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Abstract One hundred sixty-nine groundwater samples were collected, chemically
analyzed, and classified into shallow, intermediate, and deep zones to evaluate the
vertical and lateral change in groundwater quality in the central part of the middle
Nile Delta. To estimate the groundwater suitability for drinking, parameter’s con-
centrations were evaluated according to WHO drinking water guidelines to delineate
the samples of desirable and undesirable range in every zone. According to the
computed WQI, most part of the shallow groundwater is unsuitable for drinking
[unfit (8 wells, 14.55%), very poor (3 wells, 5.45%), and poor drinking quality
(26 wells, 47.3%)]. Intermediate groundwater zone is mostly suitable [excellent
(4 wells, 8.9%) and good (24 wells, 53.3%)]. The deep groundwater quality is
classified into unfit (3 wells, 4%), very poor (5 wells, 7%), poor water (27 wells,
40%), good quality (30 wells, 45%), and excellent (2 wells, 3%).

Groundwater suitability was also evaluated using TDS, Na%, SAR, RSC, Cl, KI,
PI, MH, CAI, and CR. Irrigation water quality index (IQW) was also used as an
integrated method. The studied groundwater is mostly of medium suitability where
a number of samples which fall within this class are 36 (65.5%), 29 (64%), and
34 (51%) for the shallow, intermediate, and deep groundwater. Water samples have
good irrigation quality which increases downward where 15 (27.2%), 13 (29%), and
32 (48%) samples are recorded in this class, respectively. Samples belonging to the
poor quality class are mostly located in the northern part, and its sample numbers
are 4 (7.3%), 3 (7%), and 1 (1%), respectively.
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1 Introduction

Resources of freshwater distribution are uneven all around the world, and the
freshwater accessibility is gradually becoming rare and attributable to population
growth and varies human activities. The lack of fresh surface water leads to misuse
of groundwater to meet the demand required by different areas. Groundwater quality
is similarly essential as its amount is attributable to the appropriateness of water
for different targets. Spatial differences in groundwater quality in certain areas are
a component of physical, chemical, and biological factors that are significantly
affected by aquifer geology and human activities [1, 2]. Groundwater became the
main water supply for residential, industrial, and irrigation divisions of numerous
nations. Spatial change in the quality of groundwater because of geologic setup and
anthropogenic elements warrants the assessment of the groundwater quality for any
use including that for human utilization. Evaluation of the water quality for drinking
purposes includes the determination of the chemical composition of groundwater and
the remedial measures for the restoration of the water quality in case of its deterio-
ration demand and the estimation of probable sources of the groundwater pollution
[3]. About 33% of the world’s population use groundwater for drinking [4, 5].
Low quality of water unfavorably influences human health and plant develop-
ment. In developing nations like Egypt, about 60% of all infections are specifically
occurring due to the poor quality of the drinking water [6]. The spatial distribution
of water quality and significant components should be compared with the geology
and area using land use/land cover spread maps in GIS environment [7, 8]. Therefore
the chemical processes of water and the methods of their acquisition could be
clearly understood [9]. Egyptian population is basically situated in the narrow
valley and delta of the Nile. This high population density is accompanied with a
continuous growing size of the population, wastewater, development of industrial-
ization, living standards, the expanded utilization of chemicals in agriculture, the
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lack of real control on the transfer of unsafe waste materials, and in addition the
absence of ecological open mindfulness. This study aims to evaluate the quality
characteristics of the groundwater in the central Nile Delta part wherein the people
of the terrain are mostly dependent on the groundwater for their needs and to assess
the groundwater suitability for drinking and irrigation purposes. Many researchers
have investigated the water quality in the Nile Delta, among them Salem [10],
Elewa [11], Gemail et al. [12], Morsy and El-Fakharany [13], Salema et al. [14],
Ghoraba et al. [15], Khalil et al. [16], El Bedawy [17], Bennett et al. [18], Elkafoury
et al. [19], Fattah and Ragab [20], El-Kowrany et al. [21], Negm and Armanuos
[22], Negm and Eltarabily [23], Salem et al. [24], Sharaky et al. [25], and Salem and
Osman [26].

No encountered research work on the central Nile Delta used the integrated
method of water quality indices to evaluate the groundwater for irrigation and
drinking purposes as will be shown in this study.

2 Study Area

The Nile Delta, one of the biggest depocenters in the Mediterranean, is currently
mainly a man-altered beachfront plain where the Nile sediments have stopped
accumulating in the Mediterranean and locally are retreating. The Nile Delta area
is around 22,000 km? and records for 66% of Egypt’s agrarian surface. Its smooth
coastline is 225 km long and lies 160 km north of Cairo (Fig. 1). Land elevation
diminishes gradually northward, from 18 m masl (meter above ocean level) close to
Cairo to less than 1.0 m close to the coast [27]. The Nile water is flowing from the
Aswan High Dam to the delta. Thirty-three percent of this water volume is lost by
evapotranspiration and penetration to groundwater aquifers, and the other two third
flows slowly through the intense system of irrigation channels and drains. Agricul-
tural activities are overwhelming in the Nile Delta because of the soil salinity [27, 28]
and a watering system framework setup. The seawater intrusion might strongly
influence the quality of the groundwater in the area. The rise in the sea level as
well as the changes of Nile River flow leads to salinity increase [28, 29] and water
logging in the northern part of the Nile Delta [30]. Furthermore, the present and
future anthropogenic activities, particularly intensive unplanned groundwater
pumping, are bringing about the disintegration of the accessible groundwater
resources.

The study area occupied the central part of Nile Delta (Fig. 1) and is located
between the Damietta branch (in the east) and Rosetta branch (in the west). It lies
between latitudes 30° 06 and 31° 10’ north. The study area extends from the northern
part of Monufia Governorate into the southern part of Kafr El Sheikh Governorate
and including the whole area of Gharbia Governorate.
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Fig. 1 Location map of the study area in the central part of the middle Nile Delta. A—A’ is the
location of the cross section shown in Fig. 2

3 Hydrogeological Setting

Several studies dealing with the geology, hydrogeology, and hydrogeochemistry of
the Nile Delta quaternary aquifer were done. The significant part of the annual
recharge of the Nile Delta aquifer is gotten from the immediate seepage from the
watering system trenches and from the infiltration through soils due to irrigation
activities. The yearly general groundwater recharge to the aquifer is evaluated at
6.70 km*/year [24, 31-34].

The Nile Delta quaternary aquifer is of semi-confined type [29, 35]. It occupies
the entire Nile Delta. This aquifer changes in thickness from 200 m in the south
where Cairo is located to 1,000 m in the northern direction [36] (Fig. 2). The depth
to water in this aquifer ranges between 1 and 2 m in the north, 3—4 m in the middle
(study region), and 5 m in the south [29]. Distinctive evaluated groundwater depth
has been accounted for by RIGW [37] and Morsy [38].

Bilgas formation is a thin clay layer that covers the top of the quaternary aquifer of
the Nile Delta [24, 29, 39, 40]. This clay layer is responsible for the semi-confining
characters of the aquifer. Bilqas formation’s thickness differs from 5 to 20 m in the
southern and the central part of the delta and achieves 50 m in the northern part
[24, 29, 41]. The lithological and thickness characteristics of the Bilgas formation
greatly affect the level of interaction between the surface water and the groundwater
[42]. Mit Ghamr formation is the main aquifer in the Nile Delta which is formed by
quaternary sediments [24, 29] (Fig. 2). The variable hydraulic parameters and water
salinity of the aquifer are related to the various deltaic depositional conditions
[39]. These sediments show various aggradations and degradation cycles that were
typically produced by changes in sea level [41]. These quaternary sediments made
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Fig. 2 Hydrogeological cross section from south to north in the Nile Delta showing the ground-
water regime [11]

the Nile Delta aquifer as a large water reservoir that is recharged by the Nile water
flowing from south to north through an intensive network watering system [43]. The
quaternary Nile Delta aquifer is not hydraulically connected with the underlying
tertiary formations where the latter rocks act as an aquiclude [42].

4 Methodology

The performed working methodology of this work is shown in Fig. 3. One hundred
sixty-six groundwater samples were gathered during field inventory in 2014-2015.
Samples were collected from the drinking and irrigation water wells with depths
ranging from around 15 to 120 m. Samples were gathered in newly washed plastic
bottles. The performed field measurements and laboratory major ions analysis were
discussed in Salem et al. [24] and Salem and El-horiny [44], where electrical
conductance (EC, mS/cm), pH (hydrogen ion activities), temperature (°C), and
TDS (total dissolved solids, mg/l) were measured in situ. Hach’s portable EC/TDS
meter and portable Consort pH meter (model P 314) were utilized [45]. Chemical
analysis of the water samples was carried out by the central laboratory of the ministry
of environmental affairs in Tanta City and included the determination of the major
ions (i.e., K, Na, Ca, Mg, Cl, HCO3, CO;, and SO,) and trace elements (Fe, Mn, Cu,
and Zn). The chemical analysis was finished within few days of water sample
gathering. The laboratory analyses of the major ions were done utilizing the standard
analytical techniques depicted by Hach [45]. Precipitation with barium chloride
method was used for sulfate measuring by spectrophotometer. Chloride, bicarbonate,
calcium, and magnesium were measured utilizing a digital titrator. Titration method
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Fig. 3 Flow chart shows the working methodology

using a standard solution of mercuric nitrate and diphenyl carbazone reagent powder
was used for chloride ion measurements. Measurements of bicarbonates were done by
titration using standard sulfuric acid solution. Concentrations of calcium and mag-
nesium were measured through TH test (total hardness) and calcium hardness test.
Atomic absorption was utilized for measuring Fe, Mn, Cu, and Zn. To have a definite
depiction of the groundwater quality of the study zone, the gathered samples are
classified into shallow groundwater (Fig. 4a), intermediated groundwater (Fig. 4b),
and profound groundwater tests (Fig. 4c). The statistical assessment of the water
chemical analysis for drinking and irrigation objects is listed in Tables 1 and 2.

4.1 Estimation of Drinking Water Quality Index (WQI)

Chemically based drinking water guidelines according to WHO [46, 47] including
the desirable limits of the measured parameters are listed in Table 3. Depending on
the relative importance of each parameter for drinking water quality, parameter’s
weight is assigned. TDS, EC, NOs, and Pb each has a maximum weight of 5. SOy,
TH, and Mn assigned a weight of 4. 3 is used as the weight of pH, Cl, and Na. K,
Mg, Ca, HCOj;, Cu, Fe, and Zn weight is 2 [48]. The calculating method of WQI is
as follows:

WQI =" 0i x Wi (1)
Qi = (Ci/Si) x 100 (2)
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Fig. 4 Location map of the collected groundwater samples in (a) shallow, (b) intermediate, and

(c¢) deep zones
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Table 2 Groundwater suitability for irrigation
Classification Shallow Intermediate | Deep
pattern Categories Ranges No | % No % No %o
Total dissolved | Desirable <500 23 |41.80 |18.00 [40.00 |28.00 |41.79
solids (TDS) Permissible 500-1,000 21 |38.20 [21.00 |46.70 |31.00 |46.27
Useful for 1,000-3,000 6 1090 | 400 | 890 | 8.00 |11.94
irrigation
Unfit for >3,000 5 9.10 | 2.00 | 4.44 0.00
irrigation
Sodium per- Excellent 0-20 0 0.00 | 3.00 | 6.67 | 2.00 | 2.90
cent sodium Good 20-40 32 5820 [28.00 |62.22 |44.00 |65.70
(Na%) Permissible | 40-60 12 [21.80 |12.00 |26.70 | 15.00 | 22.40
Doubtful 60-80 11 {20.00 | 2.00 | 440 | 3.00 | 4.50
Unsuitable >80 0 | 0.00 0.00 | 3.00 | 4.50
Sodium Excellent 0-10 45 |81.80 [43.00 |95.60 |65.00 |97.00
absorption Good 18 7 |12770 | 2.00 | 440 | 2.00 | 3.00
ratio (SAR)  'poybeful 18-26 3| 550 | 0.00 | 000 | 0.00
Unsuitable >26 0 | 0.00 | 0.00  0.00 | 0.00
Residual Good <1.25 48 |87.30 |[42.00 93.30 |63.00 |94.00
sodium car- Doubtful 1.25-2.5 2 | 3.60 | 200 @ 4.50 | 2.00 | 3.00
bonate RSC)  [nsyitable | > 2.5 5 1910 | 1.00 | 220 | 2.00 | 3.00
Permeability Class I >75 13 |23.60 | 7.00 | 15.60 | 9.00 |13.40
index (PI) Class II 25-75 42 |76.40 |38.00 |84.40 |58.00 |86.60
Chloro-alka- Base Negative 25 |45.50 |25.00 |55.60 |35.00 |52.20
line Indices exchange
(CAI Cation—anion | Positive 30 | 54.50 |20.00 |44.40 |32.00 |47.80
Chloride (C17) | Extremely <0.14 0.00 0.00 | 0.00
fresh
Very fresh 0.14-0.85 0 | 0.00 | 200 | 4.40 | 4.00 | 6.00
Fresh 0.85-4.23 34 161.80 |30.00 |66.70 |38.00 |56.70
Fresh— 4.23-8.46 9 1640 |10.00 |22.30 |17.00 |25.40
brackish
Brackish 8.46-28.21 6 1090 | 1.00 | 2.20 | 8.00 |11.90
Brackish— 28.21-282.06 6 1090 | 2.00 | 4.40 | 0.00 | 0.00
salt
Salt 282.06-564.13 | 0 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Hypersaline >564.13 0 0.00 | 0.00 | 0.00 | 0.00 | 0.00
Magnesium Unsuitable > 50% 9 1640 |16.00 |35.60 | 7.00 |10.45
hazard (MH) Suitable < 50% 46 |83.60 [29.00 |64.40 |60.00 |89.55
Kelley’s index | Unsuitable >=1 14 |25.50 |10.00 |22.20 |11.00 |16.40
(KI) Suitable <1 41 |74.50 |35.00 |77.80 |56.00 |83.60
Corrosive ratio | Noncorrosive | <1 17 13090 |11.00 |24.40 |22.00 |32.80
(CR) Corrosive >1 38 [69.10 |34.00 |75.60 |45.00 |67.20
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Table 3 Desirable limits and weightings of the parameters used in WQI calculations

Parameters WHO desirable limits (mg/l) Weight (wi) Relative weight (mg/l)
TDS 500 (mg/l) 5 0.1000
PH 6.5-8.5 3 0.0600
EC 1,500 us/cm 5 0.1000
TH 300 (mg/l) 4 0.0800
Ca 200 (mg/l) 2 0.0400
Na 200 (mg/1) 3 0.0600
Mg 125 (mg/l) 2 0.0400
K 12 (mg/l) 2 0.0400
Cl 250 (mg/l) 3 0.0600
SO, 250 (mg/l) 4 0.0800
Cu 2.0 (mg/1) 2 0.0400
HCO;3 350 (mg/l) 2 0.0400
NO; 50 (mg/l) 5 0.1000
Fe 0.3 (mg/1) 2 0.0400
Mn 0.4 (mg/1) 4 0.0800
Zn 5 (mg/l) 2 0.0400
SW =50 Sw=1
n
Wi =wi/ > wi (3)
i=0

As stated by Armanuos et al. [49], “Qi is the ith quality rating and is given by Eq.
(2), Wi is the ith relative weight of the parameter / and is calculated by Eq. (3), Ci is
the ith concentration of parameter and Si is the ith drinking water guideline
according to WHO guidelines in mg/l, wi is the weight of ith parameter, and 7 is
the number of chemical parameters.”

4.2 Estimation of Irrigation Water Quality (IWQ) Index

Five parameter groups are utilized to compute the IWQ. The used parameters were
classified into groups according to the rules introduced by Ayers and Westcost [50]
and Simsek and Gunduz [51] (Tables 4 and 5). The IWQ index calculating method
in the current study was done according to what was stated in Simsek and Gunduz
[51] and Spandana et al. [52] as follows:

wQ=Y" Gi 4)

where i is an incremental index and G is the contribution of each one of the five
hazard groups that are essential to assess the quality of water resource for irrigation.
Salinity hazard as EC value represents the first category and is determined as:
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Table 4 IWQ’s parameter classification [50, 51]

Hazard Weight | Parameter Range Rating | Suitability
Salinity hazard 5 Electrical con- | EC < 700 3 High
ductivity (us/ | 700 < EC < 3,000 |2 Medium
cm) EC > 3,000 1 Low
Infiltration and per- 4 See table IV for
meability hazard details
Specific ion toxicity |3 Sodium adsorp- | SAR <3.0 3 High
tion ratio 30<SAR<9.0 |2 Medium
SAR >9.0 1 Low
Boron (mg/l) B < 0.7 3 High
0.7<B<3.0 2 Medium
B >3.0 1 Low
Chloride (mg/l) | Cl < 140 3 High
140 < CI <350 2 Medium
Cl > 350 1 Low
Trace element 2 See Simsek and
toxicity Gunduz [51]
Miscellaneous effects | 1 Nitrate nitrogen | NO3-N < 50 3 High
to sensitive cops (mg/l) 5.0 < NOs- 2 Medium
N <30.0
NO3-N > 30.0 1 Low
Bicarbonate HCO5; < 90 3 High
(mg/1) 90 < HCO; <500 |2 Medium
HCO3 > 500 1 Low
pH 70 <pH<8.0 3 High
6.5 <pH <7.0and |2 Medium
8.0 <pH <85
pH < 6.5 or 1 Low
pH > 8.5
G1 = wWirp (5)

where w is the group weighting, and r is the parameter rating value. EC-SAR
combination is the second category and represents the infiltration and permeability
hazard that is computed as:

G2 = Wyl (6)

where w and r are the group weight and the parameter rating value, respectively.
The third group is the specific ion toxicity of SAR, chloride, and boron ions in the
water and is calculated as a weighted average of the three ions:
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Table 5 Classification for infiltration and permeability hazard for irrigation water [51]

Rating | Suitability
SAR | <3 3-6 6-12 12-20 >20
EC >700 >1,200 >1,900 2,900 5,000 3 High
700-200 | 1,200-300 | 1,900-500 |2,900-1,300 |5,000-2,900 |2 Medium
<200 <300 <500 1,300 2,900 1 Low
w 3
Gs = ?3 Zj:l 7 (7)

where j is an incremental index, w is the weighting of the third group, and r is the
rating value of each parameter. The fourth group is the trace element toxicity that is
calculated as a weighted average of all the ions available for analysis:

W4 N
Ga=—§ Zk:l "k (8)

where k is an incremental index, N is the total number of trace element available for
the analysis, w is the weight value of this group, and r is the rating value of each
parameter. The fifth and the final category is the miscellaneous effects to sensitive
crops that are represented by nitrate—nitrogen and bicarbonate ions and the pH of
the water and is formulated as a weighted average:

W5 3
Gs = T Zm:l 'm (9)

where m is an incremental index, w is the weight value of this group, and r is the
rating value of each parameter.

5 Results and Discussion

5.1 Evaluation of Groundwater Quality for Drinking

Drinking water characteristics are soft, low TDS, and has no dissolved toxic
components. WHO [47] drinking water guidelines are taken as the basis for the
groundwater quality assessment. The statistical analysis of the measured chemical
parameters which are used to assess the studied groundwater drinking quality is
listed in Table 1.

5.1.1 Shallow Groundwater

The shallow groundwater pH values range from 6.8 to 8.31 with an average value of
7.74. One hundred percent of the samples of the shallow zone are within the
desirable limits. TDS vary in the range from 210 to 8,820 mg/l, and the average
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value is 1,165.7 mg/l. Based on WHO [47] for water suitability according to TDS
values, 65.5% of the wells (36 well) are unsuitable water for drinking, and 34.5% of
wells are suitable [53]. Spatially the samples have unsuitable TDS values, occupy-
ing most of the study area except some areas to the east and the west (Fig. 5a). TH
values range from 136.55 to 1,946.4 mg/l with 342.1 mg/l average value. 67.3%
(37 wells) of the groundwater samples have soft characters; 32.7% (18 wells) are of
hard to very hard category which is beyond the suggested safe limit [54]. The latter
unsuitable groundwater samples occupy the northern and southeastern parts of the
area (Fig. 5b). NO;3 concentration varies from 0.022 to 42 mg/l with an average
value of 3.05 mg/l. One hundred percent of the shallow groundwater samples have
NOj; concentrations under the permissible limit (Table 1) [55]. Higher NO5 values
are recognized in the southern and northwestern parts of the area.

Na concentrations range from 24.2 to 2,160 mg/l with an average of 244.4 mg/1.
Based on WHO [46] guidelines, 11 samples (20%) are above the limit and spatially
located in the northern parts (Fig. 6a). One hundred percent of the shallow ground-
water samples have K concentration below the desirable limit and ranges from 0.060
to 11.40 mg/l with an average value of 1.70 mg/1 (Table 1). Ca concentrations range
from 27 to 620 mg/l with an average of 78 mg/l. About 5.5% (three wells) of
the shallow samples have Ca concentration which exceeded the desirable limit and
is located in the northern part (Fig. 6b). Mg concentrations range from 10.50 to
206.56 mg/1, and its average value is 33 mg/l. Most of the samples (98.2%, 54 wells)
have Mg concentrations within the desirable range (Fig.6c). The concentration of
HCO; ranges from 137.20 to 2,562.81 mg/l with an average value of 378 mg/l.
Thirty-nine wells (about 70.9%) of the total wells have HCO; concentrations lower
than the desirable limit and occupy most of the study area. 29.1% of wells are above
HCO; limit and mostly located in the northern parts of the area (Fig. 6d). It was found
that concentrations of SO, ions range from 0.20 to 246.20 mg/l with an average of
43.30 mg/l. One hundred percent of the samples are within the desirable limit
(Table 1). Chloride concentrations vary from 50 to 3,166 mg/l with an average of
362.80 mg/l. Forty-three wells (78.2%) are within the desirable range and located in
the southern and central parts. The samples of the northern part of the area (12 wells,
21.8%) are above the permissible limit (Fig. 6e). The concentration of Fe ranges
from O to 3.42 mg/l with an average of 0.96 mg/l. Twenty-one wells (about 38.2%)
are within the desirable range and represented at different localities in the study area.
Thirty-four wells (61.8%) are above the permissible limit and cover the most part
of the study area (Fig. 7a). Mn concentrations vary from 0.042 to 2.76 mg/l with
an average of 0.677 mg/l. Twenty-five wells (45.5%) of the shallow groundwater
samples have unsuitable Mn concentrations and occupy the most part of the study
area. Thirty wells (54.5%) of the samples are within the desirable range and occupy
the area located to the northeastern and southwestern parts (Fig. 7b). A higher
concentration of Mn is toxic and is usually bad in terms of taste, odor, and discol-
oration of food. It was found that the amount of Cu ions ranges from 0.002 to
1.15 mg/l with an average of 0.91 mg/l. One hundred percent of wells are within
the desirable limit with concentration increase toward NE parts as a general trend
(Table 1). The concentration of Zn varies from 0.006 to 2.63 mg/1 with an average of
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0.314 mg/l. Most of the wells (41 wells, 74.5%) are within desirable limit. Fourteen
wells (25.5%) exceeded the permissible limit and are located to the northern and
eastern directions (Fig. 7c).
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5.1.2 Intermediate Zone

The pH values of the intermediate groundwater range from 7.34 to 8.40 with an
average value of 7.75. One hundred percent of the wells in the study area are within
the desirable pH limits. TDS of the intermediate groundwater vary in the range from
173 to 6,430 mg/l with an average value of 804.43 mg/l. According to WHO [46],
58% (26 wells) of the wells are unsuitable water for drinking, and 42% (19 wells)
are of suitable water for drinking. The wells above the desirable limit are located at
the northern and the southern parts of the study area (Fig. 8). TH as CaCOs in the
intermediate groundwater ranges from 2.4 to 141.5 mg/l with an average value of
23.43 mg/l (Table 1). All the groundwater wells fall in the soft category (100%),
and the concentration increases toward the northern direction as a general trend.
NOj; concentration ranges from 0.0124 to 42 mg/l with an average value of 3.9 mg/1.
All the samples of this zone have NO;3 concentrations under the permissible limit
with an increasing trend toward the northwestern direction (Table 1).

Na concentration ranges from 15.20 to 1,249.5 mg/l with an average of 135.40 mg/1
and increases toward northern parts as a general trend (Fig. 9a). Five wells (11.11%)
are above the desirable limit and are located in northern parts. K concentration ranges
from 1.1 to 3.20 mg/l with an average value of 0.78 mg/l, all samples are under the
desirable limit (Table 1), and concentrations increase toward the northern direction.
Ca concentrations range from 8.4 to 750 mg/l with an average of 85.40 mg/l. About
95.6% (43 wells) of the samples are within the permissible limit and show an increase
toward the northern direction (Fig. 9b). The concentrations of Mg range from 4 to
141.4 mg/l with an average value of 39.9 mg/l. Most of the Mg concentrations
(44 wells, 97.8%) are within the desirable limit and increase toward the northern
parts as a general trend (Fig. 9c). The concentration of HCOj3 in the intermediate
groundwater ranges from 80 to 542.7 mg/l with an average value of 288.40 mg/l.
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Thirty-one samples (about 68.9%) of the total wells are under the desirable limit and
occupy most of the study area, while the wells above the permissible limit are located
in the northern parts and some localities at central and southern parts (Fig. 9d). It was
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found that 100% of wells are within the desirable limit of SO, concentrations and
range from 0.48 to 189 mg/l with an average of 60.10 mg/l (Table 1). The concen-
trations of Cl ion vary from 16 to 3,610 mg/l with an average of 256.40 mg/I. Thirty-
nine wells (86.7%) are within the desirable limit and increase toward the northern
parts as a general trend (Fig. 9e).

The concentration of Fe ranges from 0 to 2.81 mg/I with an average of 0.693 mg/I1.
Sixteen samples (about 35.6%) are within the desirable range, and concentrations
increase toward the northwest and northeast. The wells above the desirable limit
(29 wells, 64.4%) are located in the northern, western, and southwestern parts of the
study area (Fig. 10a). The concentration of Mn varies from 0.068 to 1.95 mg/l with
an average of 0.65 mg/l. Most of the wells (24 wells, 53.3%) are within the
desirable range, and the unsuitable samples (21 wells, 46.7%) are located at the
southern and northern parts (Fig. 10b). It was found that concentrations of Cu ion
range from O to 1.28 mg/l with an average of 0.246 mg/l. One hundred percent of
wells are within the desirable limit (Table 1) with concentrations increasing toward
the northern parts as a general trend. The concentration of Zn varies from 0.006 to
1.54 mg/l with an average of 0.361 mg/l. Most of the wells (34 wells, 75.6%) are
within the permissible limit, and 11 wells (24.4%) located mostly in the central and
southeastern parts exceed the permissible limit (Fig. 10c).

5.1.3 Deep Zone

pH values of the deep groundwater range from 7.30 to 8.45 with an average value of
7.65. One hundred percent of the deep groundwater samples are within the desirable
limits with higher values in some locations in the northern and southern direction.
The TDS values vary in the range from 180 to 1,940 mg/l with an average value of
635.11 mg/l. Thirty-nine wells (58.2%) are unsuitable, and 28 wells (41.8%) are of
suitable water for drinking. The suitable water samples are located in the eastern
and western directions (Fig. 11a). TH in this zone ranges from 91.96 to 1,026 mg/1
with an average value of 306.24 mg/l. Forty-one wells (61.2%) of the groundwater
wells fall in the soft category; 26 wells (38.8%) are located in the central part of the
area and fall in hard to very hard category (Fig. 11b). NO3 concentration ranges
from 0.006 to 30.4 mg/l with an average value of 2.7 mg/l. All the samples of this
zone have NOj concentrations under the permissible limit with an increasing trend
toward the south and southeast (Table 1).

Na concentrations show a range from 17.20 to 427.7 mg/l with an average of
98.41 mg/l. Most of the deep groundwater has Na concentrations within the desirable
range except the five wells (7.5%) which are mostly located in the northeastern part
(Fig. 12a).All the deep samples have K concentration under the desirable limit and
range from 0.15 to 2 mg/l with an average value of 0.66 mg/l (Table 1). The
concentration of Ca ranges from 30.70 to 230 mg/l with an average of 75 mg/l.
Sixty-six wells (98.51%) of the groundwater samples are within the desirable range
except one sample located in the southern part (Fig. 12b). The concentrations of Mg
range from 9.72 to 110 mg/l with an average value of 28.92 mg/l. All of the Mg
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concentrations (100%) are within the desirable limit of 125 mg/l (Table 1). The
concentration of HCOj; in this zone ranges from 87.92 to 904.3 mg/l with an average
value of 303.7 mg/l. Seventeen wells (25.4%) are above the desirable limit. These
samples are recognized in different localities within the study area (Fig. 12c). It was
found that the amount of SO, ion ranges from 0.31 to 252.90 mg/l with an average of
17 mg/l and about 65 wells (97%) are within the desirable limit of 250 mg/l
(Fig. 12d). The concentrations of Cl varies from 17 to 748.30 mg/l with an average
160.30 mg/1. Fifty-nine wells (88.1%) are within the desirable range, and eight wells
(11.9%) are above the limit and located mostly at the northern parts (Fig. 12e).

The concentrations of Fe range from 0 to 1.76 mg/l with an average of 0.38 mg/1.
Forty-two samples (62.7%) are under the desirable limit (0.3 mg/l), and 25 wells
(37.3%) are unsuitable (Fig. 13a). The unsuitable Fe-related groundwater samples
are represented mostly in the northwestern direction and some localities in the
southeastern and southwestern directions. The concentrations of Mn have ranged
from 0.036 to 2.89 mg/l with an average of 0.524 mg/l. 49.3% of the samples are
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within the desirable range and 50.7% are above the limit. The unsuitable ground-
water extended along the southeastern—northwestern direction (Fig. 13b). All wells
are within the desirable limit of Cu concentration with a range from 0.003 to
1.95 mg/l and an average value equal to 0.62 mg/l (Table 1). The concentration
of Zn varies from 0 to 1.37 mg/l with an average of 0.283 mg/l. Most of the wells
(53 well, 79.1%) are within the desirable range (0.5 mg/l), and 14 wells (20.9%)
exceed the limit (Fig. 13c). The unsuitable wells are located in the southwestern
corner of the area.

5.1.4 Drinking Water Quality Index (WQI)

Drinking water quality index of the shallow, intermediate, and deep groundwater
zones (Table 6, Fig. 14a—c, respectively) and spatial distribution have different
patterns. Most of the area in the shallow zone (Fig. 14a) is characterized by poor
drinking quality (26 wells, 47.3%) with patches of good quality (18 wells, 32.7%).
The northern and southern parts of the area show very poor (3 wells, 5.45%) to unfit
(8 wells, 14.55%) groundwater quality. The groundwater of the intermediate zone
has excellent (4 wells, 8.9%) to good (24 wells, 53.3%) water quality in the central
part of the area. On the other hand, the samples from the southern part have poor
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Table 6 Samples classification according to WQI

Shallow zone Intermediate zone | Deep zone

No. of % of No. of % of No. of % of
Type of water Range wells wells wells wells wells wells
Excellent water <50 0 0 4 8.9 2 3
Good water 50-100 |18 32.7 24 533 30 45
Poor water 100-200 |26 47.3 13 29 27 40
Very poor water | 200-300 | 3 5.45 2 4.4 5 7
Unfit for drinking | >300 8 14.55 2 4.4 3 4
water

quality (13 wells, 29%), and in the northern part, it has very poor (2 wells, 4.4%) to
unfit (2 wells, 4.4%) characters (Fig. 14b). In the deep zone (Fig. 14c), the poor water
quality class (27 wells representing 40%) covers most of the study area. Its water
quality changed into very poor (5 wells, 7%) to unfit (3 wells, 4%) in the southern
direction and excellent (2 wells, 3%) to good quality (30 wells, 45%) to the eastern
and western directions.

The correlation matrix (Table 7) shows the relationships between WQI and
different water quality parameters. As the correlation coefficient increases, the
elements’ bad effects on the drinking water quality increase. In the shallow ground-
water, there is a strong positive relationship between water quality deterioration
(higher WQI) and TDS, EC, TH, Ca, Na, Mg, K, Cl, HCO3, and Zn. It means all these
parameters increase with increasing TDS which are the mean factor for quality
deterioration. Mn is moderately affecting the groundwater quality, but SO,4, NOs,
Fe, and Cu show weak to a very weak relationship with WQI. This means the shallow
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groundwater is not affected by seawater intrusion because SO, does not increase
linearly with TDS and NOs;, Fe, and Cu concentrations are not related to salinity
increase, but it could be related to groundwater—sediment interaction.
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Similar to the shallow water, the intermediate zone WQI shows a strong to an
intermediate positive relationship with seawater intrusion-related parameters which
are TDS, EC, Na, Mg, Cl, as well as SO,. In contrast, the freshwater-related water
quality parameters (Ca, K, HCOj3, and NOj3) show a weak relationship with WQI
which could be related to a higher freshwater fraction. As the deep samples generally
have lower salinity, therefore WQI has intermediate positive relationships (>0.5)
with seawater-related parameters and weak relationship with the freshwater-related
parameters. Iron and Mn show an increasing effect on water quality deterioration in
the intermediate zone for iron and deep zone for manganese. In contrast, Cu is highly
affecting the water quality in the shallow zones and nearly with no effect on the
intermediate and deep zones.

5.2 Evaluation of Groundwater Quality for Irrigation

In the Nile Delta, groundwater is the second water resource for irrigation. There-
fore, TDS, Na%, SAR, RSC, Cl, KI, PI, TH, MH, CAI, and CR (Table 2) and
irrigation water quality index IQW) were computed to survey the suitability of this
groundwater for irrigation purposes. Sodium is a vital element since it indicates the
soluble alkali/sodium effect to soils. Since sodium decreases soil penetrability
which badly affects cultivation process, SAR (sodium adsorption ratio) was calcu-
lated using the following equation:

N
SAR = —— (10)
(Ca+Mg)
2

Sodium percent is a factor likewise calculated to assess the appropriateness of
water for irrigation purposes [56, 57]. This factor is computed by the accompanying
equation:

(Na +K)
(Ca+ Mg+ Na +K)

Na% = x 100 (11)

The relative wealth of sodium regarding alkaline earths and boron and the
amount of HCO; and CO; in abundance of soluble earths additionally impact the
appropriateness of water for irrigation (RSC) [58]. RSC (residual sodium carbon-
ate) is computed as follows:

RSC = (CO; + HCO;) — (Ca + Mg) (12)

The soil penetrability is influenced by water use for a long time. Na, Mg, Ca, and
HCOj3; component in the soil impact it. Permeability index (PI) was developed by
Doneen [59] to evaluate the appropriateness of water for irrigation where
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Na + /HCO
Pl = M % 100 (13)
(Ca+ Mg+ Na)

Measured Na versus Mg and Ca was used by Kelly [60] and Paliwal [61] as
Kelley index. This factor is computed as shown in this equation:

KI:(Calj-—aMg) (14)

Magnesium ratio (MH) was suggested by Szabolcs and Darab [62] to assess the
irrigation water by the given formula:

Mg

MH=——°
(Ca+ Mg)

% 100 (15)

CAI (chloro-alkaline index) is an important factor and characterized as the
ion-exchange characters between the groundwater and aquifer sediments
[63]. CAI is computed according to the following equation:

_ (Cl— (Na+K))
CAl = > (16)

CR (corrosivity ratio) is essential to assess the ability to transfer water in
metallic pipes. Water with CR < 1 is safe, while >1 shows corrosive characters
and thus not to be transferred in metal pipes. The CR is computed utilizing this
equation:

355+ 2(%)

CR = (17)

5.2.1 Shallow Zone

The classification of the shallow groundwater suitability for irrigation using the
abovementioned parameters is listed in Table 2, and the spatial distribution is
shown in Figs. 15 and 16. According to Jain et al. [64], most parts of the study
area (50 wells, 90.9%) have desirable TDS range less than 3,000 mg/l except the
northern parts which have unfit TDS values (five samples) (Fig. 15a). Na% in the
shallow groundwater zone ranged between 19.4 and 80.1%, with an average of
44.7% (Table 1). It is observed that most of the shallow groundwater samples
located in the southeastern and western parts fall into the category of good (58.2%,
32 sample). Groundwater samples located in the northern part of the study area have
permissible (21.8%, 12 samples) and doubtful (20%, 11 samples) ranges (Fig. 15b).
The calculated value of SAR ranges from 0.83 to 21.4 and has been classified
mostly as excellent (45 samples, 81.8%) and good (7 samples, 12.7%) for irrigation.
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Fair category for groundwater (3 samples, 5.5%) is represented in the northeastern
part of the study area (Fig. 15c). RSC reveal that most of the samples fall within
good category (48 sample, 87.3%) suitable for irrigation. Two samples (3.6%) and
five samples (9.1%) restricted to the northeastern part fall within the category of
doubtful and unsuitable, respectively (Fig. 15d). Permeability index reveals that
most of the shallow samples fall within class II category (42 sample, 76.4%) except
the northeastern part where 13 wells (23.6%) are classified as class I (Fig. 15¢e).
Based on CAI, 30 wells (54.5%) of groundwater samples have cation—anion
exchange reaction characters and occupy various locations in the study area.
Samples belong to the base-exchange reaction category are represented by
25 wells (45.5%) and have no definite spatial distribution pattern (Fig. 15f).
According to chloride concentrations, 34 wells (61.8%) fall within fresh category
suitable for irrigation, 9 wells (16.4%) are considered fresh—brackish, 6 wells
(10.9%) are brackish, and 6 wells (10.9%) are located in the northern part and
fall within brackish—salt range (Fig. 16a). Magnesium hazard (MH) shows that
46 wells (83.6%) occupy most of the study area and are under the suitable category.
Nine wells (16.4%) are unsuitable and located as spots in the southeastern, north-
eastern, and northwestern parts (Fig. 16b). According to KI, most of the shallow
samples fall within suitable category (41 samples, 74.5%) which occupy most of the
study area. Fourteen wells (25.5%) are classified as unsuitable and located in the
northern parts (Fig. 16c). The calculated CR values reveal that most of the shallow
samples fall within corrosive category (38 wells, 69.1%). Noncorrosive category
(17 wells, 30.9%) is represented mostly in the western part of the area (Fig. 16d).

5.2.2 Intermediate Zone

The classification of the intermediate groundwater suitability for irrigation is shown
in Table 2, and the spatial distribution is presented in Figs. 17 and 18. Forty-three
wells (95.6%) and two samples (4.4%) have suitable (<3,000 mg/l) and unfit TDS
values for irrigation, respectively. The unfit groundwater is represented in the
northern part (Fig. 17a). Calculated Na% reveals that most of the samples fall into
the category of excellent (28 wells, 62.2%) and good water (3 wells, 6.7%). Permis-
sible (12 wells, 26.7%) and doubtful (2 wells, 4.4%) categories are represented
mostly in the northern parts (Fig. 17b). Intermediate groundwater is classified as
suitable for irrigation ranging from excellent to good according to SAR-calculated
values (Fig. 17¢c). Most of the groundwater samples have RSC values falling within
good category (42 wells, 93.3%) and occupying most of the study area. Doubtful
(2 wells, 4.5%) and unsuitable (1 well, 2.2%) categories are represented as scattered
few locations (Fig. 17d). Class II is the predominant PI category (38 wells, 84.4%)
and represented in all parts of the study area while 7 wells (15.6%) are related to class
I and represented as three scattered small locations (Fig. 17¢). Base-exchange
reactions are the common CAI category (25 wells, 55.4%) and occupying an area
extending from the southwestern to the northeastern and northern directions
(Fig. 17f). Cation—anion exchange reactions (20 wells, 44.6%) mostly characterize
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Fig. 15 Spatial distribution maps of the shallow groundwater suitability for irrigation based on (a)
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Fig. 16 Spatial distribution maps of the shallow groundwater suitability for irrigation based on (a)
Cl, (b) MH, (¢) KI, and (d) CR values

the water of the southeastern and northwestern parts of the area. Chloride concen-
trations reveal that most of the groundwater samples fall within fresh category
(30 wells, 66.7%) and occupy the central parts, two samples (4.4%) are very fresh,
and ten wells (22.3%) fell within the fresh—brackish category and are located in the
southern and the northern parts. Brackish (1 well, 2.2%) and brackish—salt (2 wells,
4.4%) groundwater are located in the northern parts as shown in Fig. 18a. According
to the calculated magnesium hazard (MH), 29 wells (64.4%) are under suitable



Assessment of the Groundwater Quality for Drinking and Irrigation. . . 675

3 o e 3"' I Unsuitable >80%
o
Unfit irrigation . - Doubtful(80-80%)
>3000 meg/l 20 - :
Pormissible40-60%)
Useful for irrigation b b i
(1000-3000 mg/) o . Doodzs-4r%)
Permissible (500-1000 mg/l) 3 : Excallent{0-20%
Desirable <500 ;31 Ll i . S )

22 kiry
300657 3078 30.85 3095 2108 3115 3135 3138

1.4 EIE == P
Good(10-18) I 4 T '

Unsuitable > 2.5

Doubtful(1.25 -2.5)

Excollent(0-10) Good <125
lon
Class 1>75% Exchange Reactions
(Positive values)
B; Exch; Reactiol
Class Il (25- 75 %) '?’».J.i.:."%u.'.. "

w’n % 3085 30.95° 31.05° 3115 31,25 3195

Fig. 17 Spatial distribution maps of the intermediate groundwater suitability for irrigation based
on (a) TDS, (b) Na%, (c) SAR, (d) RSC, (e) PI, and (f) CAI values

category and occupy most of the study area, and 16 wells (35.6%) fell within the
unsuitable category and are represented mostly in the southwestern part of the area
(Fig. 18b). Most of the samples of the intermediate zone fall within the suitable KI
category (35 wells, 77.8%), while ten wells (22.2%) are unsuitable and located in the
northern parts (Fig. 18c). As shown in Fig. 18d, the calculated CR values reveal that
most of the intermediate samples fall within corrosive category (34 wells, 75.6%).
Eleven samples (24.4%) are of noncorrosive properties and located in the central part
of the area and other few locations.

5.2.3 Deep Zone

Parameters used for examining of the deep groundwater suitability for irrigation were
listed in Table 2 and spatially distributed in Figs. 19 and 20. Based on TDS values, all
samples are suitable for irrigation (TDS < 3,000 mg/1) (Fig. 19a). In respect to Na%,
44 wells (65.7%) fall within the category of good and occupy most of the area, and
15 wells (22.4%) are of permissible values and located in the southeastern and the
northeastern directions. Few samples fall in excellent category (2 wells, 2.9%), three
wells (4.5%) are in doubtful category, and three wells (4.5%) are unsuitable
(Fig. 19b). The calculated values of SAR reveal that most of the samples fall within
excellent category (65 wells, 97%), and the rest of the samples (2 wells, 3%) fall into
the good category (Fig. 19c). Calculated RSC reveal that 63 wells (94%) fall into
good category and 4 wells (6%) located in the northeastern part fall within categories
of doubtful and unsuitable (Fig. 19d). Class II is the predominant permeability index
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category (58 wells, 86.6%), while 9 wells (13.4%) located in the eastern part fall
within class I (Fig. 19e). The calculated CAI has no definite trend where 32 wells
(47.8%) are under cation—anion exchange reaction category, and 35 wells (52.2%)
fall within base-exchange reaction category (Fig. 19f). Chloride concentrations show
that 4 wells (6%) and 46 wells (56.7%), respectively, fall within very fresh and fresh
category and occupy most of the study area. Seventeen wells (25.4%) have fresh—
brackish characters, and eight wells (11.9%) are brackish and located mostly in the
northeastern direction (Fig. 20a). Calculated magnesium hazard (MH) values reveal
that 60 wells (89.55%) are under suitable category and occupy most of the study area,
and 7 wells (10.45%) are unsuitable and mostly located in the northwestern direction
(Fig. 20b). KI reveal that most of the deep samples fall within suitable category
(56 wells, 83.6%), and 11 wells (16.4%) are unsuitable and characterize small areas
in the south and northeastern parts (Fig. 20c). The calculated CR has no definite trend,
and most of the samples fall within corrosive category (45 wells, 67.2%), while
22 samples (32.8%) are characterized by noncorrosive properties (Fig. 20d).

The binary relationships between salinity hazards and SAR (Fig. 21) and total
ion concentrations and Na% (Fig. 22) reveal that most of the shallow, intermediate,
and deep groundwater samples fall within ranges from good to permissible. Some
samples are of the unsuitable category. It is obvious that the quality of groundwater
for irrigation in the southern and middle parts is good to permissible, but the
groundwater in the northern parts is of doubtful to unsuitable characters.

5.2.4 Irrigation Water Quality (IQW) Index

Irrigation water quality index of the shallow, intermediate, and deep groundwater
zones (Table 8, Fig. 23a—c, respectively) has different patterns. IQW of the shallow
zone (Fig. 23a) shows that 4 wells (7.3%) fell within poor category and are located in
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Fig. 20 Spatial distribution maps of the deep groundwater suitability for irrigation based on (a)
Cl, (b) MH, (c¢) KI, and (d) CR values

the northeastern and northwestern parts, and 15 wells (27.2%) are of good water
quality. The medium water quality (36 wells, 65.5%) is the predominant category
and occupies most of the study area. The intermediate groundwater (Fig. 23b) is
predominantly of good (13 wells, 29%) to medium (29 wells, 64%) water quality and
changes to low quality to the northern part (3 wells, 7%). The deep zone (Fig. 23c), in
general, looks similar to the intermediate zone with medium (34 wells, 51%) to good
(32 wells, 48%) water quality changed to low quality (1 wells, 1%) in the northern
part.
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Fig. 22 Wilcox diagrams for groundwater classification for irrigation use

The correlation matrix (Table 7) shows the relationships between IQW and
different water quality parameters. In the shallow groundwater, EC, SAR, Cl, and
HCOj; are the most effective parameters in IQW where the correlation coefficients
range from 0.65 to 0.91. Weak correlation values between IWQ and NOj3, pH, Fe,
Mn, Zn, and Cu are noticed. As the soil hydrogeochemical processes decrease in the
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Table 8 Classification of groundwater according to its suitability for irrigation

Shallow zone Intermediate zone Deep zone

No. of % of No. of % of No. of % of
Type of water Range | wells wells wells wells wells wells
Low water <22 4 7.3 3 7 1 1
quality
Medium water 22-37 |36 65.5 29 64 34 51
quality
High water >37 15 27.2 13 29 32 48
quality

intermediate and deep groundwater, the effect of the major parameters like EC,
SAR, and CI on the IQW decreases downward. In contrast to the shallow ground-
water, correlation coefficient values of EC, CI, and HCO5; with IQW decrease
downward reaching weak class in the deep groundwater. On the other hand, the
effect of the minor elements on the irrigation water quality index increases down-
ward reaching 0.3, 0.45, 0.35, 0.56, and 0.59 for NO;, Fe, Mn, Zn, and Cu,
respectively. This could be related to the predominance of the water—rock interac-
tion in the intermediate and deep groundwater zones.

6 Conclusions

Based on WHO [46, 47] guidelines for drinking water, Na, K, Mg, Ca, SOy, Cl, Cu,
and NOj; concentrations are lower than the desirable limits in around 80% or more
of the collected samples. Mostly, the samples have undesirable concentrations of
these ions which are located in the northern part of the study area. Around 68—75%
of the samples have HCO; desirable concentration. TDS, iron, and manganese are
the most effective individual factors for quality evaluation of this groundwater.
65%, 42%, and 58% of the samples have TDS higher than 500 mg/1 for the three
zones, respectively. Regarding iron concentrations, 61%, 64%, and 37% of the
wells have undesirable concentrations. Around half of the collected water samples
have undesirable manganese concentrations. Ninety-eight percent of the interme-
diate groundwater samples have desirable TH concentrations, while around 67%
and 61% are recorded for the shallow and deep zones, respectively.

According to WQI, most part of the area in the shallow zone is characterized by
poor quality (26 wells, 47.3%), and 18 wells (32.7%) fall in good categories. The
northern and southern parts of the area show very poor (3 wells, 5.45%) to unfit
(8 wells, 14.55%) groundwater. The intermediate zone has excellent (4 wells, 8.9%)
to good (24 wells, 53.3%) water quality in the central part of the area. While in the
southern part, it has poor quality (13 wells, 29%), and in the northern part, it has
very poor (2 wells, 4.4%) to unfit (2 wells, 4.4%) characters. In the deep zone, the
poor (27 wells, 40%) water quality class covers most of the study area. The latter
class changed into very poor (5 wells, 7%) to unfit (3 wells, 4%) in the southern
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Fig. 23 Spatial distribution maps of the groundwater suitability according to the calculated
irrigation water quality IWQ) index in the (a) shallow, (b) intermediate, and (c) deep zones

direction and excellent (2 wells, 3%) to good quality (30 wells, 45%) to the eastern
and western directions.

Ten individual parameters were utilized to assess the quality of studied ground-
water and its reasonableness for irrigation. These parameters are TDS, SAR, Na%,
Cl, RSC, PI, KI, CAI, C.R, and MH. Groundwater wells were ordered concurring
TDS as around 90, 99, and 100% of wells for shallow, intermediate, and deep zone
separately have TDS under 3,000 mg/l. Subsequently groundwater is reasonable for
irrigation. Concerning Na%, the vast majority of the groundwater samples fall into
the classification of good to permissible. The computed estimation of SAR varies
from 0.83 to 21.37 for the shallow zone, 0.57 to 12.1 for the intermediate zone, and



Assessment of the Groundwater Quality for Drinking and Irrigation. . . 681

0.7 to 17.38 for the deep zone and has been classified as about 82% for shallow,
92% for intermediate, and 100% for deep zones of groundwater wells are suitable
for irrigation. Most samples have good RSC category, class II (76-86%, PI), fresh
and fresh—brackish characters (Cl), and suitable KI and MH. Samples that have
base-exchange and cation-exchange characters are mostly present with equal per-
centages in the three zones. A considerable number of samples are of corrosive
properties, 69%, 75%, and 67%, respectively, for the shallow, deep, and interme-
diate zones.

Few samples located in the northern part of the area have IWQ values less than
22 and are considered to be of poor irrigation quality. Groundwater of such regions
could decrease soil quality and led to yield misfortune. As a general guideline,
water pumping from such regions must be stopped. It was estimated that the quality
of the groundwater in the studied aquifer is fairly accepted and in the most parts of
the study area is reasonable for irrigation. Such spatial distribution of the factors
controlling the studied groundwater quality for drinking and irrigation in the three
zones is a reasonable tool to be used in future domestic and rural administration
plans and in deciding the most appropriate site for drilling wells and for evaluating
the general groundwater suitability.

7 Recommendations

The Nile Delta groundwater aquifer is influenced by many environmental factors
like human activity on the surface, sea water intrusion, and the type of aquifer
sediments. Therefore, the decision-maker must take into consideration the lateral
and vertical changes in groundwater quality when digging wells for different uses in
order to achieve the highest utilization of wells. Microbial contamination should
also be studied in spatial form to have a complete image about the Nile Delta
aquifer. The researchers should not study this aquifer as a single homogenous body,
but they should consider the vertical and horizontal change of groundwater chem-
istry. To complete this topic, the authors will conduct a hydrogeochemical study in
the three dimensions of the aquifer.
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