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Abstract: This study focused on assessing surface water quality in the northwest part of the Egyptian
Nile Delta (El-Menoufia Governorate) and evaluated water suitability for irrigation purposes using
the Irrigation Water Quality Index (IWQI), Permeability Index (PI), Wilcox, United State Salinity
(USSL) diagram, and Piper trilinear diagrams categories, taking into consideration various water
quality parameters. The results showed that, based on the IWQI, most of the water samples (61.8%)
in the investigated area fell under the no restriction water (NR) category. Furthermore, the Wilcox
diagram demonstrated that most of the investigated water samples (93.6%) are categorized as
doubtful water; this shows that those samples have a higher sodium content material. According to
the USSL diagram, most of the water samples (70.9%) fell into the high salinity (C) and moderate
sodium (S) content (C3S2) class. According to the PI index, 8.2% of the tested water samples fell into
class II (suitable for irrigation) and 91.8% fell into class III (unsuitable for irrigation). Based on the
Piper trilinear, the water type is Na-Cl-HCOj3. According to these results, most of the water samples
require more water regulations, are categorized as doubtful water that causes plants” augmentation
sensitivity if used for irrigation, and fell into the high salinity (EC) and sodium absorption ratio (SAR)
magnitude, which might have negative outcomes on soil and plant health if used for irrigation, have
extensive obstacles, and are improper for irrigation. Therefore, proper management practices and
treatments may be vital to mitigate the adverse effects of salinity and SAR on soil and plant health in
this study area. Therefore, addressing water deficiency and quality in Egypt’s northwest Nile delta is
crucial for suitable irrigation purposes.

Keywords: water quality; irrigation water; Nile Delta; Egypt; IWQI; GIS techniques

1. Introduction

Water scarcity is a significant global issue that affects many regions around the world
where the demand for water exceeds its availability. This fact could lead to conflicts over
water assets with impacts on agriculture and food supply. Moreover, climate change
modifies rainfall patterns, causing greater, more frequent, and more severe droughts
and floods. These alterations exacerbate water scarcity. To alleviate these challenging
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situations, sustainable water management practices are required; this can be accomplished
by investment in infrastructure, conservation efforts, and coverage changes [1].

Many drainage canals are liable to pollutants from the discharges of untreated domes-
tic and industrial wastewater; this may arise because of insufficient wastewater treatment
systems or wrong disposal practices [2]. However, it is encouraging to understand that a
portion of wastewater in rural areas is reused for irrigation purposes [3]. Reusing treated
agricultural drainage water for irrigation is a sustainable practice that could assist in re-
ducing the demand for freshwater sources. Imposing the proper remedy and regulation
procedures for agricultural drainage water is critical to ensure that it is suitable for reuse.
This may also include employing numerous remedy techniques, such as filtration, oxida-
tion, or disinfection, to cast off contaminants and pathogens. Additionally, monitoring and
testing of the water should be carried out to ensure compliance with relevant regulations
and recommendations [4]. To make use of the capability of agricultural water as a non-
traditional water resource, it is absolutely crucial to put into effect suitable remedy and
regulation tactics, certifying the elimination of contaminants and pathogens.

Especially in Egypt, this could be essentially useful and could contribute to water
scarcity challenges’ mitigation by providing sustainable water management practices within
the country [5]. Utilizing drainage water for irrigation in Egypt may alleviate the growing
demand for water in agriculture, decreasing the reliance on freshwater sources. This is
important in a water-stressed environment, such as Egypt, in which freshwater sources
are constrained. By reusing drainage water, farmers can optimize water usage and ensure
the sustainability of agricultural production. This practice helps to conserve freshwater
resources for other purposes and supports the overall economy by maintaining a strong
agricultural sector [6]. Nevertheless, it also emphasizes the significance of implementing ef-
fective techniques in irrigation and water management to guarantee the optimal utilization
of the available water resources [7,8].

Monitoring and maintaining water purity is important for achieving the safety and
sustainability of water resources for human and environmental needs [9]. Indeed, the as-
sessment of first-rate irrigation water is critical for sustainable agriculture and minimizing
potential effects on crops. The Irrigation Water Quality Index (IWQI) is an index used to
evaluate the suitability of water for irrigation purposes. It takes into consideration numer-
ous parameters along with physical, chemical, and biological water characteristics [10].

Geographic information systems (GIS) and IWQI methods are potential management
tools for providing monitoring data and spatial distribution maps for IWQI parameters
and measuring water quality [11]. Monitoring tools for surface water quality can pro-
vide representative and reliable estimations, despite the challenges posed by spatial and
temporal variations in water quality. GIS and IWQI methods can be used to generate
monitoring reports and aid decision-makers in understanding the quality of surface water
and optimizing its use in the future, and the concentration of various irrigation water
quality parameters are important factors that affect human health and living organisms. It
is a single value that defines irrigation water quality, simplifying the evaluation process
compared to complex data intervals [12]. The INQI is based on encouraged boundaries for
continuous water utilization across different soil types, and the water quality index is a
normally used tool to assess the overall water quality [13]. One of the primary demanding
situations with the IWQI is the choice and weighting of parameters. Irrigation Water Qual-
ity Index (IWQI) models are used to evaluate the quality of water by integrating multiple
water quality parameters into a single index. Different IWQI models may use exclusive
parameters and assign unique weights to these parameters to suit specific objectives or
environmental conditions [14]. The selection and weighting system might not be continu-
ally based primarily on scientific evidence or specific local conditions, which can limit the
accuracy and relevance of the index. In reality, some parameters have a greater effect on
water quality and human health. Ignoring this variability can result in an oversimplified
and potentially deceptive representation of water quality [12]. Furthermore, the INQI does
not take into consideration the specific requirements and characteristics of various water
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uses. For example, first-rate water requirements for drinking water deviate from those for
irrigation or leisure use. Failing to account for those precise necessities can lead to irrelevant
management selections and the inadequate protection of water assets [15]. Furthermore,
the IWQI does not take into consideration emerging contaminants or pollution that may
not be included within the decided-on parameters [16]. Lastly, the INQI is calculated using
a complicated mathematical formulation and algorithms, which avert its expertise and
accessibility for non-specialists and stakeholders. The loss of transparency and compre-
hensibility can restrict the usefulness and popularity of the IWQI as a decision-making
tool [17]. The index-based total assessment of water quality for irrigation involves the
usage of particular indices to evaluate the suitability of water for irrigation purposes. These
indices are frequently based on diverse water quality parameters consisting of pH, EC,
total dissolved solids (TDS), SAR, particular ion concentrations, and other indices such as
Na%, which evaluates the sodium hazard in irrigation water, and the Kelly’s Ratio (KR),
which assesses the suitability of water for specific crops, based at the ratio of sodium to
calcium and magnesium ions [18].

In surface irrigation, it is important to reveal and examine diverse water quality param-
eters to ensure the suitability of water for agricultural functions. These parameters consist
of pH, TDS, EC, turbidity, dissolved oxygen (DO), biochemical oxygen demand (BOD),
nitrate and phosphate levels, pesticides, heavy metals, and microbiological indicators,
which include total or fecal coliform bacteria [19].

The main object of this study was to provide spatial distribution maps for the IWQI pa-
rameters, such as water electric conductivity (EC), sodium absorption ratio (SAR), sodium
ion concentration (Na*), chloride ion concentration (Cl™), bicarbonate ion concentration
(HCO37), and other relevant indicators in El-Menoufia Governorate, Egypt, to identify the
water quality status throughout different areas of the study area.

In essence, the combination of irrigation water quality parameters, such as SAR, EC,
Na%, chloride concentration, and permeability index (PI), can help to identify potential
problems in water quality due to the current irrigation practices in the study area.

By using GIS zoning maps, the distribution of irrigation water quality of the study
area was represented and combined with other water quality parameters and indices to
identify “GIS Zones” that can serve as a guide for developing a sustainable groundwater
management plan for agricultural purposes. Moreover, GIS maps can also be used to
recommend suitable crops for different soil types in the study area, according to the
irrigation water quality parameters.

2. Materials and Methods
2.1. Description of Study Area

El-Menoufia Governorate is located in the Nile Delta region of Egypt between 30°25'0”
to 31°18'7" E and 30°8'23" to 30°50'031” N, with an area of 2460 km? (Figure 1). The
climate in El-Menoufia Governorate is assessed as a Mediterranean Sea climate. It is
characterized by having a hot summer and mild winter. Regarding precipitation, El-
Menoufia Governorate receives little or no rainfall, with an average annual precipitation
of around 50 mm. Most of the rainfall falls partially during the winter months, mainly in
December and January. According to the Koppen-Geiger climate classification scheme for
the last 30 years [20], the annual average temperature in El-Menoufia Governorate ranges
from 12.7 °C to 40.2 °C. The summer months (June to August) are the hottest, with average
excessive temperatures achieving 26.45 °C. In contrast, the winter months (December to
February) are distinctly moderate, with common excessive temperatures ranging from
13.7 °C to 22.3 °C. In the case of El-Menoufia Governorate in Egypt, evaporation happens
due to the high temperatures and dry weather within the area. The high temperatures
and dry climate lead to high evaporation rates from water sources such as canals and
the Nile River, where the average daily evaporation rate reached 5.2 mm, indicating
the continued loss of surface water in the study area. The lowest proportion of relative
humidity is observed in April, with an average of 56.8%, and the highest proportion of
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relative humidity is observed in December, with an average of 65.13%, which indicates
that the air during that month is relatively more humid. The soil temperature regime in
El-Menoufia Governorate is classified as “Thermic”, indicating high soil temperatures; the
soil moisture regime is defined as “Torric”, which signifies low soil moisture content [21].
In El-Menoufia Governorate surface irrigation, water is pumped from irrigation canals and
distributed across the fields using basin or flood irrigation techniques. These methods are
often used for crops that can tolerate semi-arid or moderate conditions, such as wheat,
barley, faba bean, and lentil or certain types of vegetables, and can be relatively simple and
cost-effective, especially in areas where water resources are readily available [22].
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Figure 1. Location of the study area and water sampling sites, relative to Egypt map (Landsat-8; Path
177 and Row 39).

2.2. Samples” Collection and Analysis

Collecting water samples is a critical step in assessing water quality and exploring
the water characteristics of irrigated canals and drains. A total of 110 water samples were
gathered with the use of plastic bottles (using 1 L pre-wiped, clean, polyethylene bottles
that were rinsed very well with sampling water and sealed) from all irrigation canals
within the examined area during September 2022 (Figure 1). By following the American
Public Health Association guidelines (APHA, 1998) [23,24], water sampling is typically
performed to research numerous parameters, which include water acidity (pH), water EC
(uS em™1), calcium (Ca?*), magnesium (Mg2+), sodium (Na*), potassium (K*), chloride
(C17), bicarbonates (HCO; ™), sulfate (S0427), and sodium adsorption ratio (SAR), as shown
in Table 1. The methods typically involve sample collection, preservation, and laboratory
analysis, following specific steps and protocols for a comprehensive assessment of water
quality and assessing the suitability of water for irrigation purposes using the INQI [25].
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Table 1. Water quality parameters and standard methods of analysis [23,24].
Parameter Detection/Reporting Limit Method
pH field [-] - APHA 4500-H + B, 21st Ed.
EC [1S ecm™1] APHA 2510 B, 21st Ed.
Calcium [mg L1 1 APHA 3500-Ca B, 21st Ed.
Magnesium [mg L]
Sodium [mg L1 0.05 ICP-OES, EPA200.7 Rev 04
Potassium [mg L1 0.02
Chloride [mg L1 0.2 APHA 4110 B, 21st Ed.
Bicarbonate [mg L1 1 APHA 2320 B, 21st Ed.

2.3. Sodium Adsorption Ratio (SAR) Determination

SAR is a parameter used to assess the suitability of water for irrigation purposes and
determine the potential of water to cause sodium-related problems in soil, such as soil structure
degradation and reduced permeability. The SAR was calculated using Equation (1) [26]:

+
SAR — __Na© )
Ca2++Mg2+
—z

where Na* represents the concentration of sodium ions and Ca?* and Mg?* constitute the
concentrations of calcium and magnesium ions, respectively. The obtained SAR values
(meq L™1)1/2 for water samples are represented in Table 2:

Table 2. Water classification based on SAR in the water samples (FAO).

Value Range Water Classification Number of Samples
<6 Excellent 12
69 Good 54
>9 Permissible 44
Total 110

2.4. Sodium Percent (Na%) Determination

The classification of water based totally on Na% is a useful tool for evaluating its
suitability for irrigation purposes. The classification was developed by Wilcox (1955) [27]
and has been widely used in the preceding research. Water classification primarily based on
Na% is separated into five classes [13]: excellent water (0 < Na% < 20%), good water (20%
<Na% < 40%), permissible water (40% < Na% < 60%), doubtful water (60% < Na% < 80%),
and unsuitable water (80% <Na % < 100%). The Na% was determined using Equation (2):

(Nat +K")
(Ca*? 4 Mgt + Na® + 1<+)

Na% = x 100 )

where Na% is the sodium percent and Na*, K*, Ca?*, and Mg2+ are the concentrations
of the major cations in meq L~!. The study area water samples were classified into three
classes: permissible water (4 samples), doubtful water (103 samples), and unsuitable water
(3 samples) based on Na%, as shown in Table 3.

Table 3. Water classification based on Na% in the water samples [27].

Value Range Water Classification Number of Samples
<20 Excellent 0
20-40 Good 0
40-60 Permissible 4
60-80 Doubtful 103
>80 Unsuitable 3

Total 110
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2.5. Capability of Water Movement in Soil (the Permeability Index (PI))

The permeability index (PI) is an index used to evaluate the suitability of water for
irrigation depending on its effect on soil permeability. The PI index measures the long-
term use of high salinity irrigation water by considering the effects of water ions such as
Na*, Ca?*, Mg?*, HCO3~, and others [28]. The permeability index (PI) categorizes water
into three classes primarily based on its suitability for irrigation: class I (>75% of most
permeability), class II (25-75% of maximum permeability), and class III (<25% of maximum
permeability. The PI index was developed by Doneen (1975) [29] and calculated using

Equation (3).
JF —
pr— N& T VHCOS 4 ®)
Ca*" + Mg*" + Na*

2.6. Irrigation Water Quality Index (IWQI)

To achieve the Irrigation Water Quality Index (IWQI), the subsequent five water quality
parameters are taken into consideration: water EC, SAR, Na*, Cl~, and HCO3~ by the
standardized classes of the water quality parameters (meq L~!). The IWQI is a weighted
sum of individual water quality parameters (qi), with each parameter assigned a specific
weight (Wi) based on its suitability for irrigation. The IWQI is classified into 5 levels, each
representing a distinctive level of limit on irrigation water purposes: (1) No restriction
(IWQI = 85-100): water of an excellent first-class condition that may be used without any
regulations for irrigation purposes; (2) Low restriction (IWQI = 70-85): water that can have
a few minor limitations but can nevertheless be used for irrigation with minimum effect
on soil and plants; (3) Moderate restriction (IWQI = 55-70): water that poses moderate
limitations on irrigation because of its quality, requiring some control practices to mitigate
its poor effects on soil and plants; (4) High restriction (IWQI = 40-55): water that has
significant limitations on irrigation and can require considerable management practices or
treatment to minimize its destructive outcomes on soil and plants; (5) Severe restriction
(IWQI = 0-40): water that is of very poor quality and should no longer be used for irrigation
because of its high toxicity, which can be harmful to soil and plants. [12]. The irrigation
water quality (qi) parameters alongside their proposed proscribing values are summarized
in Table 4 [30].

Table 4. Irrigation water quality parameters and limiting values [26,31].

. Na* cl- HCO;~
qi EC (uS cm™1) SAR (meq L-1)12
meq L1
85-100 200-750 <3 2-3 <4 1-1.5
60-85 750-1500 3-6 3-6 4-7 1.5-4.5
35-60 1500-3000 6-12 6-9 7-10 4.5-85
0-35 <200 or >3000 >12 <2or >9 >10 <1 or >85

Typically, in the evaluation of the INQI, different water quality parameters are consid-
ered and the proposed limiting values for these parameters are determined based on the
specific requirements and tolerance levels for irrigation. The water quality parameters (q;)
were determined by Equation (4) (Table 5) using the water samples’ data in Table 6.

Xij = Xinf | X Gimap
Ji=9max — ( ) 4)

Ximap
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Table 5. Weights for the INQI parameters [32].

Parameter Weight (w;)
EC (uSecm™1) 0.21
Na* 0.20
HCO;~ 0.20
Cl- 0.19
SAR 0.20
Total 1.000

Table 6. Physicochemical parameters of water samples.

EC (uS SAR Na* (meq Cl~ (meq HCO;~
cm~1) (meq/L-1)112 L-1) LD (meq L-1)
Minimum 672 4.8 8.1 5.4 1.7
Maximum 3348 10.3 34.3 442 3.6
Average 1311.9 6.3 16.2 16.1 2.2
Standard Deviation 930.1 1.8 8.2 115 0.63

This equation involves the upper value of the corresponding class (qmax), the data
points of the water parameters (Xj;), the lower limit value of the parameter class (Xjy),
the class amplitude for qi classes (qimap), and the class amplitude to which the parameter
belongs (Ximap)-

To calculate the IWQI, Equation (5) was used, where n represents the number of water
parameters, qi represents the value of a specific water quality parameter, such as electrical
conductivity, etc., and w; refers to the weight assigned to each parameter [32].

IWQI = ZT qiw; (5)

3. Results
3.1. Water Quality Assessment Using INQI

According to the IWQI analysis results in this study, the type of irrigation water
samples was as follows: 5.5% (6 samples) of the analyzed samples fell within the high
restriction class (HR), 10.9% (12 samples) of the investigated samples were classified as
being within the moderate restriction category (MR), and 21.8% (24 samples) of the analyzed
samples fell within the low restriction category (LR). Finally, 61.8% (68 samples) of the total
water samples were identified as being within the no restriction range (NR), as shown in
Table 7. According to the Food Agriculture Organization (FAO) guidelines, the baseline
level of water EC in the study area varied between 672 and 3348 uS cm~!. Additionally,
the soil texture in the study area was reported as sandy to sandy loam. Considering these
factors, the classification of the irrigation water samples using the IWQI becomes even
more crucial and helps to determine the compatibility of the water quality with the existing
soil conditions and the specific requirements of different crops (Table 8) [11].

Table 7. Irrigation Water Quality Index (IWQI) characteristics [32].

IWQI Values and Type
of Restriction

Percentage of Recommendation for Crops and Soil

Water Samples Soil Type of Plants

85-100
No Restriction (NR)

May be used for the majority of soils
with low probability of causing salinity
and sodicity problems, being No toxicity risk for most
recommended for leaching within plants
irrigation practices, except for in soils
with extremely low permeability.

61.8%
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Table 7. Cont.

Recommendation for Crops and Soil

IWQI Values and Type Percentage of
of Restriction Water Samples Soil Type of Plants
Recommended for use in irrigated soils
with light texture or moderate
70-85 permeability, being recommended for
. 21.8% salt leaching. Soil sodicity in heavy Avoid salt-sensitive plants
Low Restriction (LR) . .
texture soils may occur, being
recommended to avoid its use in soils
with high clay content.
May .be used in so'1l.s with modeljate— to Plants with moderate
55-70 10.9% high-permeability values, being tolerance to salts mav be
Moderate Restriction (MR) e suggested for moderate leaching of rown y
salts. &
May be used in soils with high Should be us'ed for irrigation
s . of plants with moderate to
permeability without compact layers. . .
40-55 o . R high tolerance to salts with
High Restriction (HR) 5:5% High-frequency irrigation schedule special salinity control
& should be adopted for water with EC practices, except water with
-1 ’
above 2000 uS cm ™" and SAR above 7.0. Jow Na, Cl, and HCOs values
Should be avoided for irrigation under
normal conditions. In special cases,
may be used occasionally. Water with Only plants with high salt
0-40 o low-salt levels and high SAR requires tolerance, except for waters
0% (0 samples)

Severe Restriction (SR)

gypsum application. In high saline
content water, soils must have high

with extremely low values of
Na*, Cl~, and HCO3~

permeability, and excess water should
be applied to avoid salt accumulation.

Table 8. Classification of the irrigation water samples using the IWQI.

, , N qi o EC SAR Na*  HCO;- o
qi EC qi SAR  qiNa HCO;~ qi Cl qi*wi qiwi qi*wi qi*wi Clqgi*wi IWQI
Min 9.9 48 8.1 17 5.4 2.1 0.9 17 0.4 1.1 40
Max 14.4 103 343 3.6 442 3. 19 7 0.7 8.6 99.9
Average 133 8.8 26.2 3.1 335 2.8 1.7 53 0.6 6.5 83.8
Standard =, 1.8 8.2 0.63 11.5 03 03 17 0.1 22 19.7
Deviation

3.2. Water Quality Visualization

A GIS-zoning maps’ technique was used to visualize the water quality in the study
area for irrigation purposes. GIS technology allows for the integration and analysis of
spatial data using an ordinary kriging method, as shown in Figure 2. The study results
showed that the IWQI values varied between 40.1 and 99.9; meanwhile, 38.5% of the
investigated samples were classified as having a high to low restriction rating for irrigation
purposes. On the other hand, 61.5% of the investigated samples were classified as having
no restrictions (suitable for irrigation purposes, with no significant limitations or concerns).

According to Table 9 and the physicochemical parameters of the water samples that
are presented in Table 6, the SAR values ranged from 4.8 to 10.3 with an average value
of 6.3 (meq L™1)'/2, 10% of the investigated water samples were located within the first
category (Excellent), and 90% were within the second category (Good). Based on EC values,
5%, 85%, and 10% of the investigated water samples fell within the first, second, and
third categories, respectively. For chloride concentration, 100% of the water samples were
categorized as excellent (first category).
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Figure 2. Zoning map of the study area: (a) EC, (b) SAR, (c) Na%, (d) chloride, and (e) IWQI

I 40.01 - 55: High Restriction (HR)
55 — 70: Moderate Restriction (MR)
70 — 85: Low Restriction (LR)

- 85 — 99.92: No Restriction (NR)
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Table 9. Water quality categories for irrigation (according to FAO classification).

Catego SAR Se‘llzitelfes EC Sz\stis Chloride S:\rﬁtis

gory (meq L-1)12 OP (uS em—1) OP (meq L-1) OP

(%) (%) (%)

Excellent <10 10 <700 5 <70 100
Good 10-18 90 700-3000 85 70-250 0
Permissible 18-26 0 3000-4000 10 250-350 0
Doubtful 26-35 0 4000-6000 0 350-450 0
Unsuitable >35 0 >6000 0 >450 0

3.3. Evaluation of Water Quality for Irrigation Purposes

According to the Wilcox diagram and water classification based on Na% in the water
samples (Table 3), 3.6% (4 samples) of the water samples fell within the permissible category,
93.6% (103 samples) were classified as doubtful water, 2.7% (3 samples) were considered
unsuitable for irrigation, and no samples were categorized as good or excellent water
for irrigation. According to the information provided in Figure 3, it appears that the
water samples investigated in the study area mostly fell within the permissible to doubtful
range for irrigation purposes. None of the samples were categorized as unsuitable, while
7.3% (8 samples) fell in the doubtful to unsuitable range, 88.2% (97 samples) fell in the
permissible to doubtful range, and 0.9% (1 sample) fell in the good to permissible range.
Furthermore, 3.6% (4 samples) of the samples were categorized as being in the excellent
to good range. These results are consistent with the high sodium content (Na%) values
observed in the study, which ranged from 50.7% to 85.1%; EC values of the water samples
ranged from 672 to 3348 uS/cm. These high-sodium and EC values indicate a potential risk
for sodicity and salinity issues in the irrigated soil.
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Figure 3. Wilcox diagram illustrating the quality of water suitability for irrigation in the study area.

According to the U.S. Salinity (USSL) diagram, which appears in Figure 4, most of the
water samples fell in the high salinity (EC) category and were classified as “Doubtful” for
irrigation. The USSL diagram showed that 70.9% (78 samples) of the samples fell into the
high salinity class and the moderate SAR class (C352), 11.8% (13 samples) were in C4S3,
9.1% (10 samples) were in C353, 6.4% (7 samples) were located in C351, 0.9% (1 sample)
was in C251, and 0.9% (1 sample) was in C354 classes, respectively, as shown in Table 10.
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Figure 4. USSL diagram illustrating the water quality based on EC and SAR in the study area.

Table 10. Distribution ratios of the investigated water samples based on the USSL diagram.

Very High-54

High-S3
Middle-52

SAR Low-S1

C154 = 0%
C1S3 = 0%
C152 = 0%
C151 =0%
Low-C1

C254 = 0%

C2S3 = 0%

C252 = 0%
C251 =0.9%
Middle-C2

EC

C354 =0.9%
C353 =9.1%
€352 =70.9%
C351 = 6.4%
High-C3

C454 = 0%
C4S3 =11.8%
C452 = 0%
C451 = 0%

Very High-C4

According to the permeability index (PI) categorizers and based on the obtained
results, 8.2% (9 samples) of the tested water samples fell into class II (Good). On the
other hand, 91.8% (101 samples) of the samples fell into class III (Unsuitable), as shown in
Figure 5.
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Figure 5. Permeability index (PI) diagram for classification of groundwater quality in the study area.

According to the information supplied in Figure 6, the Piper trilinear diagram showed
that the principal cations within the water samples were Na* and K*, with higher concen-
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trations compared to those of Ca?* and Mg?*. On the other hand, the anions’ diagram indi-
cated a combined dominance of anions, especially C1~ and HCO3 ™, in the water samples.

Piper Diagram
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AVAVAVAVAAYAYAYAY R
VAYAVAVAVAVAVAVAVAY 2

20 40 60 0

— 2" Na+K  HCO3+CO 3
Calcium (Ca) Chloride (Cl)
CATIONS %meq/l ANIONS

Figure 6. Piper triangle diagram representation of water samples in the study area.

4. Discussion
4.1. Water Quality Assessment

The IWQI provides a comprehensive assessment of various water parameters, con-
sisting of physical, chemical, and biological parameters, to determine irrigation water
suitability [33]. According to the INQI results, 5.5% of the water samples fell within the
HR class, which means that those water samples had mild to high levels of salts and
SAR (unsuitable for the irrigation of mild to excessive salt tolerance plants in permeable
soils without compact layers [34]). Furthermore, 10.9% of the investigated samples were
classified as being within the MR category. These samples had moderate levels of salts
and SAR, limiting their use for moderate salt tolerance plants and recommended for use in
moderately to highly permeable soils, considering moderate soil leaching processes [35].
A total of 21.8% of the analyzed samples fell within the LR category. These samples had
lower levels of salts and SAR, suggesting that they can be used for irrigation while avoiding
salt-sensitive plants [36]. The irrigated soil texture, permeability, and sodicity problems
should be taken into consideration when using these samples [37]. A total of 61.8% of
the total water samples were identified as being within the NR range. These samples
can be used for most soils without causing salinity and sodicity hazards. However, it is
still recommended to practice leaching within irrigation practices, except for soils with
extremely low permeability [38]. It is indeed noteworthy that 61.8% of the soil in the study
area was classified as naturally degraded due to the arid environmental conditions. This
indicates that the soil quality has been adversely affected by factors such as low rainfall,
high evaporation rates, and limited water availability. The baseline level of salinity in the
study area water varied between 672 and 3348 uS/cm. This suggests that the soil already
includes a moderately saline soil class, which can impact crop growth and productivity.
High salinity levels can hinder water infiltration, affect nutrient availability, and cause
osmotic stress to plants [39]. Therefore, irrigation practices using water resources without
any prior treatment would increase the saline soil problems.

4.2. The Water Quality Mapping

Understanding the water quality and its suitability for irrigation, as indicated by the
IWQI and GIS mapping using the ordinary kriging (OK) technique, can help to obtain
decisions and to promote sustainable agriculture in the study region area. The GIS-IWQI
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map revealed different suitability zones for cultivating lands. According to the INQI
analysis results in this study, most of the total water samples were identified as being
within the no restriction range (NR) [40,41]. Considering multiple irrigation water quality
parameters such as SAR, EC, chloride, calcium, magnesium, and bicarbonate concentration,
a comprehensive understanding was obtained and we achieved a complete evaluation of
the water quality and its suitability for irrigation purposes according to FAO guidelines [42].
The investigated area can be categorized by comparing the measured values of SAR, EC, and
chloride concentration, and the water quality can be assessed for irrigation purposes [43].
According to SAR values, 10% of the investigated samples fell within the first category
(Excellent), indicating that it is improbable that problems would occur due to the use of
this water for irrigation. Water with excellent quality is ideal for irrigation as it minimizes
the risk of soil sodicity, salinity, and chloride toxicity. It ensures optimal water infiltration,
nutrient uptake, and plant growth, leading to better crop productivity [44]. Furthermore,
90% of water samples fell within the second category (Good), where problems increasingly
appear. This result indicates that the water had moderate to high levels of sodium, salinity,
and chloride, which may pose some minor restrictions on crop growth but are generally
acceptable. Water in these categories can still be used for irrigation, but certain crops
may have varying degrees of tolerance to the moderate to high levels of salinity and
sodicity present in the water, some crops may perform better than others, and proper
water management practices, such as leaching and soil amendments, may be necessary to
mitigate any potential negative effects [45]. Corresponding to EC values, the investigated
water samples fell within first, second, and third categories, respectively (water in the
third category had moderately high levels of sodium, salinity, and chloride), which may
pose some restrictions on crop growth and productivity. Water with permissible quality
can still be used for irrigation, but certain crops should be used and they must have
limited tolerance to the elevated levels of salinity and sodicity present in the water. Careful
water management practices, such as proper irrigation scheduling, leaching, and soil
amendments, may be necessary to minimize the negative effects on crop performance [46].
Based on chloride concentration, 100% of the water samples were categorized as being
in the first category, which indicates that the chloride levels in the samples were within
permissible limits for irrigation use [47].

4.3. Evaluation of Water Quality for Irrigation Purposes

The sodium (Na%) content in irrigation water is an essential factor to consider when
we evaluate its suitability for irrigation uses. Sodium can lead to sodicity problems in water
that could negatively have affected soil permeability and ordinary soil health (Equation (2)).
Sodium has a strong affinity for clay particles in the soil, and it is present in high concentra-
tions in irrigation water [48]. According to the Wilcox diagram, 3.6% of the water samples
fell within the permissible category, 93.6% were classified as doubtful water, indicating
a higher sodium content that may have potential negative effects on soil permeability
and plant growth, and 2.7% were considered as unsuitable for irrigation due to their
high-sodium content. According to the data provided, it is notable that no samples were
categorized as good or excellent water for irrigation. This indicates that there may be a
need for management practices to mitigate the potential sodicity problems associated with
the water used for irrigation. Implementing practices such as leaching, soil amendments,
and selection of crops that are tolerant to high sodium levels can help address the chal-
lenges posed by the doubtful and unsuitable water categories [49,50]. Similar to Mir¢ et al.
(2004) [51] and based on the results, water samples in the study area mostly fell within the
permissible to doubtful range for irrigation purposes, none of the samples were categorized
as unsuitable, 7.3% of the water samples fell in the doubtful to unsuitable range, 88.2%
fell in the permissible to doubtful range, and 0.9% fell in the good to permissible range.
Moreover, 3.6% of the water samples were categorized as felling in the excellent to good
range. The high sodium content in the water can be attributed to the presence of carbonate
and bicarbonate ions, which tend to precipitate calcium and magnesium carbonate and
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increase the sodium concentration in the soil. This can lead to a decrease in soil perme-
ability and damage to the soil structure. To mitigate the potential negative effects of a
high sodium content, management practices such as leaching, soil amendments, and crop
selection that are tolerant to sodicity should be considered [52,53]. Based on the USSL
diagram, most of the water samples fell into the C352 class, indicating a high-salinity class
(C3) and a moderate sodium content class (52). This suggests that the water samples had
relatively high salinity levels and a high sodicity hazard. Both the USSL and the Wilcox
diagrams suggest that the water samples had higher salinity levels and some degree of
sodicity hazard, which is in line with the classification mentioned earlier. Therefore, the
alignment between the USSL diagram and the Wilcox diagram indicates consistency in
the assessment of the water quality [54]. Furthermore, the spatial distribution map of SAR
(Figure 2b) implies that a significant portion of the study area may have had water sources
with a higher sodium content, which can pose challenges to soil permeability and soil
structure [55].

According to the permeability index (PI), 8.2% of the tested water samples fell into
class II, indicating that they may be suitable for irrigation, although some caution and
management practices may be necessary. On the other hand, 91.8% of the samples fell into
class III, suggesting that they may be unsuitable for irrigation due to the potential adverse
effects on soil permeability and overall soil quality [56].

The Piper trilinear diagram was used to plot the mean concentrations of cations and
anions in the water samples and represent the water types. Understanding the composition
of cations and anions in water samples is important for assessing water quality and its
suitability for irrigation purposes [57]. The cation diagram revealed that the principal
cations within the water samples were Na* and K*, with higher concentrations compared
to Ca%* and Mg?*. However, the concentration of K* was found to be very low compared
to the alternative primary cations. On the other hand, the anions’ diagram indicates a
combined dominance of anions, especially CI~ and HCO®~ in the water samples [58].
Considering the dominance of sodium ion (Na*) within the cations and chloride ion (C17)
and bicarbonate (HCO3; ™) within the anions, this result concluded that the study area
water type was Na-CI-HCO3; 7, indicating a high concentration of sodium, chloride, and
bicarbonate ions, which can have significant negative consequences. High sodium levels
lead to soil sodicity, reducing drainage and nutrient availability, while chloride contributes
to overall soil salinity. High bicarbonate levels increase water and soil alkalinity, affecting
plant nutrient uptake. This combination can lead to reduced crop yields, soil degradation,
and irrigation system issues due to scaling and clogging; this result is similar to that of
El-Rawy et al., 2019 [59].

The discrepancy between the IWQI and other irrigation indices can be reconciled by
considering the specific parameters and thresholds each index uses. The INQI may priori-
tize certain factors, such as salinity, alkalinity, and specific ion concentrations, differently
from other indices, which could include additional criteria such as the sodium absorption
ratio (SAR), electrical conductivity (EC), or the presence of specific contaminants. Variations
in the weightage of these parameters and the thresholds for suitability can lead to differing
assessments. A comprehensive analysis should consider all relevant indices and parame-
ters to provide a more holistic evaluation of the water’s suitability for irrigation such as
(1) accurate irrigation management that provides a more precise understanding of water
quality and helps optimize irrigation practices for specific crops and soil types, (2) minimiz-
ing the risks and identifying potential issues like salinity build-up or nutrient imbalances
early on, allowing for preventative measures, and (3) enhanced sustainability through
maximizing the suitability of available water resources and minimizing unnecessary water
usage or contamination.

As potential limitations of this study, collecting water samples only once in each
location may not provide a comprehensive understanding of the variability in water
quality parameters over time. Water quality parameters can indeed vary with seasonal
changes, weather patterns, agricultural activities, and other factors, and there are some main
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points to consider regarding the potential limitation of the study in relation to sampling
frequency, including:

1. Seasonal Variability: Water quality parameters, such as nutrient levels, salinity, and
contamination, can fluctuate throughout the year. Sampling only once may not capture
these seasonal variations, leading to an incomplete assessment of water quality.

2. Impact of Agricultural Practices: Depending on the location and surrounding
land use, water quality can be influenced by agricultural activities, pesticide applications,
and fertilizer runoff. These factors can vary seasonally and affect the quality of water for
irrigation.

3. Seasonal Variation Trends: By taking samples at different times of the year, re-
searchers can observe long-term trends in water quality and identify any patterns or
changes that may occur over time. This can provide valuable insights into the sustainability
of water resources for irrigation.

4. Mitigation Strategies: Understanding the seasonal variability of water quality
parameters is essential for implementing effective mitigation strategies. By monitoring
water quality at multiple time points, researchers can develop targeted interventions to
address specific issues identified during different seasons.

5. Conclusions and Recommendations

The IWQI was used in order to evaluate water resources in El-Menoufia Governorate
for their irrigation suitability. The IWQI and GIS mapping illustrates spatial distribution
along with other irrigation water quality parameters, such as SAR, Na%, EC, and chloride.
Based on the category of the irrigation water samples, it could be concluded that most
of water samples (61.8%) in the investigated area do not require any water restrictions
(NR); this indicates that the first-class water within the region is suitable for irrigation
without any significant limitations. The next highest class is LR (Low Restriction), which
represents 21.8% of the analyzed water samples; these samples may also require some
level of limitation, however not as severe as MR or HR. This indicates that a smaller part
of the water samples requires some restriction measures. The MR (Moderate Restriction)
category includes 10.9% of the entire samples. These samples require a moderate stage
of water restriction, indicating that there may be greater widespread barriers or more
problems related to those samples as compared to LR. The smallest category is HR (High
Restriction), which accounts for 5.5% of the analyzed samples; these samples require
considerable management practices or treatment to minimize water-destructive outcomes
on soil and plants.

According to the results of the Wilcox diagram, it could be concluded that most of
the investigated water samples (93.6%) are categorized as doubtful water. This shows that
those samples have a higher sodium content material, which can also pose a problem on
plants” augmentation if used for irrigation. In addition, 3.6% of the water samples fell in
the permissible class, suggesting that those samples have low sodium content, and are
taken into consideration as suitable for irrigation use. Alternatively, 2.7% of the samples are
considered unsuitable for irrigation because of their high sodium content. These samples
may also pose a threat to plant health if used in soil for irrigation purposes. Moreover,
none of the water samples have been categorized as excellent or extremely good water
for irrigation.

Based on the USSL diagram, it may be concluded that most of the water samples
(70.9%) fell into the high salinity and SAR magnitude (C3S2) class. This represents that
these water samples have high salinity degrees and a moderate SAR. Furthermore, 6.4% of
the samples fell into the C351 class, indicating excessive salinity stages but a low SAR; these
samples may also have limitations but can be more suitable for irrigation compared to the
C352 class. Furthermore, 9.1% of the samples fell into the C3S3 class, indicating moderate
salinity degrees and a high SAR; these samples might not be suitable for irrigation. A
smaller percentage of the samples (11.8%) fells into the C4S3 class, indicating very high
salinity degrees and a high SAR; these samples are most possibly unsuitable for irrigation
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because of their excessive salinity and SAR values. A very small portion of the samples
(0.9%) are located within the C251 class, indicating a slight salinity level and a low SAR;
this sample may have better suitability for irrigation compared to the bulk of the sample.
A very small percentage of the samples (0.9%) fells into the C354 class, indicating mild
to excessive salinity degrees and very high SAR; these samples are also unsuitable for
irrigation because of their high-salinity and SAR values.

According to the PI index, 8.2% of the examined water samples fell into class II, which
suggests that these samples have mild barriers but are suitable for irrigation. However,
the bulk of the water samples (91.8%) fell into class III, indicating that they have extensive
obstacles and are improper for irrigation.

In conclusion, according to the IWQI results, a smaller part of the samples requires
assessment, which suggest some degrees of restriction. Additionally, based on the Wilcox
diagram, most of the investigated water samples are categorized as doubtful water, which
can cause plants’ augmentation sensitivity. Moreover, based on the USSL diagram, most of
the water samples fell into the moderate salinity and SAR magnitude (C352) class, which
might have negative outcomes on soil and plant health. Furthermore, the PI index result
represents that most of the water samples fell into class III, indicating that it has extensive
obstacles and is improper for irrigation. Therefore, according to the USSL diagram and
Permeability index, it is important to consider the salinity and SAR degrees of the water
samples to determine their suitability for irrigation. Proper management practices and
treatments may be vital to mitigate the poor effects of salinity and SAR on soil and plant
health in this study area. And, based on the Piper trilinear and considering the dominance
of Na* within the cations and Cl1~ + HCO3~ within the anions, it can be concluded that the
water type in the studied area is Na-CI-HCO; ™.

As recommendations, this study emphasizes the importance of establishing a real-
time monitoring system for water resources to ensure sustainable development. It also
suggests the development of a risk management module that can assess water risks not
only for agriculture but also for public health concerns. The ultimate goal is to incorporate
this descriptive and sensitivity analysis into a risk management tool that can generate
quick reports for policy- and decision-makers. This will aid in the better planning for
groundwater sustainable use in El-Menoufia Governorate and in similar arid regions.
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