali metal in the natural water that is linked to the salinity
of the groundwater (Ghoraba and Khan 2013). Existence of high concentration of
Na* cation would be resulted from several factors such as rock weathering and ion
exchange reactions (Stallard and Edmond 1983; Stimson et al. 2001). Chemical
analysis of the sodium relative to the total cations is important in case of cation
exchange process in sediments (Zaporozec 1972). Under normal cases, groundwater
includes Na* and C1™. In the current study; Na* concentration differs from 2.9 mg/L
as a minimum value at borehole no. 54 to 329.4 mg/L at borehole no. 49 with
an averaged value of 116.11 mg/L. There are eleven samples of the groundwater
having concentrations exceeding 200 mg/L., while the rest have acceptable values.
Hence, it could be considered as natural water and is suitable for domestic purposes.
Figure 7d shows the spatial distribution map of Na*. This map highlights four high
Na* zones in the northeast, southeast, northwest, and western sectors of the area under
investigation. This may be a result from the fertilizers used for agricultural purposes.
In the presence of suspended particles, salt and potassium concentrations greater than
50 mg/L create foaming, which increases scale formation and corrosion in boilers
(Todd and Mays 2005). High concentration of sodium would also cause cardiac
problems, hypertension, and other medical difficulties. Depending on the presence
of calcium and magnesium concentrations in water, sodium would be harmful to
certain irrigated crops (Heath 1983).
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5.2.2 Major Anions

Bicarbonate (HCO;~) and Carbonate (CO;2-)

Concentrations of carbonate (CO32~) and bicarbonate (HCO;~) are related to
the value of the PH and they could be described as the total alkalinity (Fetter
2014). They control the water capacity to neutralized strong acids (Heath 1983).
Concerning HCO;3 ~, the minimum concentration is 7.2 mg/L, while the highest value
is 585.6 mg/L with a value of 225.3 mg/L on average. Groundwater samples in the
research region have normal HCO; ™ levels (less than 500 mg/L), except the sample
no. 2 which has high value (585.6 mg/L). The spatial distribution map of HCO3~
(Fig. 8a) shows two relatively high-level zones in the eastern parts, while moderate
values are found at the northwestern parts, and low levels are encountered at the
southern zones of the study area, but mostly in permissible levels. Bicarbonates of
magnesium and calcium dissolve in the water heater to form scale and emit corrosive
carbon dioxide gas (Heath 1983).

Percolation process for the waters enriched in CO3~ resulting from the disso-
lution of the carbonate rocks with the aid of atmosphere increase the bicarbonate
concentration and led to the existence of Ca—HCO;3; groundwater type (Edmunds
et al. 1987; Appelo and Postma 1996). CO32~ is found in the water samples with a
value of 2.34 mg/L on average, with the highest value of 27.7 mg/L at borehole no.
37, whereas the minimum value is zero mg/L. Only six water samples have CO3%~
concentration more than 10 mg/L, and the rest of water samples in the area have
normal levels and suggest natural waters suitable for domestic purposes. The spatial
distribution map of CO3%~ is well presented in Fig. 8b that appears to have two high
CO3%~ level sectors in the southwestern parts of the research area.

Chloride (Cl-)

Groundwater content of chloride initiates from natural and anthropogenic origins
(Sayyed and Bhosle 2011). Gradually, C1~ concentration could be high because of
leaching of the saline residues from the sediments (Patil et al. 2020). Moreover,
it might be related to included NaCl fluid and by atmospheric deposition. Human
activities also result in the Cl~ ions existence in the groundwater (Rogers 1989). The
threshold value of CI™ in groundwater is 250 mg/L (WHO 2011), therefore samples
exceeding this limit would have salty taste when chloride combines with sodium.
Water would be described as corrosive water in case of high concentration of chloride
(Heath 1983). Concentration of C1~ is very important in case of agricultural activities
as it is mostly absorbed by plants. Cl~ is a good guide for groundwater chemical
processes. Low Cl~ levels indicate freshwater entrance into the aquifer, while high
CI™ concentrations might be resulted from different process of saline water intrusion,
solid salts solutions from the rocks, and evapotranspiration (Sen 2015).

Chloride anion is found with different concentrations in the obtained water
samples, as it changes from 20 mg/L at well no. 42 to 630.92 mg/L at borehole
no. 14, and has average value of 157.312 mg/L. CI~ aerial distribution map (Fig. 8c)
shows several zones with high C1~ levels at different parts of the region; northeast,



156 A. Othman et al.

Fig. 8 The major anions’ spatial distribution maps

northwest, southeast and western parts, whereas the central part has low CI~ concen-
trations. There is a good consensus between the spatial distribution maps of Na* and
CI™. High levels of CI~ exceeding 350 mg/L would be harmful to the agricultural
crops (Hopkins et al. 2007), and this was observed only in 6 groundwater samples
(8, 19, 20, 22, 24, and 49).
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Sulfate (SO42-)

The SO4>~ levels usually increase with the salinity of the water samples. It could
result from the interaction between water and gypsum presents in the Pleistocene
sediments (Atta et al. 2005). An existence of SO4>~ could be caused by pyrite oxida-
tion, gypsum dissolution and/or by barite, especially in sedimentary bedrock areas
(Rogers 1989). The maximum SO4>~ level in fresh groundwater is 1360 m/L (Sen
2015), therefore all water samples have acceptable concentrations of SO4>~ anions.
S04~ content fluctuates from zero mg/L at borehole no. 34 to 930 mg/L at borehole
no. 23 as a maximum value. In accordance with (Heath 1983), presence of sulfate
with certain concentrations (300—400 mg/L) results in a bitter taste, while at higher
concentrations (600—1000 mg/L) it provides a laxative effect. So, we can deduce that
only 12.2% of all samples gives a laxative effect and the rest of samples show bitter
taste. Figure 8d presents the SO4>~ distribution map in the study area. It reveals
only one high SO4>~ zone in the southern part, while almost the whole area has
permissible levels of SO,

5.2.3 Trace Elements

Secondary concentrations of trace elements were identified in the studied ground-
water samples. The acceptable drinking water limits are 0.1 and 0.3 mg/L for
manganese and iron, respectively (WHO 2011). The concentration of manganese
ranges from 0.05 and 0.96 mg/L. The map representing the spatial distribution of
manganese clarifies exceeding the permissible guideline value in the surveyed area
unless the central and the western parts (Fig. 9a). Iron level differs from 0.01 mg/L
at borehole no. 15 to 1.12 mg/L at borehole no. 12 with a value of 0.361 mg/L
on average. Iron spatial distribution map shows two high iron level zones in the
study region (Fig. 9b). The existence of iron and manganese is an indicator that the
groundwater quality is reduced (Burbery and Vincent 2009). Although these ions
(Fe?* and Mn?*) are useful for stain laundry, they are harmful in food processing, ice
manufacturing, bleaching, brewing, dyeing, and different industry process (Heath
1983).

5.3 Water Quality Graphical Representation

Water quality could be analyzed by graphical representation of different ions existing
in water. This method of analysis is quick, easy, effective, and informative way
to understand water quality and to decide groundwater’s convenience for different
intents (drinking, domestic, agricultural, or industrial), so it enhances and manages
drilling new wells. The graphical representation includes Schoeller, Piper’s tri-linear
and Durov diagrams.
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Fig. 9 Spatial distribuation maps of concentrations of trace elements of a Mn?* and b Fe?* at the
research area

5.3.1 Schoeller Diagram

Schoeller diagram is a semi-logarithmic graphic with eight vertical logarithmic
scales that are evenly spaced representing several ions concentrations in equivalents
per million (Schoeller 1967). Applying the logarithmic scale for this diagram is to
distribute the appearance of the concentrations as it amplifies low concentrations and
decreases high levels. All ions concentrations are plotted as points for each sample
then a straight line tied them. This diagram reveals the absolute concentration of each
ion and the difference between samples. This diagram evaluates the saturation degree
of groundwater with both of calcium carbonate and calcium sulfate (Sen 2015). More-
over, it could describe the average chemical composition of the samples (Ghoraba
and Khan 2013). Schoeller diagram represented in Fig. 10 has been sketched for
all gathered groundwater samples in the region of the investigation using Aq.QA®
software. It reveals that the general trend of ions in mg/L exposes Ca®* > Na* > Mg?*
>K* and HCO3;™ > CI~ > SO4*~ > CO5*".

5.3.2 Piper’s Tri-Linear Diagram

Piper diagram is another graphical representation which achieves the combined effect
of major constitutes of water controlling its quality in a single diagram (Sen 2015).
It explains different variables related to the major cations and anions and reveals
the main chemical components of the waters. It also shows both similarities and
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Fig. 10 Schoeller diagram representing all water samples in the study area

differences between samples of water (Piper 1944, 1953). Piper diagram represents
a powerful technique in chemistry analysis of the groundwater (Dauda and Habib
2015). It is made up of a thombus and two triangles. Each triangle represents three
ion concentration percentages. The rhombus form depicts the composition of water
in terms of cations and anions (Fetter 2014). Piper’s tri-linear diagram is a good
analytical and representative way to illustrate the classification of the main chem-
ical components and hydrochemical facies of the waters within the area. Aq.QA®
computer software has been used to establish the Piper diagram for the collected
water samples (Fig. 11).

The triangle corresponding cations reflects a percentage of 42.12% of the existing
water samples is of calcium type, moreover, sodium and potassium type represents
33.33%, while 24.56% of the samples showed no sign of a dominating type. Further-
more, the triangle demonstrating anions suggests that 45.61% of the water samples
did not display any dominant element, 22.82% represents a type of bicarbonate,
19.29% reflects sulfate type, and chloride type has a percentage of 12.28%. Further-
more, 66.7% of the water samples are on the left side of the diamond demonstrating
the alkaline (Ca?* + Mg?*) predominance over alkalies earth (Na* 4 K*), whereas the
right side of the rhombus is filled with 33.3% of the samples and suggests that alkalies
prevail over alkaline earth. Also, groundwater’s strong acids (SO4>~ + CI™) repre-
senting 77.2% exceed week acids (CO32~ + HCO;3 ™) whereas the left over samples
(22.8%) demonstrate that strong acids are overcome by weak acids. Besides, mixed
water type is found in 43.86% of groundwater samples, sodium-chloride type corre-
sponds 26.33% of the samples, 15.78% show magnesium-bicarbonate type, while
calcium-chloride type is represented by 10.52%, and lastly 3.53% are of sodium-
bicarbonate type. Figure 12 shows the geographical distribution for the different
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Piper Diagram
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Fig. 11 Piper diagram represents the groundwater samples’ hydrogeological facies at the area of
interest

hydrochemical types according to Piper tri-linear scheme in the study region. It
reveals that the mixed water type is located at northern, central and southwestern
parts of the area. While, CaCl type is found at northern locations and this is related
with relatively high concentrations of calcium cations which may be dissolved from
different rocks and soils. On the other hand, NaCl type is dominant at the southern
parts of the area. This could be caused by agriculture activities effect and/or ion
exchange reactions. Moreover, MgHCO; water type characterizes the northeastern
parts of the research region corresponding to high concentrations of Magnesium
cations.

5.3.3 Durov Diagram

Another hydrochemical graphical representation could be carried out by Durov
diagram which has been constructed by Durov (1948). Generally, it relies on the
percentages of each cation and anion in milliequivalent. It is made of two ternary
charts. Both anions and cations are plotted in separate triangles, then by extending
points with lines to intersect, the resultant point in the central rectangle reflects the
water type. Durov diagram plays a crucial function in determining the concentration,
the origin of the groundwater chemical ingredients, and the total dissolved solids.
A code has been provided by Al-Bassam et al. (1997) to process data using Durov
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Fig. 12 The spatial distribution map representing the different hydrochemical water types revealed
from Piper’s tri-linear diagram

diagram. This diagram may give more information about the hydrochemical facies of
the groundwater by defining its type or provide some useful geochemical processes
for more understanding and analyzing the quality of the groundwater (Ghoraba and
Khan 2013). Analyzing Durov diagram according to groundwater classification based
on this diagram (Lloyd and Heathcote 1985) reveals that more than 61% of water
samples are in a simple dissolution or mixing phase with no dominant anion or cation.
Durov diagram exhibits that the mixed water type in the current region are found
at field 5 (61% of all groundwater samples) along the mixing or dissolution line.
The trend of this line may be related to the recent fresh water recharge indicating
little dissolution or mixing with no dominant cation or anion (based on Lloyd and
Heathcote 1985). While about 18% of all water samples are at field 2 that suggests
the water type is characterized by Ca and HCO; with the presence of Na. These
waters are affected by ion exchange. Moreover, a percent of 12% of the groundwater
samples is located at field 8 reveals that these water types are dominated with Cl
and Na and assumes that the groundwater is affected with the process of reverse
ion exchange of Na—Cl waters. Furthermore, the rest of samples are dominant with
HCOj; and Ca, SOy, Cl and Na, and SO, and Na (Fig. 13).
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Fig. 13 The gathered groundwater samples are depicted in a Durov diagram drawn using Aq.QA®
computer software (RockWare Inc. 2004)

6 Suitability of Groundwater for Irrigation Purposes

Groundwater suitability for irrigation purposes relies on the TDS concentrations
which in turn have a high affect on both productivity and quality of crops. Ground-
water quality could be decided based on different indicators like sodium content (SC),
permeability index (PI), sodium adsorption ratio (SAR), residual sodium carbonate
(RSC), Kelly’s ratio (KI), magnesium hazard (MH), chloro-alkaline Indices (CAI),
chloride classification, and corrosively Ratio (CR), as shown in Tables 3 and 4.
Figure 14 represents bar chart plots revealing several parameters of water quality in
the investigated area.

6.1 Sodium Content (SC)

Sodium ion concentration has a negative impact on the crop yield, which is reduced
when Na* enters the vacuum areas in the soil causing a decrease in permeability (Sen
2015). Therefore, SC represents a very significant index. SC could be obtained by
expression (Eq. 4).
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Table 3 Classification of water quality
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Parameter Classification Reference
SC (%) <20 Excellent Wilcox (1955)
2040 Good
40-60 Permissible
60-80 Doubtful
>80 Unsuitable
SAR (epm) <10 Excellent Todd and Mays (2005) and Sen
10-18 | Good (2015)
18-26 Permissible
>26 Doubtful
RSC (meq/L) | <1.25 Safe for drinking Eaton (1950) and Richards
1.25-2.50 | Marginal as an irrigation source (1954)
>2.5 Unsuitable for irrigation without
amendment
MH <50% Suitable Negm and Armanuos (2017)
>50% Unsuitable
PI >75% Class-1 Doneen (1962)
25-75% | Class-II
<25% Class-IIT
(Na* + KT)

SC (%) = 100 %

4)

(Ca*" +Mg** + Nat 4+ K*)

6.2 Sodium Adsorption Ratio (SAR)

Both water salinity and SAR are good indicators for groundwater suitability for irri-
gation. This is depending on sodium concentration that impacts the soil and hence the
permeability. SAR evaluates the hazard of Na* to agricultural crops and is obtained
by Eq. 5, after converting mg/L unit into meq/L unit (Todd and Mays 2005).

Na™

Ca* +Mg*
2

SAR = (&)

It reflects the ability of the soil to absorb Na*. At high values of SAR, the soil
must be adapted to avoid long term disturbances. SAR calculation is important due
to Na* displacement phenomenon with both Ca?* and Mg?* in the same soil resulting
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Fig. 14 Bar chart plots represent different water quality parameters

in lowering the soil ability to construct stable aggregates and soil structure loss (Sen
2015).

6.3 Residual Sodium Carbonate (RSC)

RSC evaluates the risk effect on the groundwater caused by excess concentration
of both bicarbonate and carbonate (Raju 2007). High content of HCO3;~ results in
the precipitation of both Ca>* and Mg?* as CO32~, therefore soil would be enriched
with Na*. RSC influences the electric conductivity, alkalinity, and SAR (Naseem
et al. 2010). RSC values would be estimated by Eq. 6 (Sen 2015):

RSC = (COs*~ + HCO5™) — (Ca** + Mg*") (6)

all concentrations are in meq/L.
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6.4 Permeability Index (PI)

Permeability index (PI) is important to deduce the groundwater appropriateness for
irrigation aims. Water content of calcium, sodium, bicarbonates and magnesium
influences by long term use the permeability of the soil. Doneen (1962) has calculated
PI value using Eq. 7 where ions are in meq/L.

Nat + ,/HCO3

PI = 100 *
Ca2+ +Mg2+ +Na+

(7

6.5 EC and SAR Relationship

EC together with SAR are good indicators for the availability of groundwater for
cultivation purposes. SAR and EC data could be exhibited using a USSL (1954)
diagram to decide the validity of water for irrigation (Fig. 15). The USSL diagram
shows EC on the horizontal versus SAR on the vertical axes. USSL diagram reveals
that about 93% of the water samples show a wide range of both salinity and alkalinity
having the following types C2S1, C3S1 and C3S2. These types reveals that the
groundwater types are good to excellent depending on the sodium hazard class and
are good to doubtful depending on the salinity hazard, while the rest of samples: S14,
S19, S46 and S49 are not suitable for irrigation because they are classified as C4S3
and C454 (see Fig. 16 to see the locations of these samples).

6.6 Magnesium Hazard (MH)

Generally, both calcium and magnesium ions are found in equilibrium state in
groundwater (Negm and Armanuos 2017). High levels of Mg?* in water cause
converting the quality of soils to alkaline and reducing the crops. Szabolcs and Darab
(1964) suggested an index expresses the water suitability for irrigation purposes, this
parameter is known as magnesium hazard (MH) which is given by Eq. 8:

MH = Mg*"/(Ca*" + Mg*") x 100 (8)

where Mg?* and Ca?* concentrations are in meq/L.

When MH exceeds 50%, then groundwater would be harmful and unsuitable for
irrigation aims. Generally, groundwater samples are classified based on MH ratio
(Table 3) to be suitable for irrigation goals (89.48%), whereas only 10.52% of the
samples (boreholes 1, 2, 32, 45, 54, and 55) are classified as unsuitable for the
agricultural purposes (refre to Table 4).
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Fig. 15 SAR-EC water classification diagram for irrigation purposes

6.7 Kelly’s Ratio (KI)

Kelly’s ratio is also a parameter that indicates the validity of groundwater for agricul-
tural activities. This ratio is expressed by the following formula (Negm and Armanuos
2017):

KI = Na*/(Ca’" + Mg*") 9)

where Ca?*, Na*, and Mg?* concentrations are in meq/L.

According to Narsimha et al. (2013) and according to the calculated KI values,
groundwater would be grouped into suitable water for irrigation purposes (KI < 1)
representing 73.7% of the groundwater samples, while 26.3% of the samples are
unsuitable water (KI > 1).

6.8 Chloride Classification

Chloride concentration in groundwater is affected by agricultural activities,
and human and animal waste sources because CI~ is well transported through the
soil (Stallard and Edmond 1981). Stuyfzand (1989) has classified groundwater based
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Fig. 16 Spatial distribution map for the types revealed from SAR-EC water classification diagram

on CI~ concentration in meg/L into: hypersaline, salt, brackish-salt, brackish, fresh-
brackish, fresh, very fresh and extremely fresh. Thus, our groundwater samples are
grouped into: very fresh water (61.4%), fresh-brackish water (22.8%), and brackish
water (15.8%).

6.9 Chloro-Alkaline Indices (CAI)

This index denotes the aquifer’s ion exchange phase which occurs between the soil
and the groundwater. CAI is expressed by Eq. 10 (Schoeller 1967).

Cl” — (Na* +K*)
o/

CAl =

(10)

Based on CAI values; negative values refer to ion exchange phase between K*
and Na* in groundwater and Mg?* and Ca®* in the rock (Negm and Armanuos 2017).
By calculating the CAI values, it could be concluded that 57.9% of water samples
has negative CAI values (Table 4) and this is emphasized by Durov diagram.
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6.10 Corrosively Ratio (CR)

Corrosively ratio (CR) is an index reflecting the safety for groundwater transportation
in metallic pipes (Negm and Armanuos 2017). If this ratio is less than 1, this means
that it is safe to transport groundwater in any type of pipes, otherwise if it is higher
than 1, this refers to the corrosive nature of the groundwater and it would be not safe
to transport water through metal pipes. This index is given by Eq. 11:

Clm S0, HCO3™ +C032~
R=(=— 42 2 11
¢ <35.5Jr 96 >/< 100 an

All anions’ concentrations are in meq/L unit.

In accordance with the calculated CR values (Table 4), it would be deduced that
the CR values of almost water samples are greater than 1, so it is unsafe to transport
this water in metal pipes for long distances.

7 Results and Discussion

Hydrochemistry has an incredible significance in quality assurance and characteriza-
tion of groundwater, and subsequently, choice if this water is appropriate for various
demands, for example, drinking, household, cultivation, and industrial purposes.
Depending on the groundwater analysis of 57 collected samples from several drilled
boreholes in the surveyed region, important information about the concentrations
of both major anions and cations, Fe-Mn trace elements, furthermore TDS and EC
are obtained. Groundwater reasonableness to use for drinking and irrigation was
assessed depending on the realized standard values of the guidelines.

Several numerical indicators including EC, TDS and TH have been studied. EC
concentrations range between 300 and 4032 pS/cm with the value of 1127.83 nS/cm
on average. As a result, groundwater in the examined region could be divided into
permissible water (59.65%) and good water (33.33%) categories, with just 3 water
samples categorised as doubtful (boreholes 19, 46, 49). Only one sample from bore-
hole 14 was declared unsuitable for drinking. Concerning TDS level, when TDS level
in the water samples is beneath 600 mg/L, the groundwater would be suitable for
drinking while the threshold limit is 1000 mg/L (WHO 2011). TDS values change
between 216 and 2500 mg/L with an average value of 709 mg/L. Most of the water
samples collected from the study area are categorized into freshwater (79.31%, their
TDS < 1000 mg/L), except 12 samples represent brackish water (21.05%). Further-
more, it is worth mentioning that groundwater having TDS values below 600 mg/L
represents 50.88% of the existing samples.

Distribution maps of TDS, EC and TH exhibit a high EC and TDS level zone
at the northwestern part. It is also obvious that there are moderate concentration
zones in the central (extending NW-SE) and eastern regions at the studied area,
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while the lowest levels, on the other hand, are clustered towards the southwest. This
might be resulted from different reasons such as recharge decrease from the Rosetta
branch and/or increase discharge process for agricultural drainage. Moreover, EC
has a strong relation with TDS, TH, Ca?*, Cl~, Na* and intermediate linkage with
HCO;~,S0,%, Mg2+ indicating that such cations and anions have an identical source
and are implicated in the reactions of ion exchange (Rao 2002). Furthermore, TDS
has high correlations with Ca?*, Mg?*, and Na*. As EC could be estimated directly in
the field; hence, TDS level can be computed by using the obtained formula (Eq. 2).
Hence, with great benefits such as saving time, money, and efforts, an economic
study of water quality can be carried out using this equation.

Groundwater’s total hardness reveals that the maximum concentration is
1163 mg/L at well 46 where there are some high contents of Mg?* and Ca’* (264
and 122.7 mg/L; respectively), while the minimum value is 63 mg/L at well 26 this
corresponds low concentrations of Ca?* (12.8 mg/L) and Mg?* (7.68 mg/L). The
average hardness value is 391 mg/L. According to hardness levels, groundwater is
grouped into soft (3.51%), moderately hard (8.77%), hard (33.33%), and very hard
(54.39%) waters (Tables 1 and 4). TH is highly related to Mg?*, Ca*. This analysis
suggests that the groundwater in the study area is rich with Mg?* and Ca* salts. From
the previous numerical indicators, it could be extracted that most of the groundwater
is suggested to be fresh to brackish water and suitable for drinking and domestic
utilities.

Groundwater quality for agricultural purposes was evaluated based on several
indicators such SC, PI, SAR, RSC, MH, Kelly’s ratio, and chloride classification.
These indicators suggest suitable and safe groundwater for agricultural activities
(Tables 3 and 4). SC is a very significant index for agriculture purposes. Based on
Wilcox (1955) classification, groundwater is categorized into good to excellent water
(54.39% of the samples), permissible water (24.56% of water samples), while 17.54%
is doubtful water for irrigation, but 3.51% of the samples (found at boreholes no. 26
and 34) are not suited for irrigation as SC exceeds 80%. The estimated groundwater
SAR values change from 0.07 to 10.06 epm. So, it is worth to conclude that the
groundwater in the research region is ideal for irrigation aims for all types of soils
with very low sodium hazards.

Based on RSC values, generally groundwater in the study area is suitable for
both drinking and irrigation purposes. 91.13% of the water has RSC less than1.25
while 8.77% exceeds the acceptable value (2.5 mg/L) at five boreholes (1, 4, 2, 26,
and 34) that suggests the unsuitability of the water for irrigation purposes (Eaton
1950; Richards 1954). Another classification of groundwater is depending on PI
values. This classification is subdivided into three classes: I, II, and III. Naseem et al.
(2010) mentioned classes I and II when the highest permeability is 75% or more,
then groundwater is good for irrigation, furthermore class III is obtained when the
highest permeability is 25% and this causes the unsuitability of the groundwater for
irrigation. Calculated values of PI reveal that classes I and II account 91.23% of the
samples, indicating the suitability of the groundwater for irrigation. However, 8.77%
of the water samples override the PI limits and are described as unsuitable water.
This only applies to five groundwater samples at boreholes 14, 27, 44, 45, and 46.
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Both electrical conductivity and the sodium concentration (%) are commonly used
to describe the groundwater quality for agricultural needs (Yidana et al. 2010). Repre-
senting EC versus SAR values on the USSL diagram reveals that 93% of groundwater
samples are of the following types C2S1, C3S1 and C3S2, which indicates that these
waters are good to excellent based on the sodium hazard class and these waters also
are good to doubtful depending on the salinity hazard. Moreover, about 7% of the
samples (S14, S19, S46 and S49) are not suitable for irrigation purposes as they are
classified as C4S3 and C4S4.

8 Conclusions

Results obtained from the hydrochemical interpretation show a clear harmony
deduced from EC, TDS, and TH distribution maps. In the northwest part, it appears
to have high values of EC, TDS, and TH. Moreover, cations distribution maps present
high values at the same area. Therefore, this part is somehow not suitable for domestic
purposes but could be used for agriculture utilities with some restrictions. The rest
regions of the area have moderate to low values of EC, TDS, TH, cations, and anions
levels. Hence, at these areas, waters are good for the different uses. In majority of
the boreholes, the EC and TDS readings indicate fresh to brackish water, while the
hardness indicates hard to extremely hard water. The hydrochemical outcomes were
correlated with the levels of well-known standard guidelines. Water types in the area
are classed as follows based on the amounts of major ions: Ca—-HCO; (22.81%), Ca—
SOy (17.54%), Na—SOy4 (15.79%), Na—Cl (14.03%), Ca—Cl (14.03%), Na—HCO3
(10.53%), Mg-HCO3 (3.51%), and Mg—SOy (1.75%). The research area’s ground-
water is characterised by a high concentration of alkaline earth and strong acids.
Also, the cations and anions have mostly the same source and are implicated in the
ion exchange reactions. Different water quality indicators such as SC, SAR, MH, PI,
and RSC recommend safe and proper groundwater for agricultural objectives.

9 Recommendations

The southern, central, and eastern parts of the study area are thought to be the best
locations for future water supply boreholes. However, prior to any process of ground-
water exploitation in such favorable district, excessive research should be considered
to control the basis for groundwater abstraction in order to avoid potential difficul-
ties related with excessive groundwater abstraction. This involves e.g. groundwater
age dating using isotopes, recognizing and distinguishing areas of recharge, and
simulating the impact of various groundwater abstraction scenarios. Moreover, it is
important to detect the recharge areas to protect them and avoid pollution problem
of the aquifer.
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