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Abstract: Forty-eight water samples (30 groundwater and 18 surface water samples) were collected
from the study region. Physical and chemical examinations were performed on the water samples to
determine the values of various variables. Several graphs, sheets, and statistical measures, including
the sodium solubility percentage (SSP), the sodium absorption ratio (SAR), and Piper’s diagram,
were used to plot the concentration of the principal ions and the chloride mass balance (CMB). The
contents of the variables were compared with the contents in other local areas and the standard
allowable safe limits as recommended by the World Health Organization (WHO). Water pH values
were neutral for all water samples. Electric conductivity (EC) readings revealed that water samples
vacillated from slightly mineralized to excessively mineralized. Water salinities were fresh and very
fresh according to the total dissolved solids (TDS) amounts. The hardness of water ranged from
medium to hard in the surface water and from medium to very hard in the groundwater samples.
Bicarbonate, sodium, and calcium made up the highest amounts in the surface water samples. The
highest concentrations of bicarbonate, sulfate, chloride, and sodium were found in the groundwater.
Diagrams show the major ion relationships as well as the type and origin of the water. According to
Piper’s plots, most of the water samples under investigation were Ca-HCO3 type, Mg water types,
followed by SO4.Ca-Cl water types. This highlighted the elemental preponderance of bicarbonate
and alkaline earth (Ca2+ + Mg2+). This dominance is caused by evaporite and carbonate minerals
dissolving in water because of anthropogenic activities and interaction processes. The groundwater
recharge was estimated to be 0.89–1.6 mm/yr based on Chloride Mass Balance. The examined water
samples can also be used for cattle, poultry, and irrigation. Additionally, the groundwater is of poorer
quality than the surface water, although both types of water are adequate for various industries,
with a range of 14 to 94 percent. With the exception of a few groundwater samples, the tested water
samples are suitable for a number of applications.

Keywords: surface water; groundwater; sodium absorption ratio; soluble sodium percentage;
chloride mass balance; irrigation activities; industrial activities

1. Introduction

Currently, almost one-third of the world’s population lives in countries with a water
shortage [1]. These include semi-arid regions, which are by nature sparsely populated with
water resources. Due to the severe constraints that a lack of water places on both natural
and human systems, these regions are potentially highly vulnerable to climate variability
and potential future climate change [2].

For many aspects of life and human beings, including drinking, agriculture, indus-
trial operations, hygiene, and reactions, water resources are extremely critical needs. The
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growth of villages and urban civilizations is significantly impacted by the availability of
water, which can be impacted by precipitation, droughts, and aquifer depletion [3–5]. Since
groundwater and surface water are the natural resources that are most frequently contami-
nated and in short supply globally, monitoring water quality is an important strategy for
ensuring water security [6,7]. Anthropogenic activities and natural phenomena have an
impact on water quality, degrading groundwater and surface water, and altering how they
can be used for agricultural, human, animal, and industrial usage [8]. The measurement of
physicochemical characteristics is required for water quality control programs to acquire
data that can be used to create an overall picture of water conditions [9–12].

The Nile River is Egypt’s primary supply of water, providing 55.5 billion m3 of water
annually, or around 94 percent of all of Egypt’s water resources. Egypt’s dry climate, with an
average annual rainfall of 18 mm, is well-known [13,14]. Furthermore, Egypt’s population
increased from 66 million in 2002 to approximately 96 million in 2018. As a result, there is
considerable water scarcity in Egypt and its water supplies are under stress [15]. About
95% of Egypt’s population lives in the Nile Valley and the Delta, where they consume 80%
of the country’s water supply [16]. In order to fill this gap, the administration opted to use
groundwater as a substitute water source, increase agricultural areas, recover desert areas
utilizing groundwater, and encourage people to dwell in these areas [14].

The Assiut area is in the middle of the Nile Valley. People from the governorate’s desert
areas more commonly live on the land along the river’s two banks. Approximately 3,119,112
of the governorate’s 4,245,215 residents live in rural areas, compared to only 1,126,103 in
urban areas [17]. Rural communities that live near water wells use the groundwater without
primary treatment, which has a major negative impact on the health of the locals [18,19]. It is
possible to categorize water, identify the major ions, and determine how water forms based
on the geochemical background [9–12,20]. According to factors like electrical conductivity
(EC), sodium absorption ratio (SAR), major ion content, and soluble sodium percentage
(SSP), irrigation water quality reflects soil salinity, sodicity risks, water toxicity, and other
effects on sensitive salt plants [8,9,21–23]. Numerous scientists worldwide have conducted
studies on water quality indices [8,10–12,14,19,24–29].

Although similar studies may be carried out in other sites in Egypt, no previous studies
utilizing our proposed methodology have been carried out for the current study area.
Therefore, the primary goal of this research is to discuss water geochemistry and evaluate
its suitability for a variety of purposes, including irrigation and industrial activities.

2. Material and Methods
2.1. Geology and Hydrogeology

The Assiut Governorate is situated between latitudes 26◦50′ and 27◦40′ North and
longitudes 30◦40′ and 31◦32′ East; the agricultural area stretches along the two banks of
the Nile River. The rate of poverty in Assiut exceeds 60 percent. There are eleven cities
(Dairut, El Qusiya, Manfalout, Abnob, Assiut, El Fath, Abou Teg, Sahel Selim, El Badari, Al
Ghanayim and Sedfa) in the Assiut Governorate.

The research area is located in the northwestern Assiut district. It represents the low
ground that is bordered to the east and west by calcareous plateaus. The two morphological
units are represented by the older alluvial plain (agricultural land) and the younger alluvial
plain (reclaimed land) [30] (Figures 1 and 2). The Mokkatom group of Eocene rocks,
Pliocene deposits, and Quaternary silt makes up the stratigraphic succession in the study
region [30,31]. The main sources of water in the study region are groundwater and surface
water (the Nile River, secondary canals, and drains). The Quaternary aquifer and the
Eocene limestone aquifer are the two main aquifers that represent groundwater reservoirs.
Middle Pleistocene (Prenile) coarse and sandy clay cobbles, gravels, and calcareous rocks
make up the Quaternary aquifer [32,33]. According to [34,35], this aquifer is recharged
from the surface water since the groundwater moves westward. The Quaternary aquifer
replenishes the Eocene limestone aquifers [20]. Four land use classes can be identified
from the analysis of Landsat 7 images over the study region (Figure 3). These classes are
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(1) water that is represented by the Nile River, (2) agricultural lands that include the Nile
valley and the reclaimed lands, (3) urban areas, and (4) the desert regions at the eastern
and western plateaus.

1 
 

 
  

Figure 1. Location map showing the study area.
 

2 

 

 

Figure 2. Geological map of the study area (after [31]).
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Figure 3. Land-use classification of the study area.

2.2. Climate

The Assiut Governorate is located within Egypt’s dry region, which experiences
long, hot summers, cold winters, minimal precipitation, and significant evaporation rates.
According to the Assiut Meteorological Station, the average daily air temperature in the
area is approximately 22.7 ◦C. Summers are dry and quite hot, with average temperatures
reaching 37 ◦C. December–February are the coldest months, with an average temperature
of 18 ◦C.

2.3. Sampling and Laboratory Methods

In the study region, forty-eight water samples were collected: thirty groundwater
samples and eighteen surface water samples. The sterilized polypropylene bottles contain-
ing the water samples were sealed tightly for storage. Standard techniques were used to
filter the materials and evaluate their physicochemical composition [35]. While Na+ and
K+ concentrations were checked using a flame photometer, temperature, EC, TDS, and pH
were all determined on-site using a pH-meter. Additionally, titration was used in the Assiut
University Laboratories to determine the amounts of Ca2+, Mg2+, CO3

2−, HCO3
−, SO4

2−,
and Cl−. The ionic balances, which were below 5%, indicated the analytical accuracy of the
ion readings.

2.4. Sodium Absorption Ratio (SAR)

The relative amounts of calcium, magnesium, and sodium, or SAR, show how these
ions affect sodium buildup in soils. This ratio is a more accurate way to calculate the
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sodium percentage since it accounts for the root’s water deficit caused by high salt and low
calcium contents [36]. The following equation for SAR, according to [37], is determined as:

SAR =
Na +√

Ca2++Mg2+

2

where the concentrations of these cations are expressed in epm (Table 1).

Table 1. Descriptive statistical values for the detected variables in the studied water samples.

Surface Water Samples

T (◦C) pH EC
(µS/cm)

TDS
(ppm)

TH
(ppm)

Ca2+

(ppm)
Mg2+

(ppm)
Na+

(ppm)
K+

(ppm)
HCO3

−

(ppm)
Cl−

(ppm)
SO4

2−

(ppm)

safe
limit [38] - 6.5–8.5 1500 1000 500 75 100 250 12 - 250 250

Valid 18 18 18 18 18 18 18 18 18 18 18 18

Missing 0 0 0 0 0 0 0 0 0 0 0 0

Minimum 22.600 6.390 264.000 204.000 120.000 18.000 21.870 20.700 7.038 175.680 38.998 1.440

Maximum 26.100 7.510 1060.000 854.000 400.000 60.000 89.910 195.500 74.287 488.000 248.171 110.400

Median 24.600 7.115 277.500 213.000 155.000 38.000 29.767 30.450 9.192 249.490 48.417 16.500

Mean 24.483 7.116 375.222 290.778 181.111 34.722 33.264 53.176 16.023 266.875 67.506 30.524

Variance 1.163 0.082 47,696.889 30,576.418 4610.458 146.330 246.275 2305.191 347.419 6942.959 2365.838 1050.773

Std. De-
viation 1.078 0.286 218.396 174.861 67.900 12.097 15.693 48.012 18.639 83.324 48.640 32.416

Skewness −0.090 −0.866 2.419 2.517 2.431 0.304 3.113 1.993 2.762 1.244 3.380 1.634

Groundwater Samples

T (◦C) pH EC
(µS/cm)

TDS
(ppm)

TH
(ppm)

Ca2+

(ppm)
Mg2+

(ppm)
Na+

(ppm)
K+

(ppm)
HCO3

−

(ppm)
Cl−

(ppm)
SO4

2−

(ppm)

Valid 30 30 30 30 30 30 30 30 30 30 30 30

Missing 0 0 0 0 0 0 0 0 0 0 0 0

Minimum 23.000 6.400 207.000 156.000 120.000 30.000 20.655 23.000 5.474 189.100 49.634 7.200

Maximum 32.900 7.000 1452.000 1069.000 1120.000 240.000 170.100 575.000 22.677 915.000 886.325 912.000

Median 25.500 6.720 638.000 496.500 325.000 76.000 52.974 84.550 11.534 375.150 89.365 90.900

Mean 25.973 6.717 713.233 548.500 380.667 85.733 61.394 128.170 11.238 431.087 148.640 151.669

Variance 5.707 0.022 136,597.082 78,828.259 43,896.092 2202.409 1083.732 16,521.013 15.528 28,793.641 29,072.525 37,122.799

Std. De-
viation 2.389 0.148 369.590 280.764 209.514 46.930 32.920 128.534 3.941 169.687 170.507 192.673

Skewness 1.544 −0.302 0.548 0.512 1.736 1.612 1.473 2.187 0.663 1.036 3.425 2.719

2.5. Soluble Sodium Percentage (SSP)

SSP is a ratio that assesses the risk from sodium, which causes soil to become less
permeable when it reacts with the element Na+ [39]. The following equation is cited by [40]
as an estimation of SSP:

SSP =

(
Na+ + K+

)
× 100(

Ca2+ + Mg2+ + Na+ + K+
) (1)

where the concentrations of these cations are expressed in epm (Table 1).

2.6. Chloride Mass Balance (CMB)

Based on the amount of chloride in precipitation and groundwater, the CMB method
is used to estimate the rate of groundwater recharge in dry areas. Chloride is less likely to
change in a water system over time. Many researchers, including [41–44], used the CMB
method to figure out the recharge rate. The authors used the following equation to figure
out how much CMB there was:

R = P · Clp/Clgw (2)
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where R is the recharge rate (mm/yr); P is the average annual precipitation (mm/yr);
Clp is the average of precipitation-weighted chloride content (ppm); and Clgw is the mean
chloride content in groundwater.

3. Results and Discussion
3.1. Hydrogeochemical Classification Major Ions Correlations

Water temperatures ranged from 22.6 to 26 ◦C in the surface water and from 23 to
32.9 ◦C in the groundwater samples (Table 1). The pH readings showed a neutral case
which fluctuated between 6.3 and 7.5 (Table 1). EC values varied from 207 to 1452 µS/cm
in the water samples to indicate slightly to excessively mineralized water (Table 1: [45]).
TDS readings vacillated between 204 and 854 ppm in the surface water samples; in the
groundwater samples they ranged from 156 to 1069 ppm (Table 1). TDS readings of the
water samples denoted fresh and very fresh water (Table 1: [46]). Total hardness (TH)
values ranged from 120 to 400 ppm in the surface water samples to represent hard and very
hard water (Table 1; [47]). The groundwater samples included EC values ranging from 207
to 1452 µS/cm to express slightly to excessively mineralized water (Table 1). The values of
pH, EC, TDS and TH are agreeable with the standard limits set by [43] except for the TH
reading, which increased in the groundwater samples (Table 1). These findings matched
with results of examined water in the El Minya Governorate of Egypt [24].

The major ions content can be arranged in descending order according to their mean
in the surface water samples into: HCO3

− > Cl− > Na+ > Ca2+ > Mg2+ > SO4
2− > K+.

The means are 266.8, 67.5, 53, 34.7, 33.5., 30, and 16ppm, respectively (Table 1). In the
groundwater samples, those means are mapped as: HCO3

− > SO4
2− > Cl− >Na+ > Ca2+

> Mg2+ > K+, which are 431, 151.6, 148.6, 128, 85.7, 61, and 11ppm, respectively (Table 1).
These contents are agreeable with their concentrations in the water in the El Minya Gover-
norate of Egypt [17] and exceed the allowable limits for drinking water in the groundwater
samples [43]. The presence of ions in natural water demonstrates the chemical makeup
of water. The cation contents of the examined water samples had the highest sodium
values (Table 1). In the samples under investigation, bicarbonate concentrations are greater
than the chloride and sulphate levels (Table 1). For the classification of water’s chemical
composition, various approaches were suggested. Some techniques primarily use anions,
while others combine anions and cations to produce a clearer image of the type of water.
The methods outlined in [36,48] are utilized in the study field as graphical approaches for
classifying water. Two triangles and a diamond shape are separated into 4 fields in the [36]
diagram. The interactions between the alkalis (K+ + Na+), alkaline earths (Ca2+ + Mg2+),
the alkalinity (CO3

2− + HCO3
−), and the salinity (Cl− + SO4

2−) are shown in Figure 4.
Field No. 1 and Field No. 4 are where most of the water samples were found. The Ca-HCO3
water type represented by Field No. 4 indicates that calcium and bicarbonate ions pre-
dominated due to carbonate mineral dissolution [9,11,12,26,29]. Field No.1 functioned as a
SO4.Ca-Cl water type referring to evaporite mineral dissolution [9,11,12,26,29]. Figure 5
displays the various chemical properties of the water samples as they are projected onto
the Piper’s diagram’s diamond form.

3.2. Major Ions Correlations

Ions that are soluble in water are a result of the interaction between water and rock,
evaporation, and precipitation [29,49]. The authors of [29] pointed out the significance
of the water–rock interaction process that results in the dissolution of carbonate minerals
(Calcite and dolomite) and evaporite minerals (halite and gypsum) in water. This may be
stated in the four following equations.

CaCO3 (calcite) + H2CO3 → Ca2+ + 2HCO3
−

CaMg(CO3)2 (dolomite) + 2H2CO3 → Ca2+ + Mg2+ + 4HCO3
−

NaCl (halite)←→ Na+ + Cl−
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CaSO4.2H2O (gypsum)←→ Ca2+ + SO4
2− + 2H2O

Consequently, the previously mentioned equations revealed that the source of excess
Ca2+, Mg2+, HCO3

− and Cl− is the dissolution of calcite, dolomite, halite and gypsum
minerals (Figure 5). Along with anthropogenic activities like agricultural water drainage,
this surplus is the result of the interplay between water and rock [5,29].
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3.3. Chloride Mass Balance (CMB)

The recharge rate (R) of the studied groundwater was shown by CMB to be between
0.89 and 1.6 mm/yr, with a mean of 0.83 mm/yr. The recharge rates (R%) in the study
area ranged from 3% to 53%, with an average of 28% of the average annual rainfall. The
rest of the rain that fell in the area fell in different ways and did not reach the aquifers as
groundwater recharge [50].

3.4. Evaluation of Water for Irrigation

When using irrigation to increase crop output, water quality is a crucial factor. Numer-
ous metrics assess the quality of the water, such as the soluble sodium percentage (SSP) and
the sodium absorption ratio (SAR). SAR calculates the salinity risks based on how much
sodium the soil has absorbed [37]. The United States Salinity Laboratory staff [51] claims
that one may assess the quality of irrigation water by examining the relationship between
the SAR on the X-axis and the EC on the Y-axis. Figure 6 shows that, with the exception of
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two samples, the surface water samples were low in sodium and had medium salinity [37].
The findings of all surface water samples agree with the conclusions of [24,25] and the
samples are suitable for irrigation usage. All groundwater samples range in salinity from
low to high and are projected in low sodium water ([37]; Figure 6). Therefore, all of the
groundwater samples are suitable for irrigation; these findings are consistent with those
of [20,24,26,27].
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The level of sodium concentration in the water was discovered using SSP calculations.
It was hypothesized that clay particles absorb Na+ to concentrate it in soils and displace
Mg2+ and Ca2+ ions, which limits soil permeability when SSP concentrations are above
60 percent [31,52]. With regard to SSP and EC, the Wilcox diagram is a plot sheet that
establishes the proportionality of water for irrigation [40]. Figure 7 shows that surface
water samples were rated as having good to permissible water quality for irrigation [39].
Meanwhile, the groundwater samples varied in water quality for irrigation from question-
able to good, which is consistent with the USSL diagram results (Figures 6 and 7). The
authors of [9,20,24–27] all concurred with these findings.
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3.5. Evaluation of Water for Livestock and Poultry

Water quality is greatly impacted by salinity (EC). According to [9,20,24,27] and other
researchers, highly salinized water has a negative influence on livestock and poultry as
well as plant and soil productivity. For the purposes of using saline water for cattle and
poultry, the Food and Agriculture Organization [51] established the standard for water
salinity (EC). Table 2 shows that, in accordance with [51], all examined water samples had
excellent salinity levels suitable for use with cattle and poultry.

Table 2. Water quality guidelines for livestock and poultry (after [51]).

Salinity
(EC µs/cm) Characters Water Samples

<1500 Excellent All the studied water samples

1500–5000 Very satisfactory -

5000–8000 Satisfactory for livestock, unfit for poultry -

8000–11,000 Limited for livestock, unfit for poultry -

11,000–16,000 Very limited use -

>16,000 Not recommended -

3.6. Quality Criteria for Industrial Purposes

Water requirements differ by industry [52], and some of these requirements are listed
in Table 3. Considering this, the percentages of surface water samples that are suitable for
the industries of fruit and vegetable (89%), paper (22%), textile (94%), petroleum (61%),
wood chemicals (55%), synthetic rubber (83%), hydraulic cement (94%) and leather tanning
(100%) have been calculated (Figure 8).

In addition, the percentages of groundwater samples that were suitable for use were:
fruit and vegetable (27%) paper (73%) textile (92%) petroleum (14%) wood chemicals (14%)
synthetic rubber (19%) hydraulic cement (54%) and leather tanning industries (73%; Figure 7).
Except for the wood sector, the groundwater quality was better than the groundwater quality
in El-Obour city [27].

Table 3. Water quality requirements for some industries according to [52].

Parameter

Industries

Fruit &
Vegetable Paper Textile Petroleum Wood

Chemicals
Synthetic
Rubber

Hydraulic
Cement

Leather
Tanning

pH 6.5–8.5 6–10 6.5–8.5 6–9 6.5–8 6.2–8.3 6.5–8.5 6–8

TDS 500 - 100 1000 1000 - 600 -

TH 250 100 25 350 900 350 - -

Ca2+ - 20 - 75 100 80 - -

Mg2+ - 12 - 30 50 36 - -

HCO3
− - - - - 250 - - -

Cl− 250 200 - 300 500 - 250 250

SO4
2− 250 - - - 100 - 250 250

Ions expressed in ppm. Note: The absence of values in this table either indicates that the constituent has no limit
or that it cannot reach objectionable amounts in water that complies with the other requirements.
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4. Conclusions

The pH values of the water samples are neutral. EC results led to the conclusion that
the studied water samples are slightly to excessively mineralized. TDS findings expressed
that the tested water samples include fresh and very fresh water. The TH readings indicated
that the hardness of water samples fluctuate between hard and very hard water. The
averages of major ion concentrations revealed that the highest contents in the surface water
samples were made up of bicarbonate, chloride, sodium and calcium, respectively. In the
groundwater, the highest concentrations were made up of bicarbonate, sulphate, chloride,
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sodium and calcium, respectively. The bulk of water samples are characterized by the
predominance of bicarbonate ions and the earth’s alkaline elements (Ca2+ and Mg2+). This
was a result of the dissolving of carbonate and evaporite minerals as well as the activities
of agricultural water drainage. The examined water samples are suitable for cattle, poultry,
and livestock irrigation. The quality of the surface water samples for the use of industrial
purposes was often higher than the groundwater samples. The examined water samples
had a percentage range of 14 to 94 that made them appropriate for specific sectors. Our
recommendation is that the analyzed water samples be used for irrigation, residential
purposes, and drinking, except for a few samples from wells whose ion levels exceed the
WHO’s permissible limits.
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