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The quality and quantity of groundwater resources have been continuously deteriorating as a result of anthropogenic activities and their excessive usage. This has intensified seawater intrusion, particularly in the coastal area of Egypt. The management of this issue and preventing ongoing groundwater contamination are crucial responsibilities. Thus, an integrated strategy using remote sensing, geophysical technique, and hydrogeochemical analysis is used in this work to identify the causes of degradation and evaluate their impacts on the groundwater quality in East Port Said, Egypt. The following points were identified: 1) Remote sensing analysis between 1984 and 2015 showed an increase in anthropogenic activities, such as the construction of fish farms and vegetation, which became their areas of 12.5 and 37.8 km2 respectively. 2) Field observations demonstrated that the groundwater resources are being overexploited and it is expected that these human activities could have an impact on the groundwater quality. 3) The results of the resistivity approach indicated that sand and clay constitute the underlying layers and the shallow subsurface strata contain a high concentration of saline water. As a result, the aquifer is vulnerable to seawater intrusion due to its homogeneity. 4) Nineteen samples of groundwater were collected from the shallow Quaternary aquifer and the hydrochemical characteristic of the samples was identified. The hydrochemical analysis showed that the groundwater across the research area is of the Na-Cl water type and is highly saline (from 7,558 to 23,218 mg/L). By integrating the aforementioned techniques, it is evident that the research region is affected by anthropogenic activities as well as seawater intrusion on groundwater quality. These results serve as a solid base for further research on groundwater-surface water interactions and the evaluation of possible sources of contamination in the shallow aquifers under stress from anthropogenic activity in such environments.
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1 INTRODUCTION
Developments in land use land cover (LULC) are among the most vital factors to take into account change in investigations (Houghton, 1994; Lambin, 1997; Loveland et al., 2000; Brown et al., 2014; Chen et al., 2015). The expression “land use” refers to how humans exploit and use land resources, such as through urbanization and agriculture (Pielke Sr et al., 2002; Turner et al., 2014). These practices could result in excessive use of potentially harmful chemicals in agriculture, ineffective land use, improper sanitation, and excessive water consumption, all of which would be detrimental to groundwater quality (Mukherjee and Singh, 2021; Pal et al., 2022; Singh et al., 2022). Therefore, the groundwater quality of the shallow unconfined aquifers is closely related to the surface human activities which are reflected in LULC (Pielke Sr et al., 2002; Turner et al., 2014; Prabhakar and Tiwari, 2015).
Globally, groundwater contamination caused by LULC changes is a significant environmental issue. For example, Okinawa Island located in Japan is a region of concern for groundwater contamination caused by human activity such as agricultural activity is dominant (Ripken et al., 2021; Yoshihara et al., 2023). Another instance is southern China, a typical manufacturing region with an extensive record of producing and recycling various heavy metals, which poses a serious hazard to groundwater resources (Tang et al., 2023). Other locations around the world, such as the Trans-Pecos region in Texas (Robertson et al., 2017), the Shabestar basin in Iran (Ranjpisheh et al., 2018), and the Monte Desert in Argentina (Gebrehiwot et al., 2011), have provided evidence of these impacts.
In many arid/hyper-arid regions where surface water supplies are insufficient, groundwater is an essential resource for development (such as the building of new communities and agricultural expansion) (Khalil et al., 2021). There have been many mega-projects established throughout the Middle East and North Africa (MENA) region, including irrigation activities in Saudi Arabia (Elhadj, 2004), Syria (Haddad et al., 2008), Libya (Shaki and Adeloye, 2006), Iran (Farshad et al., 2002). In addition to the numerous projects already established throughout Egypt, whether they are in the delta (Khalil et al., 2015), and the coastal area (Abdelfattah et al., 2023; Gamal et al., 2023). Specific Egyptian regions are suffering from groundwater stress caused by human activity, which has resulted in a deterioration in water quality (Saber et al., 2022; El-Aassar et al., 2023).
Changes in LULC may have a detrimental effect on groundwater quality because, for instance, thick unsaturated zones can act as a storage for salts that have gathered over a long time and can be discharged into underlying aquifers (Salem et al., 2015; Chávez et al., 2016). Increased groundwater abstraction and the addition of new sources of recharge are two common ways that agricultural developments affect groundwater quantity and quality (Switzman et al., 2015). This is particularly problematic for shallow aquifer systems. Consequently, the significant disposal of irrigation return, which is partially enriched with the residues of the utilized fertilizers, has had an impact on the water quality indices. Furthermore, the growing population results in a wide range of anthropogenic activities, such as the development of transportation systems, the generation of domestic waste in homes, the discharge of sewage sludge from nearby urban areas, and the dispersion of potentially toxic substances in the soil and water (Hegazy et al., 2020). Recent studies have investigated extensively the hydrologic response to changes in LCLU in terms of runoff dynamics (Napoli et al., 2017; El-Saadawy et al., 2020), groundwater temperature in shallow aquifers (Taylor and Stefan, 2009), water balance (Baker and Miller, 2013), shallow groundwater level fluctuation (Moukana et al., 2013), and groundwater pollution (Narany et al., 2014; Hegazy et al., 2020).
Land use changes have a considerable impact on the Nile Delta system in Egypt, leading the delta floodplain to considerably recede (Rateb and Abotalib, 2020). This exposes the Nile Delta aquifers to saltwater intrusion and groundwater degradation. Seawater intrusion is another factor that affects water quality in coastal regions around the world (Ahmed et al., 2013; Chidambaram et al., 2014; Abdalla et al., 2015). The over-extraction of groundwater and climate change, namely, seawater level rise, are the aggravating factors (Werner, 2010). Usually, the excessive extraction of water from the aquifer reduces the groundwater pressure and increases the lateral movement of seawater toward the land (Abdalla, 2016; Aretouyap et al., 2020). A significant number of water-intensive human activities are situated in the Egyptian coastal region, which is undergoing significant demographic, environmental, economic, and social changes (De Filippis et al., 2016).
Various strategies can be used to effectively manage water resources in coastal areas (Polemio and Zuffianò, 2020). To identify the saline contamination, hydrochemical methods can be employed to measure variables including electrical conductivity, chloride concentration, and total dissolved solids concentration. Geophysical approaches are being considered as an alternative to these conventional methods to detect the hydrogeological structure of aquifers and monitor the presence of salt water in coastal aquifers (Polemio and Zuffianò, 2020). These methods can be used for monitoring temporal variations in groundwater levels for sustainable water resource management (Essam et al., 2020). Even though several geophysical techniques can be used to describe coastal regions, the electrical resistivity method is more closely associated with pore water salinity. Many articles emphasize the use of electrical resistivity method for the analysis of seawater intrusion events and the characterization of coastal environments (Aladejana et al., 2020; Hasan et al., 2020).
The coastal aquifer of Port Said is undergoing an excessive extraction in the context of climate change, resulting in a probable seawater intrusion. Such a situation requires an investigation of groundwater salinization in terms of sources and processes (Argamasilla et al., 2017; Aretouyap et al., 2020). Recently, the Egyptian government declared East Port Said as an industrial area to host a set of projects. Therefore, in addition to anterior studies addressing the Port Said geological setting (El-Asmar, 1999; Goodfriend and Stanley, 1999; Stanley, 2005), subsidence (Stanley et al., 2008) and tectonic activities (Sneh and Weissbrod, 1973; Neev, 1977; Stanley et al., 2008), numerous other ones were conducted (Stanley and Toscano, 2009; Quintanar et al., 2013; Pennington et al., 2017). Moreover, satellite imagery and geographic information systems (GIS) were used for monitoring the rapid changes in (LU/LC), and assessing risks along East Port Said due to anthropogenic interference (Kaiser, 2009; El-Asmar et al., 2015; Gaber et al., 2016; Arnous et al., 2017). Many authors have studied the geo-environmental hazards, including in waterlogged areas, increased soil salinity, coastal erosion, and dune sand encroachment, which affect the study area and cause severe land degradation, which threat different developmental plans (Dai et al., 2001; Arnous et al., 2017; Moubarak et al., 2021).
Although there are numerous studies in the East Port Said area, the groundwater quality and its degradation drivers have not yet been meticulously investigated. However, this is relevant for groundwater resources management. Hence, the goal of the current study is to identify anthropogenic activities that have an impact on groundwater resources in the shallow aquifer in East Port Said, Egypt. To achieve that, water chemistry and geophysical technique are combined with remote sensing datasets (such as multi-temporal Landsat images) between 1984 and 2015. Fish farms and vegetation changes in the study region were monitored through the analysis of LULC maps. Finally, the potential sources of groundwater degradation were identified using LULC analysis, geophysical interpretation and water quality indices.
2 STUDY AREA
The study area is located in the East Port Said governorate on the eastern side of the Nile Delta. The area lies between the longitudes 32°22′–32°34′ E and latitudes 31°02′–31°9′N. It covers an area of about 189 km2 and extends from the El-Bardawil Lagoon eastward, the Suez Canal westward, El Qantara-El Arish asphaltic road in the south to the Mediterranean Sea at the north (Figure 1A). The area is mainly characterized by low elevation and flat terrain of about 5 m above sea level. In contrast, some western, southern, and eastern areas are higher than 5 m (Figure 1D).
[image: Figure 1]FIGURE 1 | (A) Composite false color of Landsat-8 image (7, 5, 4 for RGB) shows location map of the study area related to Port Said city, (B) Surface geological map of the study area (Geological Survey of Egypt (GSE), 1992), (C) Digital elevation model (DEM) of the study area and (D) Map showing the locations of the groundwater and surface water samples that were collected.
Geologically, the study area is represented by the old deltaic plain of the ancient Pellusic Nile branch that has been traced at the east of the Suez Canal between El-Baqar canal and Tell El-Farama with the two marking distributaries that branched northward (Sneh et al., 1975). The study area is an integral part of the ancient Nile Delta system (Stanley, 1988). It is entirely covered by Holocene and Pleistocene sediments of littoral, alluvial, and aeolian origin (Figure 1B), which show variations in their textures, and compositions and range from unconsolidated sands to salinized silt and clay of chemical and biochemical origins (Dewidar and Frihy, 2003).
According to geological studies (Geriesh et al., 2015), three different aquifer types can be distinguished:
1. The lower aquifer forms the main aquifer in the southern sector of the research area. It is semi-confined, 80 m thick, and composed of gravelly sands. It corresponds to the early Pleistocene sequence.
2. The intermediate aquifer is above the main aquifer along the northern sector. It is semi-confined, 15 m thick, and belongs to the late Pleistocene.
3. The upper low permeable aquifer, which covers the El-Tina Plain area and has a thickness of around 33 m, is considered unconfined and corresponds to the late Pleistocene-Holocene. It occasionally forms an aquitard layer along the El-Tina plain’s center core.
The northern sector crosses through lowland areas (+/-1 masl.). It is bounded by old deltaic loamy sand deposits deposited in an extended morpho-tectonic basin. Such deposits contain brackish to saline groundwater. Water salinity increases with depth, reflecting the occurrence of two groundwater horizons. The deeper one is probably fossil water that may have been affected by the Plio-Pleistocene fluviomarine wet periods with long resident time. While the less saline shallow groundwater floats over those mentioned above brackish, the deeper one is due to density variations and probably from recent freshwater recharge from the El-Salam canal irrigation system. Figure 2 shows the geological cross-section along the study area, mainly composed of sandstone layers sometimes intercalating with clay lenses and clay.
[image: Figure 2]FIGURE 2 | Subsurface hydrogeological cross-section.
3 MATERIALS AND METHODS
In this research, anthropogenic activities were identified to determine their impacts on groundwater quality in the shallow aquifer in East Port Said, Egypt by integrating remote sensing, geophysical method, and water chemistry.
⁃ Remote sensing images (from 1984 to 2015) with field validation are used to identify the new features (fish farms and vegetation) that occurred in 2015.
⁃ The geophysical method is used to determine the subsurface lithology and groundwater salinity depending on the measured resistivity values.
⁃ Hydrochemical analysis of groundwater samples identified the origin and hydrogeochemical processes that have an impact on groundwater.
3.1 Remote sensing technique
Remote sensing methods are thought to be the greatest way to monitor localized changes and investigate novel phenomena on the surface of the Earth and even other planets. Using satellite remote sensing images, it is possible to produce precise and timely geographic data describing changes in LU/LC.
3.1.1 Characteristics of the used satellite dataset
East Port Said is represented by two Landsat-5 and Landsat-8 images that were used. The Landsat-5 image was acquired on 2 July 1984, and is characterized by the path/row 175/038. This ancient time highlights the research area’s previous conditions through its surface features. While the latest Landsat-8 image with the path/row 175/038 was acquired on 24 July 2015. This present time was chosen since it coincides with groundwater sample collection and fieldwork. These satellite imageries were downloaded for free from the Earth Explorer USGS website (http://earthexplorer.usgs.gov).
3.1.2 Landsat data processing
A variety of image processing techniques were developed to improve the image and help distinguish the various types of geology and land cover. Stacking, clipping, false color composition (FCC), and supervised classification are some of these techniques. The FCC Landsat-5 image was created using bands 5, 3, and 2. Landsat-8 image, on the other hand, was created using bands 7, 5, and 3 in RGB, while the FCC. Landsat-5 and Landsat-8 images can be divided into 4 and 6 groups according to supervised classification using the maximum likelihood classifier (MLC) for parametric input data and field investigation. Figures 3A–D shows the surface features such as sabkha, clay, fish farms, and vegetation that were widespread in the study region in 2015 during the field investigation to ensure high accuracy outputs from satellite image processing.
[image: Figure 3]FIGURE 3 | Surface features during site investigation within the study area such as (A) Sabkha, (B) Clay, (C) Fish farms, (D) Vegetation (E) Geophysical survey using Syscal R-2 system (F) Map shows the locations of resistivity soundings in the study area.
3.2 Geophysical survey
The electrical resistivity technique is one of the most popular techniques that can be used for subsurface investigation through detecting Earth resistivity by injecting a direct current (DC) signal into the subsurface and measuring the potentials (voltages) that are formed there. Using the information collected, the electrical characteristics of the Earth can be deduced (Sundararajan et al., 2012). The theory and applications of this strategy in groundwater investigations have been well described (Zohdy, 1965; 1975; Bhattacharya and Patra, 1968; Parasnis, 1973; Arétouyap et al., 2019; Abdelfattah et al., 2021).
In this study, the geoelectric survey was carried out using a one-dimensional Schlumberger array with a maximum current electrode spacing (AB) of 600 m to reasonably reach deep depths. Six resistivity soundings were completed in the study region, as indicated in Figure 3F. To comprehend the underlying sequences and identify the various aquifer layers, field measurements were conducted starting from 2 m between the current’s poles and increasing up to 600 m. To record changes in ground resistance values, the Syscal R-2 system (Figure 3E), which sends an electrical current through the Earth, was used. Finally, the true resistivity values for the various geoelectric layers were calculated using Ipi2Win software by correlating the apparent resistivity of each VES with the underlying geological model received from a nearby drilled well.
3.3 Hydrogeochemical analysis of groundwater samples
A total of 19 groundwater samples from shallow wells along the study area were collected on July 2015 (Figure 1C). One surface water sample from the Mediterranean Sea was collected for reference use. These samples were collected in pre-washed and clean 1,000-ml polyethylene plastic bottles and stored in a refrigerator at 4°C. The chemical analysis followed the standard methods advised by (APHA, 2005). The chemical analyses included the major cations (Na, K, Ca, Mg) and the anions (HCO3, CO3, Cl, and NO3) and were conducted by using Inductively Coupled Plasma (ICP) at the Chemical War Institute of the Armed Forces, Cairo, Egypt. The Total dissolved solids (TDS) of the groundwater samples were measured in situ. Different graphs, such as Piper, Scholler, sulin, and Chadha graphs, were plotted to show the effect of seawater intrusion on the hydrogeochemical analysis of groundwater (Piper, 1944; Subrahmanyam and Yadaiah, 2001; Hiscock, 2005). Besides that, the ratios were calculated by SPSS software, including rNa/rCl, rCl/r (HCO3+CO3), and rSO4/rCl. These ratios prove the salinity levels were mostly influenced by the ions present in seawater (Na and Cl), determine whether or not the salinity source is seawater, and the hydrogeochemical processes that have an impact on groundwater (Piper, 1944; Hem, 1989; Subrahmanyam and Yadaiah, 2001; Hiscock, 2005; Nwankwoala and Udom, 2011; Zakari et al., 2014; Abdelfattah et al., 2023; Gamal et al., 2023).
4 RESULTS AND DISCUSSION
The results analyzed the effect of anthropogenic activities that were detected from LULC maps in the study area from 1984 to 2015, then investigated their effect on groundwater resources in terms of quality and deterioration drivers. The chemical analysis of the groundwater sampled depicts the phenomenon of seawater intrusion.
4.1 Land cover units
It is clear from the processed satellite image that a change occurred in the study area over the investigation period. In 1984 (Figures 4A, B), the main units of land cover were sabkha (65%), clay (30.5%), wetlands (2.5%) around El-Mallaha Lake, and sand toward the east (2%). After the El-Salam Canal was dug up and the mega-project of development communities aimed at land reclamation and cultivation east of the Suez Canal was established, the development operations started later in 1991 and were almost finished by the year 2000. The fish farm and vegetation, which covered 12.5 and 37.8 km2, respectively, were clear evidence of the development operations in 2015 (Figure 4C). These human activities relied on groundwater as a primary source of water.
[image: Figure 4]FIGURE 4 | Drastic change observed in LU/LC along the study area; (A) Landsat-5 image of East Port Said in 1984, (B) Landcover units map of East Port Said in 1984, and (C) Landcover units map of East Port Said in 2015.
For evaluating the classification precision, more than 300 reference points that are completely different from the points utilized in supervised classifications and indicating the defined classes were employed. These reference points were mostly selected during the field trip and the rest from Google Earth. 70 reference points for each class are therefore sufficient for assessing the categorization accuracy of the research region. An error matrix was generated by comparing the labels that were placed on each supervised classification map to the labels in the reference dataset after evaluating the chosen points in each reference dataset. Each class’s user and producer accuracies were determined as well as the overall map accuracy. The two produced classification images from 1984 to 2015 have accuracy percentages of 95.7% and 94.8%, respectively. As a result, the produced classified maps were accurate.
4.2 Interpretation of resistivity method
The subsurface succession of the geoelectric layers in the research area was ascertained using a quantitative and qualitative interpretation of the field data from the six geoelectrical soundings. The results show that there is a general class of curve called K-HQA-HK. IPI2Win program explained how the mathematical model of the field measurements should be interpreted. Figure 5 shows some examples of the processed VES soundings and their geoelectric layers. The sedimentary sequence was vertically made up of a set of geoelectric layers (A, B, and C) as well as the surface layer, with their data arranged as follows from top to bottom:
1. The first surface layer (A): This layer of modern sediments, which extends from the Earth’s surface to a depth of about 0.5–1.8 m, is almost high resistance for the lower layers, where the resistance ranges from 20 to 80 Ω·m.
2. The second layer (B): The second layer is thicker than the surface layer above it and can reach depths of 9–25 m. It can range in thickness from 1.7 to 8 m and has a very low electrical resistance of less than 1 Ω·m, which could indicate salt-saturated clay deposits.
3. The third layer (C), which consists of mud and sand saturated with seawater and extends beneath the second layer, carries salt water to depths that have not yet been reached due to the discontinuation of electric current layers. Its electrical resistance is between 6 and 18 Ω·m. It resembles a stratum of salt-water-filled coarse sandstone.
[image: Figure 5]FIGURE 5 | Examples of the processed resistivity soundings: VES1, VES4, and VES 6.
The substantial saline water content present in the shallow subsurface layers had a significant impact on the resistivity approach. It is crucial to be completely familiar with the study region because its geological and geophysical characteristics, particularly in coastal environments, could support one method over another (Abdelfattah et al., 2021).
4.3 Groundwater quality dataset
4.3.1 Spatial distribution of ions
Interpreting the hydrogeochemical parameters helps to understand the hydrogeological conditions and aid in decisions concerning water use. Table 1 displays the results of the chemical analysis of groundwater samples collected in the study area. It appears that local groundwater is very saline (Winslow and Kister, 1956), due to high concentrations of TDS with values varying from 7,558 to 23,218 mg/L with an average of 15,748 mg/L (Table 1). In addition, the minimum TDS values of groundwater were recorded in the western part of the study area. The salinity has increased toward the eastern and southern parts due to the overexploiting of groundwater resources for fish farms and vegetation (Figure 7E). Leaching from drains, agricultural irrigation, and human activity may be responsible for the high salinity in the shallow groundwater zone (Khalil et al., 2021).
TABLE 1 | Hydrochemical analysis of the collected samples from the shallow aquifer and sea.
[image: Table 1]The concentrations of major ions in groundwater samples prove that Na+ is the dominant cation (Figure 6), with concentration values ranging from 2,800 to 9,530 mg/L. Ca2+ and Mg2+ are the second most dominant cations, with an average concentration of 450 and 313 mg/L, respectively. K has the lowest concentration values ranging from 88 to 206 mg/L. Cl− is the dominant anion with concentration values from 3,000 to 11,000 mg/L and HCO3− is the second one with concentrations ranging from 60 to 1,150 mg/L. SO42- is the ion with the lowest concentration values, ranging from 240 to 920 mg/L. The spatial distributions of cations (Na+, Ca2+, Mg2+, K+) (Figures 7A–D) and anions (SO42- and Cl−) show an increasing trend toward the eastern and southern parts of the study area (Figures 8B, C). Unlike all analyzed ions (cations and anions), bicarbonate concentrations increase toward the northwestern side of the study area with a value of 1,160 mg/L (Figure 8A).
[image: Figure 6]FIGURE 6 | Box plots for the hydrogeochemical characteristics of the collected groundwater samples.
[image: Figure 7]FIGURE 7 | Maps of the spatial distribution of major cations: (A) Ca2+, (B) Mg2+, (C) Na+, (D) K+, and (E) TDS.
[image: Figure 8]FIGURE 8 | (A) Maps of the spatial distribution of major anions, (A) HCO3−, (B) SO42−, (C) Cl−
High salinity, the dominance of Na+ and Cl− as well as their spatial distribution demonstrate that overexploiting of groundwater may have contributed to the impact of seawater intrusion. The water table decreases significantly as a result, and the necessity for seawater to invade the land increases. Therefore, seawater intrusion affects the spatial distribution of major cations and anions of the groundwater.
4.3.2 Groundwater type
The Piper diagram is one of the important representations for understanding and evaluating the hydrogeochemical characteristics of groundwater. Both the Piper diagram and the Scholler diagram show that Na is the major cation and Cl is the major anion in all samples with high values of TDS and Na-Cl type (Na > Ca > Mg and Cl > SO4 > HCO3), which confirm the impact of seawater intrusion on the shallow aquifer (Figures 9A, B).
[image: Figure 9]FIGURE 9 | (A) Piper diagram for water types determination, (B) Scholar’s diagram of groundwater samples.
4.3.3 Salinization processes
The hydrogeochemical processes occur when the groundwater moves toward an equilibrium state in major ion concentrations. Some hydrogeological presentations (Sulin and Chadha plots) can be used to determine such hydrogeochemical processes. In this study, Sulin’s diagram shows the recent marine water (MgCl2) genetic type for most of the groundwater samples (Figure 10A). While only 4 groundwater samples show old marine water type (CaCl2), and two samples were located equally in a recent meteoric water type (NaHCO3) and old meteoric water type (Na2SO4). Therefore, Chadha’s plot confirms the influence of seawater intrusion into the aquifer because all samples have been located in the seawater zone (Figure 10B).
[image: Figure 10]FIGURE 10 | (A) Sulin’s diagram showing the genetic types of the groundwater samples, (B) Chadha’s plot of groundwater chemistry showing the hydrogeochemical processes.
4.3.4 Ions relations
To understand the origin of the salts and the hydrogeochemical processes impacting the groundwater, the relationship between these different major ions should be considered. TDS vs. major ions are examples of these relationships (Figure 11). The following notes can be extracted from these relations:
1. The seawater intrusion is the major source of salinity due to the higher correlation coefficient values of r2= 0.98 and 0.98 between the TDS/Na and TDS/Cl, respectively, and clustered parallel to the trend line (Figures 11C, F).
2. The predominance of ion exchange and carbonate minerals deposition is clear from the relationships between TDS/Ca and TDS/Mg, which show low correlation coefficient values of r2= 0.22 and 0.58, respectively (Figures 11A, B).
3. Carbonate ions are not of primary origin because the TDS/HCO3 relationship shows a very low correlation coefficient r2= 0.003 (Figure 11D).
[image: Figure 11]FIGURE 11 | TDS–Ion relationships: (A) Ca-TDS, (B) Mg-TDS, (C) Na+K-TDS, (D) HCO3-TDS, (E) SO4-TDS and (F) Cl-TDS.
These ratios confirm that the salinity values were mostly influenced by the concentrations of ions in the seawater (Na and Cl). To confirm that the salinity source is from seawater, ionic ratios like rNa/rCl, rCl/r (HCO3+CO3), and rSO4/rCl were calculated and plotted on a graph (Tables 2, 3; Figure 12).
TABLE 2 | Ionic ratios of the collected samples.
[image: Table 2]TABLE 3 | Contamination by seawater based on rCl/r (HCO3+CO3) ratio.
[image: Table 3][image: Figure 12]FIGURE 12 | Ion relationships: (A) Na-Cl, (B) SO4-Cl, (C) HCO3-Cl.
Some limitations must be taken into account in future research, even though integrated approaches have been utilized in the study region to examine the impact of human activities and seawater intrusion on the shallow coastal aquifer. For instance, the research area’s groundwater sample distribution is not ideal, despite the application of geophysics techniques to address this shortcoming. The employment of additional geophysical techniques, such as the time domain electromagnetic approach, can penetrate further depths and are not affected by the highly salinized groundwater. In addition to doing advanced testing on groundwater samples, such as isotopic analysis, to determine the extent to which seawater intrusion has affected the research area.
5 CONCLUSION
This paper describes the origin of salinity and the geochemical processes that resulted from human activities in the shallow Quaternary coastal aquifer of East Port Said. This research was conducted using a combined remote sensing, hydrogeological, geophysical, and hydrochemical approach. LULC maps show that drastic surface changes occurred in the study area from 1984 to 2015. In 1984, the study area was completely covered by sabkha and other surface features such as clay, sand, and wetlands. However, by 2015, significant changes occurred, where new features such as fish farms and vegetation cover appeared and expanded to reach their area of 12.5 and 37.8 km2. The resistivity technique was employed to evaluate water quality. This approach was significantly impacted by high saline water content, which led to the discontinuation of electric current layers. Additionally, a total of 19 groundwater samples were collected from the aforementioned aquifer and one sample from the sea. The collected groundwater samples are very saline due to a high concentration of TDS with an average of 15,700 mg/L towards the places either near the coastline (north part) or close to the places where groundwater is over-extracted (south part). Moreover, the hydrogeochemical analysis of groundwater samples shows that Na+ and Cl− are the dominant ions with Na-Cl water type, which is confirming the influence of seawater intrusion. As well as some plots (Sulin and Chadha plots) were presented and showed all samples fall in the zone of seawater intrusion. The ionic ratios (TDS vs. major ions) confirm that the TDS was largely influenced by Na+ and Cl−. Finally, (rNa/rCl, rCl/r (HCO3+CO3), and rSO4/rCl) were calculated and used for correlation analysis to obtain evidence for seawater intrusion. Therefore, these new developmental projects cause a draw-down in the groundwater table due to continuous pumping and consequently caused seawater intrusion. All results obtained in this investigation confirm that the main source of salinity in the shallow groundwater coastal aquifer in the study area is related to seawater intrusion. An improved understanding of water sources, especially in shallow coastal aquifers in arid regions, could enhance the assessment of water contamination sources and the ensuing delivery of useful data for the management of water resources and sustainability strategies. Despite the use of several techniques to demonstrate the influence of seawater in the coastal aquifer in the research region, we will still need to validate this event in the future by conducting additional geophysical techniques and isotopic analyses for groundwater samples.
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