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Contaminants can be found in the groundwater through natural processes, such as seawater intrusion, or due to human activities that can adversely affect the quantity, quality, and distribution of the groundwater. In order to assess the influence of human activities and seawater intrusion on the groundwater chemistry in the Central Nile Delta region, groundwater was collected from 167 production wells, with depths of 15–120 m. In addition, eight soil-water samples were collected from depths of about 1 m. The groundwater samples were divided based on well depths into three zones: shallow zone (<40 m depth), intermediate zone (41–60 m depth), and deep zone (>60 m depth). The TDS, EC, pH, K+, Na+, Mg2+, Ca2+, Cl−, HCO3−, and SO42- were determined for all water samples. The groundwater samples with Cl of 100–200 mg/L and EC of 600–2,000 μs/cm represent mixing between freshwater and saltwater. The increase in TDS and concentrations of all major ions toward the northern parts reflected the impact of the seawater intrusion. The groundwater had an Na/Cl ratio of 0.46–2.75, indicating the influence of both seawater intrusion and anthropogenic activities on groundwater chemistry. In addition, the high Ca/Mg, Ca/SO4, and Ca/HCO3 ratios (>1) indicated that the groundwater was intruded by seawater. The obtained water types, the ionic ratios, and the saturation index results suggested that anthropogenic activities, water-rock interaction, infiltration, mineral weathering, and seawater intrusion are the main processes controlling the variation and evolution of groundwater chemistry.
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INTRODUCTION
Groundwater is a very vital natural resource in semiarid and arid environments (Nhu et al., 2020), and because of the population increase, the demand for exploitation of groundwater resources has increased for agricultural, industrial, domestic, and drinking purposes (Ardakani et al., 2018; Nhu et al., 2020). In coastal regions, groundwater chemistry is of great interest because of the varying degree of mixing between the seawater and the groundwater. Groundwater aquifers situated in low topography coastal territories could be subjected to pollution caused by anthropogenic activities, seawater intrusion, and sea level rise (Ferguson and Gleeson, 2012; Ataie-Ashtiani et al., 2013; Luoma et al., 2013; Rasmussen et al., 2013). Groundwater exploitation for industrial and agricultural purposes also affects groundwater quality. As the coastal areas are thickly populated, the need for freshwater significantly increases. Therefore, aquifers in the coastal regions are significant sources of freshwater in several nations around the globe, particularly in the Mediterranean region (Gaaloul et al., 2012). The extraction of groundwater from such arid regions diminishes freshwater flowing to the sea and lowers the water table, thus creating a possibility for seawater intrusion and consequently leading to groundwater quality problems (Zeidan, 2017; Costall et al., 2020; Siddha and Sahu, 2020; Hajji et al., 2022).
In the arid and semiarid coastal regions, where the groundwater is the main source of freshwater (Nhu et al., 2020), seawater intrusion represents a major problem. In addition, the preservation of water resources is a fundamental challenge in semiarid coastal regions because of the complexities of their geological settings. Developing nations of the Mediterranean Basin face environmental stresses by high populace growth, fast urbanization, and inefficient management of water resources (UN-United Nations, 2003; WHO, 2006). Groundwater salinity increases because of many factors, such as anthropogenic activities, agriculture practices, biogeochemical procedures, and seawater intrusion (Kanagaraj et al., 2018). Hydrogeochemical processes occurring within the groundwater system and the water interaction with the aquifer matrix can affect the groundwater quality for different human uses. The chemical characteristics of the groundwater can reflect its origin and evolution through its passage within the aquifer system. The hydrogeochemical processes vary temporally and spatially depending on the chemical and geological characteristics of the aquifer. The residence time of the groundwater within the aquifer controls the groundwater chemical composition (Okofo et al., 2022). The major processes affecting the groundwater chemistry and quality are the rock-water interaction, especially dissolution and weathering processes, carbonate balance, oxidation-reduction, and adsorption-desorption, in addition to the anthropogenic activities and biochemical processes. The weathering of minerals which is usually accompanied by increasing levels of major cations (such as Ca, Mg, Na, and K) is an important process in controlling groundwater chemistry (Aghazadeh et al., 2016; Salem and El-Bayumy, 2016; Salem and Osman, 2017a; Walraevens et al., 2018; Zhang et al., 2020). Agricultural activities are also potential sources of groundwater contamination and can result in increasing levels of salinity and nutrient concentrations (Kumar et al., 2021).
Several authors have studied the hydrogeochemistry of groundwater and seawater intrusion (Llopis-Albert et al., 2016; Salem et al., 2016; Kanagaraj et al., 2018; Kim et al., 2019). In addition, a few authors have reported the possible causes of increased salinization of groundwater (Salem et al., 2015; Argamasilla et al., 2017; Salem and Osman, 2017b).
In the Nile Delta, agricultural and industrial activities adversely affect groundwater quality (Salem et al., 2021). The increased exploitation of water resources associated with the population growth led to dramatic changes in both surface and groundwater systems, such as deterioration of water quality, reduced levels of safe surface water resources, groundwater salinization, and lowering of groundwater table (Salem et al., 2015; Salem and Osman, 2017a; Nhu et al., 2020; Shojaei et al., 2021; Aderemi et al., 2022).
Several authors studied the groundwater chemistry in the middle delta and concluded that the excessive usage of pesticides, fertilizers, and agrochemicals; absence of sewer and drainage systems; the poor practices of waste disposal management; percolation from the network of canals and drains that receive the sanitary disposal water, agricultural, and the untreated industrial effluents; use of drainage water in irrigation; traffic emissions; and saltwater intrusion were the main sources of groundwater pollution (Salem et al., 2012; Ghoraba et al., 2013; Mabrouk et al., 2015; Balkhair and Ashraf, 2016; Armanuos et al., 2017; Khalifa et al., 2019; Abu Khatita et al., 2020; El-Amier et al., 2020).
In this study, the hydrochemical characteristics of the groundwater in the study area were performed to gain insight into the evolution of the groundwater chemistry, identify the main hydrogeochemical processes occurring along the groundwater flow paths, and determine the anthropogenic factors affecting the groundwater system.
STUDY AREA
The study area occurs around the central part of the Nile Delta, including the entire area of El-Gharbia Governorate in addition to the northern part of Menoufiya and the southern part of Kafr El-Sheikh Governorates (Figure 1). The Nile Delta has an arid climate with average rainfall ranging from 25 mm/year (in the southern and middle parts) to 200 mm/year along the Mediterranean coast (RIGW, 1992). These low precipitation values do not recharge the aquifer, especially with the existence of the clayey Bilqas Formation covering the surface of most of the Nile Delta. The maximum and the minimum temperatures in the Delta area range from 26°C to 34°C and from 6°C to 13°C, respectively (SNC, 2010). The Nile Delta aquifer spans over 24,281 km2 and is bounded by the Mediterranean Sea to the north and the Suez Canal to the east. The western boundary extends into the desert and diminishes toward the south.
[image: Figure 1]FIGURE 1 | Maps show the geographic location of the study area.
The Quaternary aquifer is the main source of groundwater in the Nile Delta and is considered a semi-confined aquifer, where the clay of the Holocene Bilqas Formation represents the top of the Quaternary aquifer (Wilson et al., 1979). The Quaternary aquifer covers the whole Nile Delta area with a variable thickness ranging from 200 m in the south to 1,000 m in the north (RIGW, 1992). The agricultural soil in the region is believed to be from a coastal lagoonal deposit (Bilqas formation). The thickness of the clay deposit varies between 5 and 60 m across the south and the central part of the Nile Delta (Figure 2) (Diab and Saleh, 1982). The thickness of the clay layer plays a major role in the hydraulic connection between the surface and groundwater.
[image: Figure 2]FIGURE 2 | Vertical cross-sections illustrate the lateral change in Bilqas and Mit Ghamr Formations.
It has been reported that the hydraulic connectivity of the Nile Delta ranged from 70 to 100 m/d (Sherif, 1999; Salem et al., 2017c). Several authors studied the hydrogeology and hydrogeochemistry of the groundwater in different regions of the Nile Delta aquifer, such as Ahmed et al. (2012), Arnous et al. (2015), Safaa and Gad (2014), Salem (2009), Salem et al. (2015), Salem et al. (2016), Salem and El-Bayumy (2016), Salem and Osman (2017a), Salem et al. (2017a, b, and c), El-Sayed (2018), and Salem et al. (2018a and b).
Generally, the depth of the groundwater table in the Nile Delta ranges from 1 to 2 m in the north to 3–4 m in the middle parts, reaching 5 m in the south, where the groundwater head decreases from 15 m at Cairo to less than 1 m near the Mediterranean coast (RIGW, 2002). In the study area, the groundwater flows toward the north, and its level ranges from 5 m in the southern part to less than 2 m in the northern part. This suggests the effluent nature of Damietta and Rosetta branches in the southern part of the study area. The piezometric head gradient ranges from 11 to 17 cm/km (Figure 3, Abd El-bary and Thesis, 2011).
[image: Figure 3]FIGURE 3 | Piezometric map shows the spatial distribution of the groundwater hydraulic heads in the study area (Abd Elbary and Thesis, 2011).
The study area includes several industrial activities that represent an environmental threat as a result of their solid and liquid effluents in addition to their gaseous emissions, such as industries of bricks, pottery, paints, leather, feed and fertilizers, pesticides, rubber, battery cases, perfume, glass, detergents, construction and building materials, oils, and soap (Abu Khatita et al., 2020; El-Amier et al., 2020).
METHODOLOGY
For estimating the main factors affecting groundwater chemistry and describing the groundwater quality in the study area, soil-water was sampled twice (during the summer and winter seasons of 2017) from eight locations from depths of about 1 m (Figures 4A,B), and the groundwater was collected from 167 water wells (Figures 4C–E) with depths ranging from about 15 to 120 m.
[image: Figure 4]FIGURE 4 | The spatial distribution maps of TDS of the soil water and the groundwater samples: (A) TDS of the soil water in summer, (B) TDS of the soil water in winter, and (C), (D), and (E) TDS of the groundwater in the shallow, intermediate, and deep zones, respectively.
In order to have a complete image of the vertical and spatial variation in the chemistry and quality of the groundwater, the groundwater samples were classified into shallow groundwater that was collected from wells with depths up to 40 m (Figure 4C), intermediated groundwater (depth of 41—60 m, Figure 4D), and deep groundwater (depth >60 m, Figure 4E).
The pH, EC, and TDS of the groundwater samples were measured in situ with a portable Consort pH meter (model P 314) and Hach’s portable EC/TDS meter. Samples were kept at 4°C, and chemical analyses were performed within 2 days of sampling. The major cations (Ca2+, Mg2+, Na+, and K+) were analyzed using an Inductively Coupled Plasma Optical Emission Spectrophotometer (Optima™ 7000 DV ICPOES. PerkinElmer, Inc. United States ). Sulfate ions were measured using a spectrophotometer (Dr/2000 Spectrophotometer) through precipitation with the barium chloride method. Chloride and bicarbonate ions were measured using a digital titrator (MODEL1690001). A standard solution of mercuric nitrate and diphenyl carbazone reagent powder was used to measure the chloride ion, and a standard sulfuric acid solution was used to measure the bicarbonate ion. Chemical analyses were carried out in the Central Laboratory of Tanta University. Table 1 presents the statistical summary of the obtained results.
TABLE 1 | Statistical summary of the chemical constituents of the collected shallow, intermediate, and deep groundwater zones (all values are in mg/l except for EC (in µs/cm) and pH).
[image: Table 1]RESULTS AND DISCUSSION
Soil water
The hydrochemical parameters of the collected soil water samples are shown in Figure 5. In summer season, sample 3 represents the highest concentrations (mg/l) of TDS (2,670), K+ (84.68), Na+ (606.14), Mg2+ (86.17), Cl− (797.52), SO42− (82.88), and HCO3− (874.09). The highest concentration of Ca2+ was recorded in sample 7. In the winter season, sample 3 had the highest concentrations of TDS (1950 mg/l), Mg2+ (111.8 mg/l), SO42− (298 mg/l), and HCO3− (804.88 mg/l); sample 7 had the highest concentrations of Na+ (323.5 mg/l), Ca2+ (80 mg/l), and Cl− (354.61 mg/l); and sample 5 had the highest concentration of K+ (16.02 mg/l). The highest concentration of NO3− (39.2 mg/l) was recorded in sample 6
[image: Figure 5]FIGURE 5 | The hydrochemical composition of the collected soil water samples during winter and summer seasons.
The enrichment of these ions in soil water can be related to the evaporative concentration and minerals leaching in the soil zone (Panno et al., 2006). It was recognized that samples located in the northern part (2, 3, 5, and 7) reflect the higher soil salinity compared to those located in the central part, where they have the highest salinity and ion concentrations. The TDS and ion concentrations in these samples decrease in summer compared to winter, which can be related to excessive water use for irrigation in summer. Samples located in the central and southern parts of the area (1, 4, 6, and 8) showed lower concentrations in winter compared to summer, suggesting the effect of excessive application of fertilizers in the summer season. The NO3 concentrations (Figure 5I) ranged from 11.2 mg/l in samples 1 and 8 to 39.2 mg/l in sample 6.
Groundwater hydrochemical data
Spatial distribution
The pH of the shallow, intermediate, and deep ground waters where slightly alkaline having values ranging from 6.80 to 8.30, 7.30 to 8.40, and 7.30 to 8.50, with mean values of 7.74, 7.74, and 7.74, respectively (Table 1). In the shallow zone, TDS ranged from 210 to 8,820 mg/l, with a mean value of 1,146 mg/l. However, in the intermediate zone, it ranged from 173 to 6,430 mg/l, with a mean value of 794 mg/l. Moreover, in the deep zone, TDS varied from 180 to 1940 mg/l, with a mean value of 641 mg/l (Table 1). The TDS values obtained showed that the groundwater is fresh to brackish (Todd and Mays, 2005; Rusydi, 2018).
The TDS spatial distribution maps (Figures 5C–E) show that groundwater salinity increases toward the north. In addition, groundwater salinity decreases with depth, as salinity recorded its highest values in the shallow groundwater zone (Figure 5C). In contrast, the lowest values were recorded in the deep groundwater zone (Figure 5E). The high salinity in the shallow groundwater zone may be related to leakage from drains, canals, and agricultural drainage, in addition to human activities and evaporation (Choi et al., 2005; Kumar et al., 2009).
Figures 6–8 show the spatial distribution of major ion concentrations, where the highest concentrations of all major ions are recorded in the northern part of the study area.
[image: Figure 6]FIGURE 6 | The spatial distribution maps of the major ion concentrations (mg/l) of the groundwater samples in the shallow zone.
[image: Figure 7]FIGURE 7 | The spatial distribution maps of the major ion concentrations (mg/l) of the groundwater samples in the intermediate zone.
[image: Figure 8]FIGURE 8 | The spatial distribution maps of the major ion concentrations (mg/l) of the groundwater samples in the deep zone.
The seawater indicative ions (Na + K and Cl) have a higher concentration in the shallow and intermediate zones than in the deep zone. The freshwater-related ions (Ca and HCO3) also have higher concentrations in the shallow and intermediate zones than in the deep zone. This means the TDS and ion concentrations in the shallow and the intermediate zones could be related to surface hydrological effects such as the old existing closed lakes, which were affected by evaporation. This idea is clearly shown in Figures 9, 10, where TDS and major ion concentrations are distributed along the south-north cross-section AA'.
[image: Figure 9]FIGURE 9 | Vertical distribution of the groundwater total dissolved solids (TDS, mg/l) along the cross-section AA'.
[image: Figure 10]FIGURE 10 | Vertical distribution of the major ion concentrations (mg/l) along the cross-section AA'.
In the three zones, TDS and most of the major ions have the lowest concentrations in the eastern and central parts of the area, which could be related to seepage from the old Nile branches and the current irrigation canals. The spatial distributions of Mg and SO4 in the three zones and the AA’ cross-section (Figures 6B,E, 7B,E, 8B,E, and 10B,E) have similar patterns, where higher concentrations are noticed in the southern and northern parts of the area. The highest concentrations of Na and Cl in the deep zone (Figures 8C,F, respectively) are observed in the northeastern part of the area, indicating seawater intrusion.
Groundwater origin
Sulin’s diagram (Figure 11) shows that most of the samples in the shallow, intermediate, and deep zones are represented by recent meteoric water (NaHCO3) and recent marine (MgCl2) waters. The NaHCO3 water type reflects the excess of Na over Cl and SO4, with soft and alkaline characteristics. This water type is probably formed by seepage from the irrigation canals and infiltration of irrigation water. The old meteoric water (Na2SO4) is characterized by an excess of Na over Cl, and it is of slightly alkaline traits. This type includes a few samples related to the three groundwater zones and indicates a decrease in bicarbonate concentrations due to precipitation and sulfate dissolution. Recent marine water type (MgCl2) includes several samples related to the three groundwater zones. It reflects the dilution of seawater by meteoric water where the excess of Cl over Na is predominant. The CaCl2 old marine type includes a few samples related to the deep and intermediate zones and is characterized by an excess of Cl over Na and Mg. The MgCl2 type is considered an intermediate stage between the NaHCO3 and CaCl2 types (El-Sabbagh, 2000; Salman et al., 2013).
[image: Figure 11]FIGURE 11 | Sulin’s diagram illustrates the genetic types of the groundwater samples.
Equilibrium modeling (saturation indices)
The degree of mineral saturation in water is determined by the following equation:
[image: image]
where SI is the saturation index, IAP is the ionic activity product of the appropriate ions, and Ks is the solubility product of the mineral (Singh et al., 2012; Aghazadeh et al., 2016; Salem and Osman, 2017a).
The saturation index (SI) estimates the equilibrium distribution of species and the state of saturation for relevant minerals in water (Aghazadeh et al., 2016). Saturation indices are calculated using the PHREEQC Interactive Program (USGS, 2011). The statistical analysis of the mineral saturation indices is statistically listed in Table 2 and represented graphically and spatially in Figures 12–15.
TABLE 2 | Statistical summary of the mineral saturation indices of the studied groundwater.
[image: Table 2][image: Figure 12]FIGURE 12 | Relationships between TDS (mg/l) and the saturation indices of the dissolved minerals in the shallow, intermediate, and deep groundwater.
[image: Figure 13]FIGURE 13 | Spatial distribution maps of the dissolved minerals’ saturation indices in the shallow zone.
[image: Figure 14]FIGURE 14 | Spatial distribution maps of the dissolved minerals’ saturation indices in the intermediate zone.
[image: Figure 15]FIGURE 15 | Spatial distribution maps of the dissolved minerals’ saturation indices in the deep zone.
The shallow, intermediate, and deep groundwater zones have different dissolved mineral contents. Figure 12 shows that the studied groundwater is unsaturated with respect to sulfate and chloride minerals but partially saturated with respect to carbonate minerals.
Aragonite, calcite, dolomite, halite, and sylvite saturation indices increased with increasing groundwater salinity, whereas those of anhydrite and gypsum have no significant relationship with the groundwater salinity. Partial saturation indices (SIs) of carbonate minerals could be related to the infiltration of irrigation water via soil, where the bicarbonate ion could be formed due to the production of CO2 from the decay of the organic matter as follows:
[image: image]
In the three groundwater zones (Table 3), the sulfate mineral (anhydrite and gypsum) SIs have a strong correlation with sulfate ion concentrations in the shallow, intermediate, and deep zones. However, sulfate minerals have a moderate correlation with Ca + Mg in the three groundwater zones. In addition, there is a moderate correlation between SO42− and Ca + Mg. This suggests that the dissolution of sulfate minerals was the main source of SO42− and Ca2+ in the groundwater, whereas Ca2+ was consumed through the ion exchange process (Kawoa and Karuppannan, 2018; Mgbenu and Egbueri, 2019; Zhang et al., 2020).
TABLE 3 | Correlation coefficient matrix between SIs of the dissolved minerals and concentrations of the major ions.
[image: Table 3]Carbonate minerals in the shallow zones have a strong to very strong correlation with Ca + Mg and HCO3. In the intermediate zone, they have a moderate to strong correlation with Ca + Mg and HCO3, whereas, in the deep zone, they have a strong to very strong correlation with Ca + Mg and HCO3. This suggested the contribution of the carbonate dissolution process to the content of Ca, Mg, and HCO3 in the groundwater (Kumar et al., 2009; Okiongbo and Akpofure, 2015).
In the shallow zone, the halite and sylvite saturation indices have a moderate correlation with Na + K and Cl, which means that most of the dissolved Na and K are not related to the dissolution of chloride minerals. In the intermediate zone, halite has very strong and strong correlation relationships with Na + K and Cl, respectively, whereas sylvite has a moderate correlation relationship with Na + K and Cl. Chloride minerals in the deep zone have very strong correlation relationships with Na + K and Cl, whereas sylvite has very weak correlation relationships with Na + K and Cl. This suggests that halite dissolution is the main source of Na and Cl in both intermediate and deep zones (Aghazadeh et al., 2016; Zhang et al., 2020).
The spatial distribution of carbonate minerals (aragonite, calcite, and dolomite) saturation indices is represented in Figures 13B–D, 14 (b, c, and d), and 15 (a, b, c, and d) for the shallow, intermediate, and deep groundwater, respectively. The groundwater with higher salinity in the northeastern and northern parts and some spots in the central parts is saturated with carbonate minerals in the shallow zone. The groundwater of the intermediate and deep zones is saturated with carbonate minerals, where seawater intrusion is affecting the area in the northeastern part and in the southern parts, where higher salinities were detected. Sulfate (anhydrite and gypsum) and chloride mineral (halite and sylvite) saturation indices’ distribution maps (Figure 13 (a, e, f, and g), 14 (a, e, f, and g), and 15 (a, e, f, and g) indicated that groundwater in the three zones is undersaturated with these minerals and there is no definite spatial distribution pattern.
Hydrogeochemical processes
Groundwater samples were plotted in Gibbs diagrams (Figures 16A,B) to estimate the relationships between the chemical composition of water and the lithological composition of the aquifer (Gibbs 1970; Xie et al., 2015). It was obtained that the water–rock interaction was responsible for introducing the dissolved HCO3 and Ca into most of the soil water, shallow, intermediate, and deep groundwater samples (Figure 16A). Infiltration via soil accompanied by organic matter decomposition and minerals’ dissolution followed by leachate mixing in the shallow, intermediate, and deep groundwater can greatly affect the groundwater carbonate concentration (Gibbs, 1970; Singh et al., 2012; Salem et al., 2015; Zhang et al., 2020).
[image: Figure 16]FIGURE 16 | Gibbs diagrams (A,B) illustrate the hydrogeochemical processes controlling groundwater chemistry. Concentrations of TDS and ion are in mg/l.
As shown in Figure 16B, Na and Cl in some soil water, shallow, intermediate, and deep groundwaters could be related mainly to evaporation and seawater intrusion. Accumulations of evaporites, especially in the northern parts of the area, in the soil and farmland, such as anhydrite, gypsum, and halite, indicate the potential role of evaporation.
Figure 17 presents the relationships of TDS versus Ca, Mg, Na, HCO3, SO4, and Cl. In addition, the correlation coefficient values (r) are listed in Table 4. Plotting of TDS versus Ca, Na + K, and Cl (Figures 17A,B,F) gave very strong correlation relationships, where r = 0.88, 0.99, and 0.99, respectively, for the shallow groundwater, and r = 0.85, 0.97, and 0.99, respectively, for the intermediate groundwater. However, TDS had strong correlations with Ca (r = 0.74) and Na + K (r = 0.74) and very strong correlation with Cl (r = 0.80) for the deep groundwater.
[image: Figure 17]FIGURE 17 | The relationships between total dissolved solids (TDS) and ion concentrations.
TABLE 4 | Correlation matrix between physicochemical parameters in shallow, intermediate, and deep groundwater.
[image: Table 4]Plotting of TDS versus Mg (Figure 17B) showed an intermediate relationship for the shallow, intermediate, and deep groundwater (r2 = 0.66, 0.71, and 0.70, respectively). Plotting of TDS versus HCO3 (Figure 17C) showed a very strong relationship for the shallow and deep groundwater (r = 0.94 and 0.75, respectively), reflecting that carbonate might be related to the infiltration and dissolution processes. In contrast, the obtained weak correlation relationship for the intermediate groundwater (r = 0.32) suggested that carbonate ions were not of primary origin and they could be related to mineral weathering in this zone (Salem and Osman, 2017a; Masindi and Muedi, 2018; Ali et al., 2019; Liu et al., 2020).
Plotting of TDS versus SO4 (Figure 17E) showed intermediate correlation relationships for the shallow, intermediate, and deep groundwater (r = 0.49, 0.53, and 0.52, respectively). Sulfates were not mostly related to the freshwater–seawater mixing process but probably of soil and sediment origin. For TDS versus Na + K and Cl relationships, most samples were plotted parallel to the freshwater–seawater mixing line indicating the evaporation or/and the seawater intrusion effects. In all the relationships shown in Figure 17, plotted soil samples indicated that the soil hydrochemical processes are very effective in the hydrochemical characteristics of the studied groundwater, where they act as an important origin of the dissolved ions. Mixing infiltrated soil water and seeped canal water was the major effective hydrochemical process influencing the current groundwater chemistry (Masindi and Muedi, 2018; Liu et al., 2020).
The relationships among the major ions are very important for comparing different water characteristics, estimating the possible origins of salts, and identifying the effective hydrogeochemical processes occurring within the aquifer (Hem, 1985). Table 5 presents a statistical summary of the calculated ionic ratios, and Figure 18 shows the scatter binary plots among the major ions (Figure 18).
TABLE 5 | Ionic ratios of the groundwater samples.
[image: Table 5][image: Figure 18]FIGURE 18 | Ionic relationships to estimate the hydrogeochemical processes that occur in the groundwater.
The Na–Cl imbalance in water can be expressed by the Na/Cl ratio. If the Na/Cl ratio is greater than unity, water is said to be of meteoric origin. However, it is of marine origin if the ratio is less than unity, where the Na/Cl ratio of seawater is 0.86 (Khaska et al., 2013; Ibrahim et al., 2021). The Na/Cl ratio in the groundwater samples ranged from 0.42 to 2.75, with a mean value of 1.11. The Na/Cl ratios less than 0.86 may represent groundwater affected by seawater intrusion (Panno et al., 2006). Table 5 and Figure 18A showed that most samples (55%) of shallow groundwater had values of Na/Cl higher than unity, where they have Cl− concentration less than Na+, reflecting the meteoric origin, meteoric water recharge, and/or dissolution of terrestrial salts (Ibrahim et al., 2021). The Na/Cl ratios higher than unity may represent groundwater contaminated by anthropogenic sources (Panno et al., 2006). In contrast, most samples of the intermediate groundwater (56%) and the deep groundwater (58%) had values of Na/Cl less than unity, where they have Na+ concentration less than Cl− (Table 5 and Figure 18A), reflecting the effect of seawater intrusion and/or dissolution of marine sediments in the aquifer matrix (Ibrahim et al., 2021). The correlation coefficients (r) were 0.99, 0.97, and 0.87 for shallow, intermediate, and deep groundwater, respectively (Table 4). Soil water samples showed Na/Cl values higher than unity, where sodium addition in the soil zone was one of the main hydrochemical processes through mineral weathering and ion exchange processes (Bouderbala and Gharbi, 2017; Zhang et al., 2020).
The Ca/Mg ratio for seawater = 0.25; therefore, it can be used for tracing contamination by seawater (Salem and El-Horiny, 2014; Barzegar et al., 2016; Hussien and Faiyad, 2016). The Ca/Mg ratio of the groundwater samples ranged from 0.07 to 4.25, with a mean value of 1.75, indicating the enrichment of Ca, which is an indicator of seawater intrusion (Panno et al., 2006). Most samples of shallow (84%), intermediate (67%), and deep groundwater (89.5%) had a Ca/Mg ratio higher than unity (Table 5 and Figure 18B), reflecting the dissolution of calcium-rich minerals and leaching of gypsum in the aquifer matrix (Ibrahim et al., 2021). In addition, the rest of the samples in the three zones had a Ca/Mg ratio lower than unity (Table 5), which might indicate the ion exchange and/or precipitation of carbonates (Salem and El-Horiny, 2014; Ibrahim et al., 2021). Correlation coefficients (r) of calcium-magnesium relationships were 0.37, 0.69, and 0.65 for the shallow, intermediate, and deep groundwater, respectively (Table 4), suggesting different origins of both Ca and Mg. High values of this ratio may indicate the dissolution of gypsum, anhydrite, and calcite; surface water mixing; and/or CO2-CaCO3 interaction. Soil water samples with higher Mg than Ca indicate the ion exchange between Ca of water and Na of the soils, resulting in excess Na and lower Ca in the soil water (Zhang et al., 2020).
The SO4/Cl ratio was used to estimate the role of halite, gypsum, or anhydrite dissolution. About 96%, 100%, and 98% of shallow, intermediate, and deep groundwater samples, respectively, had an SO4/Cl ratio lower than unity (Table 5), indicating the dissolution of gypsum and anhydrite. In contrast, some samples had values of SO4/Cl less than the ratio of seawater (0.12), indicating seawater intrusion (Ibrahim et al., 2021). The plotted soil and groundwater samples (Figure 18C) are distributed on the scatter plot of SO4 versus Cl with no definite trend, where r = 0.50, 0.47, and 0.34 for the shallow, intermediate, and deep groundwater, respectively (Table 4). Such relationships suggest the presence of several sources for SO4 and Cl ions, such as dissolution, evaporation, and seawater intrusion. The soil samples are matched with the plotted groundwater samples indicating the soil hydrochemical processes were effective in the origin of the two ions. Approximately 93%, 96%, and 97% of the shallow, intermediate, and deep groundwater samples had SO4/Ca ratios less than unity (Table 5). The plotted samples (Figure 18D) are distributed on the scatter plot of SO4 versus Ca with no definite trend, where r = 0.33 for the shallow, 0.37 for the intermediate, and 0.32 for the deep groundwater (Table 4). As soil water was matched with the groundwater, the low SO4/Ca ratio indicates that the addition of calcium occurred by the dissolution of Ca-rich minerals more than gypsum (Kumar et al., 2009; Salem and El-horiny, 2014; Salem et al., 2015).
The Ca/Cl ratio is used to understand the modification of groundwater composition through the dissolution of calcite, dolomite, gypsum, and anhydrite. The Ca/Cl ratio for the groundwater samples had a mean value less than unity (45% for shallow groundwater, 53% for intermediate groundwater, and 57% for deep groundwater) (Table 5). The Ca-Cl scatter plot (Figure 18E) showed a scattered pattern with r values of 0.83, 0.87, and 0.51, respectively (Table 4). These coefficient and soil samples’ scattering patterns confirm that both ions were affected by the same hydrogeochemical processes, such as evaporation in the soil zone and the shallow and intermediate groundwater zones. In the deep zone, they have different origins where higher Cl is mostly related to seawater intrusion and Ca traces the freshwater origin (Li et al., 2016). As shown in Table 5, the Ca/Cl ratio showed enrichment of Ca2+ with respect to Cl− with depth indicating the ion exchange process, where Na+ was consumed by an exchange, whereas Ca2+ was released (Gopinath et al., 2016).
The Na relationships with Ca and Mg are significant in shallow groundwater (r = 0.84 and 0.65, respectively) and intermediate groundwater (r = 0.79 and 0.63, respectively, Table 4), where Na increases with calcium and magnesium increase. The Na-Ca and Na-Mg relationships have weak strengths in the deep groundwater zone (r = 0.24 and 0.43, respectively, Table 4), suggesting different origins for these ions, where Na could be mostly related to seawater intrusion, whereas Ca and Mg are of freshwater origin. The Na-SO4 relationship has weak strength in the shallow groundwater (r = 0.48) and intermediate strength in both intermediate and deep groundwater zones (r = 0.51) (Table 4 and Figure 18F), indicating the association between these two ions that might be related to the ion exchange processes. HCO3 shows a good correlation with Na for the shallow groundwater, where the r value is 0.91 (Table 4). Most of the shallow groundwater samples (about 69%) have Na/HCO3 ratio values less than unity (Table 5 and Figure 18G). The Na/HCO3 relationship (Figure 18G) shows no trend pattern with r values of 0.24 and 0.45 (Table 4) for the intermediate and deep groundwater, respectively. About 67% and 82% of the intermediate and deep groundwater samples, respectively, have Na/HCO3 ratios less than unity (Table 5). A high correlation between Na and HCO3 in the shallow zone indicates the replacement of Ca by Na in both soil water and shallow zones. The low correlation in the intermediate and deep zones is attributed to different origins, where Na is mostly related to seawater intrusion and HCO3 is of freshwater origin in the southern part (Elango and Kannan, 2007; Luo et al., 2018).
HCO3 strongly correlates with Ca for both the shallow and deep groundwater samples, where r = 0.94 and 0.71, respectively. The HCO3-Ca relationship has a weak strength where r = 0.43 (Table 4 and Figure 18H) for the intermediate groundwater. HCO3 shows a weak correlation with Mg, where r = 0.47 and 0.45 for the shallow and intermediate zones, respectively (Table 4 and Figure 18I), and a moderate correlation in the deep groundwater, where r = 0.59 (Table 4). Most of the shallow groundwater samples, 89% and 93%, have values less than unity for Ca/HCO3 and Mg/HCO3 ratios, respectively (Table 5). Besides, about 78% and 53% of the intermediate groundwater samples and 87% and 97% of the deep groundwater samples have the Ca/HCO3 and Mg/HCO3 ratios less than unity, respectively (Table 5). Such trends and ratios suggest that the freshwater origin, dissolution of dolomite and calcite, rock weathering, and ion exchange of Ca and Mg with Na are the possible sources responsible for the dissolved carbonates and such low values of the ratios Ca/HCO3 and Mg/HCO3 recorded (Kumar et al., 2009; Salem and El-horiny, 2014; Salem et al., 2015).
The Cl-HCO3 relationship recorded a good correlation for the shallow groundwater (r = 0.89) (Table 4 and Figure 18J) and is weak for the intermediate and deep groundwater (r = 0.22 and 0.40, respectively). A higher correlation between Cl and HCO3 in the shallow zone could be due to the same origin. Surface and soil hydrological processes, including evaporation and organic matter decay, are the main sources of the higher concentrations of both ions in the shallow groundwater zone. The weak relationship between Cl and HCO3 in the intermediate and deep zones indicates two different origins, where higher Cl is mostly related to seawater intrusion and HCO3 traces the freshwater origin. The SO4-HCO3 relationship showed that the samples (Figure 18K) are distributed on the Cl-HCO3 scatter plot with no definite trend, where r = 0.37, 0.14, and 0.36 for the shallow, intermediate, and deep groundwater samples, respectively (Table 4). The soil samples are matched with the plotted groundwater samples, indicating that the soil hydrochemical processes were effective in the origin of the two ions. The Ca + Mg relationship with HCO3 + SO4 is strong for the shallow groundwater (r = 0.89), weak for the intermediate groundwater (r = 0.31), and intermediate for the deep zone (r = 0.61) (Figure 19A). Plotting of (Na + Mg + Ca) versus (HCO3 + SO4) showed significant correlations for the shallow and deep groundwater (r = 0.89 and 0.65, respectively) and weak correlations for the intermediate groundwater (r = 0.25) (Figure 19B). These two relationships suggested that soil water chemistry controls the groundwater composition where HCO3 and SO4 are mostly related to the mix between the groundwater seeped from the irrigation canals and that infiltrated via soils. Some shallow groundwater samples have higher HCO3 and SO4 concentrations than the soil water, which might be related to calcite and gypsum dissolution. Excess Ca + Mg in some groundwater samples could be caused by rock weathering (Zhen-Wu et al., 2016; Walraevens et al., 2018; Zhang et al., 2020).
[image: Figure 19]FIGURE 19 | Relationships showing the role of sodium in forming salts with SO4 and HCO3 by replacing Ca and Mg in the dissolved sulfate and carbonate minerals.
Ion exchange reactions play a very important role between groundwater and clay minerals in the seepage zones. The plot of (Ca + Mg-HCO3-SO4) versus (Na-Cl) was used to estimate the occurrence of the ion exchange reactions within the groundwater aquifer. If all Cl comes from NaCl dissolution, the groundwater samples not affected by ion exchange will fall close to zero on the y-axis (Figure 20). The x-axis of Ca + Mg-HCO3-SO4 shows the amounts of Ca and Mg attributed to calcite, dolomite, and gypsum dissolution. If ion exchange reactions occur in the aquifer, the groundwater samples will fall on a straight line with a high correlation coefficient. The shallow, intermediate, and deep groundwater have r2 values of 0.87, 0.93, and 0.99, respectively (Figure 20). Therefore, it can be said that ion exchange and rock weathering are the predominant processes affecting groundwater chemistry. In the upper part of the diagram, soil and groundwater samples showed an excess of Na over Cl, where Na of the clays is replaced Ca and Mg in the solution. In the lower part of the diagram, an excess of Ca + Mg over HCO3 + SO4 was noticed. This could be related to rock weathering (Bouderbala and Gharbi, 2017; Dehnavi, 2018; Chen et al., 2019).
[image: Figure 20]FIGURE 20 | Binary diagram illustrates the ion exchange processes in the groundwater.
The Na/Cl and Ca/SO4 ratios in most of the soil water and groundwater samples were higher than 1 (Figures 21A,C). In contrast, most of the groundwater samples have Ca/HCO3 higher than 0.5, whereas most of soil water samples have values lower than 0.5. Regardless of the water salinity, ion exchange occurred in the soil water and most of the groundwater. The carbonate originating in the soil water from organic matter decaying is higher than Ca, whereas most of the groundwater samples have an excess of Ca compared to HCO3, which can be related to weathering of the Ca-rich mineral (Figure 21B).
[image: Figure 21]FIGURE 21 | The TDS-ionic ratio relationships to estimate the effect of ion exchange and mineral dissolution on the hydrochemical composition of the groundwater.
Plotting of Ca/HCO3 versus Ca/SO4 (Figure 22) shows how calcium content is controlled by the dissolution of calcite and gypsum. All soil water samples have a Ca/HCO3 ratio of less than 0.5, and most of them showed Ca/SO4 higher than 1. Most of the groundwater samples have an excess of Ca over HCO3 and SO4. This means Ca-rich mineral (other than calcite and gypsum) dissolution and weathering are common processes in the groundwater. In the soil zone, lower SO4 compared to Ca and higher HCO3 compared to Ca occur due to the use of SO4 to produce HCO3 (Salem and Osman, 2017a; Zhang et al., 2020).
[image: Figure 22]FIGURE 22 | Binary relationship to estimate the effect of the ion exchange process on gypsum and calcite composition and the calcite and gypsum dissolutions.
Hydrochemical facies using HFE-D
In the intrusion phase, if saline water penetrates the freshwater aquifer, a reaction occurs that produces Ca and adsorbs Na in a reverse exchange reaction, as indicated by Eq. 3 (Appelo and Geirnaert, 1983; Anders et al., 2013; Gopinath et al., 2016). In the freshening phase, a direct ion exchange reaction occurs. If a salinized aquifer is flushed by fresh Ca-HCO3 water, Na will be released into the water and Ca will be absorbed, as indicated by Eq. 4 (Appelo and Geirnaert, 1983; Anders et al., 2013; Gopinath et al., 2016):
[image: image]
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where X indicates the soil exchanger.
In the HFE-diagram (Figure 23), the freshening blue arrow represents the direction of the freshening sub-stage, and the intrusion red arrow represents the direction of the intrusion phase sub-stage. In the shallow groundwater (Figures 23A,B), freshening facies represented by MixCa-HCO3 natural freshwater occupy most of the central and the southern parts of the study area. Na-HCO3, salinized water with direct ion exchange, is represented in the central and southern parts of the study area. MixNa-HCO3 occupied central and northern parts of the area, and Ca-HCO3 was represented in two locations in the central part.
[image: Figure 23]FIGURE 23 | The HFE-diagrams (A,C,E) and facies spatial distribution in the shallow zone (B), intermediate zone (D), and deep zone (F).
Intrusion phase sub-stages were identified by MixCa-Cl salinized water with a reverse exchange, revealed at one location in the central part of the area; MixCa-MixHCO3 was revealed at the western central part of the area. Ca-MixHCO3 occupied one location southeast of the area. MixCa-MixCl was revealed in the southern part; and the Na-Cl type occupies the northern parts of the area (Anders et al., 2013; Gopinath et al., 2016).
In the intermediate zone (Figures 23C,D), sub-stages of freshening were represented by Na-HCO3, MixNa-HCO3, Na-MixHCO3, MixCa-HCO3, and Ca-HCO3, occupying most of the study area. Intrusion facies identified by MixCa-MixHCO3 wew represented as separated locations in the north and southwest of the area; Ca-MixHCO3 and MixCa-MixCl were revealed in the southern part; Mg-MixCl was only represented in the southern part, MixCa-Cl was shown only in the eastern part, and Na-Cl occupied the northern part. In Figures 23E,F, the deep zone was represented by the freshening facies Na-MixCl, MixNa-MixHCO3, Na-HCO3, MixNa-HCO3, MixCa-HCO3, and Ca-HCO3, occupying most of the study area, except for the northeastern parts, occupied by the intrusion facies. The Na-Cl water type represents the most affected groundwater by seawater and is located in the northern and northeastern parts of the area. The Na-Cl type is followed to the south by MixNa-Cl, MixCa-Cl and MixCa-MixCl, indicating seawater intrusion (Anders et al., 2013; Gopinath et al., 2016).
The sea and fresh groundwater types and their ideal interaction zone are clearly represented in the deep zone (Figure 23F). In contrast, this interaction zone in the shallow groundwater is not represented (Figure 23B). This means the groundwater with high salinity detected in the northeastern part of the area in the shallow zone is not due to seawater intrusion, but it could be related to surface hydrological and soil salinity processes. The intermediate zone could be considered an intermediate stage between the shallow and deep zones.
CONCLUSION
The analysis of soil water samples revealed that salinity (TDS) and major ion showed higher values in winter than in summer. The salinity of the groundwater ranged from fresh to saline. The groundwater salinity increased in the northern direction, which might be related to either seawater intrusion or surface conditions. The recorded higher salinity of the shallow groundwater compared to the intermediate and the deep zones indicated that surface activities, soil salinity, and human activities are responsible for the high salinity of this zone. The seawater indicative ions (Na + K and Cl) and TDS had a higher concentration in the shallow and intermediate zones than in the deep zone. This could be related to leakage from canals and drains, human activities, and evaporation, whereas seawater intrusion was the main factor affecting the salinity of deep groundwater. Meteoric water and marine water types were indicated, suggesting that the groundwater was affected by recent recharge from the Nile branches, canals, and drains in addition to seawater intrusion and evaporation. Evaporation, dissolution, ion exchange, seawater intrusion, leakage, recent recharge, and human activities were the major processes controlling groundwater chemistry in the three zones.
Continuous monitoring of the available water resources, identification, and reduction of pollution sources through sustainable development plans are essential requirements for maintaining the quality of the available water resources for different human uses. Sustainable development involving the management of wastewater and environmental pollution needs to be assessed, and mitigation measures are proposed to combat the negative impacts of human activities. Efforts and planning should be carried out in urban and industrial areas to reduce the number of vehicles to mitigate the amount of emissions, prevent and criminalize irrigation from wastewater, improve drainage systems, replacing old irrigation methods with modern irrigation methods that reduce water wastage in irrigation, and reduce the use of pesticides and agrochemicals. The hydrochemical parameters are useful for understanding the hydrogeological conditions and assessing the water quality for different human uses.
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