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Seawater has intruded into many of Saudi Arabia’s Red Sea coastal aquifers, with varying degrees of extension depending on location, hydrogeology, and population density. This study aimed to evaluate and comprehend the processes that influence the hydrogeochemical characteristics of the coastal aquifer in Saudi Arabia’s Khulais region. Groundwater samples were taken from nineteen locations during the winter and summer of 2021, and data from major ions and trace elements were examined and interpreted using ArcGIS software. The total dissolved solids (TDS) concentrations ranged between 480 and 15,236 mg/L and 887–18,620 mg/L in winter and summer, respectively. Groundwater TDS concentration was observed to be influenced by groundwater flow, lithogenic, anthropogenic, and seawater intrusion in this study (2021) when compared to 2016. The concentration of nitrate (NO3−) and strontium (Sr) in most samples exceeds the drinking guidelines. The occurrence of high concentrations of bromide (Br), Fluoride (F), Iron (Fe) (winter and summer) and Aluminum (Al), Boron (B), Chromium (Cr), Nickel (Ni), lead (Pb), cadmium (Cd), cobalt (Co), copper (Cu) and manganese (Mn) (winter) was also exhibited and observed up to more than drinking and irrigation limits. The central part of the study area was affected by seawater intrusion. The hydraulic conductivity of the topsoil was measured, and it ranged from 0.24 to 29.3 m/day. Based on electrical conductivity (EC) and sodium absorption ratio, most aquifer samples were unsuitable for irrigation (SAR).
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1 INTRODUCTION
Water scarcity affects almost two billion people, or 35% of the world’s population, due to rapid population growth and agricultural area expansion and degradation (Alcamo et al., 2000; Wada et al., 2010; Kumar et al., 2021a; Kumar et al., 2021b; Mishra et al., 2021). Coastal aquifers are among the most critical water sources in coastal areas, providing water to over a billion people and supporting agricultural and industrial activities (Ferguson and Gleeson, 2012). Overexploitation of groundwater is common as a result of population growth to fulfill the tremendous demand for water for drinking water and irrigation, resulting in deterioration of groundwater quality, decreased groundwater levels, and seawater intrusion into coastal aquifers. Sources of aquifer degradation include lithogenic, anthropogenic, and seawater intrusion. Anthropogenic pollution comes from industrial effluents, fertilizers, pesticides, domestic wastewater and landfills (Khan et al., 2016; Pradhan and Biswal, 2018; Li et al., 2019; Kumar et al., 2021c; Khan and Wen, 2021). Hydrogeochemical and isotopic studies have been conducted to assess groundwater quality and better understand hydrological and salinization processes in various coastal aquifer systems around the world (Rosenthal, 1987; Vengosh and Rosenthal, 1994; Allen and Suchy, 2001; Lee and Song, 2007; De Montety et al., 2008; Skrzypek et al., 2013; Khan et al., 2017; Behera et al., 2019; Khan et al., 2020; Pradhan et al., 2021). Saltwater pumping, inter-aquifer mixing, palaeo-saline water, anthropogenic contamination, rock–groundwater interaction, and other factors contribute to groundwater salinization in coastal areas (Han et al., 2014; Larsen et al., 2017). The spread of microorganisms to humans occurs when wastewater contaminates groundwater (WHO, 1993; WHO, 1994; WHO, 2004). The amount of coastal groundwater discharged for various purposes has increased, putting it at risk of misuse and contamination. As a result, there is a severe deterioration in groundwater quality and a high concentration of TDS in the groundwater.
Saudi Arabia’s total runoff (2,200 million m3/year) contributed to shallow groundwater inflows (Food and Agriculture Organization of Uthe nited Nations, 2009). Water consumption has recently fluctuated dramatically due to population increase and the need for survival. Water use has climbed from 2,352 million m3/year in 1980 to over 20,000 million m3/year in 2004 (irrigation needs > 88 percent) (Jabr et al., 2017). Groundwater accounts for 75–85 percent of the country’s water resources (Abderrahman, 2006). Saudi Arabia’s aquifers have been replenished at a 1.28 billion m3/year rate, whereas 394 million m3/year has been drained (Ministry of Planning). The shallow aquifer is renewable, with a capacity of 950 billion m3, whereas the (non-renewable) deeper aquifer has a capacity of 500,000 billion m3 (Al-Ibrahim, 1991).
According to the Ministry of Environment, Water and Agriculture, drinking water consumption in Saudi Arabia has increased yearly (Supplementary Figure S1A). Desalinated water represented 63% (2.14 billion m3) of the water distributed per year, while groundwater represented 37% or 1.26 billion m3. According to the report, the total water demand for different uses in 2017 and 2018 (Supplementary Figure S1B) was 23.350 and 25.99 billion m3 (rises 8%), respectively (https://www.argaam.com/en/article/articledetail/id/1312492).
Khulais is a governorate in Saudi Arabia’s southernmost province, Makkah. It was historically considered a prominent region since it served as a rest stop for pilgrims travelling between Makkah Al Mukaramah and Madinah Al Munawarah. It is around 30 km from the Red Sea’s coast (Figure 1). Surface waterways are scarce, and groundwater is the only source of water. Natural and anthropogenic influences are both harmful to the shallow aquifer. The hydrological input is lower than the production. As a result, its ecosystem is unbalanced, resulting in significant groundwater pollution due to seawater intrusion and agricultural effects. The most severe and visible issue is the rapid depletion of groundwater resources, caused by declining groundwater levels, pollution, or a combination of the two. Groundwater is becoming too expensive to use, resulting in low agricultural outcomes. Therefore, the main objectives of the present study are to define the aquifer’s physical and chemical properties, identify pollution sources, calculate the rate of seawater intrusion, and assess the aquifer’s functions. Once seawater intrusion has been identified, hydrogeologists monitor, plan, and conserve the aquifer. Otherwise, there will be a water shortage, posing a threat to groundwater development.
[image: Figure 1]FIGURE 1 | A Landsat-8 false color composite image (bands 7, 5, 3 in RGB).
2 MATERIALS AND METHODS
2.1 Study Area
The Khulais Plain is located roughly 110 km north-east of Jeddah, Saudi Arabia, between latitudes 22°00′–22° 15′ N and longitudes 39°05′–39°30′ E (Figure 1). Wadi Abu Hulaifa, Wadi Murawani, and Wadi Ghiran are the three main Wadis that drain into the plain. Wadi Khulais was once used for agriculture, and its groundwater served as a source of drinking water. The region has a dry climate. Summer temperatures range from 30 to 34°C, while winter temperatures range from 20 to 24°C. The average annual rainfall in the west (flat parts) is 60 mm/y, whereas it rises to more than 170 mm/y in the east (mountainous areas) (Gabr et al., 2017). Because of the uneven distribution and torrential nature of the rainfall, groundwater recharge is very transitory.
2.2 Geology
A Precambrian and Cambrian crystalline basement complex is overlain unconformably by a Cretaceous-Tertiary sedimentary succession in the area (Supplementary Figure S2). Basalt flows from the Tertiary and Quaternary periods have covered both rock units in places. The youngest unit of the sequence is the Quaternary-recent deposits, including the sediments deposited by the Wadis. Elevated basement outcrops provide a structural boundary on the plain’s eastern and western margins, generating a downthrown graben structure (Bazuhair et al., 1992). The area’s fault system runs parallel to the Red Sea graben and can be seen in the basement rocks. Basement rocks are also affected by dyke swarms and sills.
2.3 Hydrogeology
The transmissivity of the aquifer ranged from 90 to 5,800 m2/day, with hydraulic conductivity ranging from 7 to 1,035 m/day and porosity of 25–35% (Hussein et al., 1993; Hussein et al., 1993). The unconfined nature of Tertiary and Quaternary sediments represent the aquifer system (Supplementary Figure S3A–C). The Quaternary aquifer is an alluvial fan composed of conglomerates overlaid by sandstones and siltstones, characterized by cross-bedded and laminated (Sonbul et al., 2017). The alluvial fan of Wadi Khulais contains a high Quaternary aquifer thickness (Gabr et al., 2017) and recharge by precipitation. It is attributed to geomedia dissolution (dolomite in the dolomitic tuff, basic tuffs, and ferromagnesian minerals) and seawater intrusion that the Tertiary aquifer (structurally regulated) is saturated with saline water. The Quaternary-Tertiary aquifers are hydrogeologically linked and considered as a single unit.
2.4 Samples Collection and Analysis
Nineteen sampling locations that were selectively chosen and monitored at the studied region are shown in Figure 1. Groundwater samples were taken from each sampling site’s borehole in the summer and winter of 2021, protected, and transferred to the laboratory using standard precautions (APHA, 1998). The containers were first treated with nitric acid (HNO3) and then rinsed with the groundwater twice at the sampling locations to avoid any contamination. To reduce the margin of error, the filtering process was carried out within 2 days of collecting the samples, stored in a refrigerator at 4°C to avoid the growth of organic matter. All samples were filtered using a 0.45 μm cellulose nitrate membrane. Digital meters (HACH Instruments) were used to measure each water sample’s pH and electrical conductivity (EC). TDS and temperature were measured by using an automatic TDS meter (HACH Instruments) and a Mercury thermometer (HACH Instruments), respectively. Ion chromatographer (IC) (Metrohm 850 Professional IC) was used to determine the concentration of cations and anions. The IC was calibrated by using a standard solution of cations and anion eluents. The IC detection limit of various cations and anions was 0.1 mg/L. The concentrations of heavy metals were measured by an Inductive Coupled Plasma Optical Emission Spectrometer (ICP-OES) (Agilent ICP 720ES) according to the procedure recommended by Environmental Protection Agency (EPA, Method 3005A). These analyses (heavy metals and ions) were performed in the Center of Excellence in Desalination Technology at King Abdulaziz University, Jeddah, Saudi Arabia.
Sixteen soil samples were also collected from the top alluvium shallow aquifer (<1.5 m depth) using a hand auger to assess the hydraulic conductivity (K) and grain size analysis. The granulometric investigation was done for sixteen dry soil samples using sieves 4, 2, 1 mm, 710, 500, 300, 250, 125, 63, and <63 µm. The test applies the ASTM (1980), the sieving investigation, by GradiStat excel file, determine the granulometric parameters shown in Table S5. The K of the soil samples were estimated using the Hazen equation (Hazen, 2013)
[image: image]
Two images (Path/row was 170/45 and 170/44) of Shuttle Radar Topography Mission–Digital Elevation Model (SRTM-DEM) 30 m resolution was collected from United States Geological Survey (USGS) website (http://earthexplorer.usgs.gov/). In addition, two ETM+ (Enhanced Thematic Mapper Plus) images (LANDSAT_PRODUCT_ID = ″LC08_L1TP_170045_20190303_20190303_01 and LANDSAT_PRODUCT_ID = ″LC08_L1TP_170044_20190303_20190303_01) of Landsat-8 with 30 m resolution was downloaded from the USGS website. The DEM and Landsat images were mosaic by using ArcGIS 10.3 software. These mosaicked images were used to prepare a base map for the respective region. The lineaments delineation steps respectively are extraction by Envi v 5.1; automatic extraction lineaments [using principal component image (PCI)]; handling extraction lineaments (ArcGIS 10.3); and trend analysis (RockWork v 16). SRTM-DEM image was used to prepare thematic maps of elevation and drainage basins.
3 RESULTS AND DISCUSSION
Groundwater salinization, salt-water encrustation, lithogenic, and anthropogenic pollution are the principal threats to the aquifer supply in the arid Khulais region. As a result, the source and mechanisms of water salinization must be revealed to implement an effective strategy for restoring and managing the aquifer’s quality. The evolution of groundwater has been proven in the following sections using hydrogeochemical processes in the aquifer.
3.1 Hydrogeochemsitry
The hydrogeochemistry of groundwater has been reviewed in this section based on TDS, cations, anions, and hazardous metals concentrations that were distributed and analyzed throughout the investigation region. The aquifer has been classed as suitable or unsuitable for consumption and irrigation based on water concentration levels.
3.1.1 TDS and EC
Table 1 shows the mean values of physicochemical parameters and heavy metal concentrations in the groundwater of the studied area. Figure 2A shows that TDS concentrations rise from 1,000 ppm in the northeast to 15,000 ppm in the central-western region in winter due to seawater intrusion through the Wadi Khulais’ open Quaternary deposits, are not hindered by hard rocks (Supplementary Figure S2). The aquifer’s shallow depths and the thickness of alluvial deposits (more than 200 m) allow for a high rate of seawater penetration (Supplementary Figure S3). Tihamat al Hijaz is a thick Tertiary clastic succession (mainly sandstone) overlain by Tertiary basalt and Quaternary deposits in the western coastal area (Gabr et al., 2017). It facilitates the flow of seawater into the aquifer. Seawater intrusion is limited by Hammah basalt in the northeastern and central-southern parts (lowest TDS content) (Rahat group). The maximum rainfall (>1,500 mm/y) was recorded in the northeast [488–1011 m above mean sea level (a.m.s.l)], which can infiltrate and recharge the aquifer system (Figure 2C). The TDS concentration increases with groundwater flow (northeast to central-western part) due to the breakdown of geomedia dissolution (such as dolomitic tuff, basic tuffs, and ferro-magnesian minerals) (Supplementary Figure S2).
TABLE 1 | Mean values of groundwater quality parameters of Khulais region.
[image: Table 1][image: Figure 2]FIGURE 2 | (A,B) TDS concentration during winter and summer 2021 (this study), (C) topography, (D) TDS variation in winter-summer, (E) TDS concentration during 2016, and (F) TDS variation in summer of 2021 (this study) and 2016 (Saleem and Algamal, 2016).
It is clear from Figures 2A,B, 3A that hydrogeology (groundwater flow) and hydro-geochemistry are related (TDS concentration). The TDS concentration increases from 3,000 ppm (discharge zone) to 5,000 ppm (recharge zone) in the southeast (Figure 2A), indicating that there is no relationship between groundwater flow and TDS concentration. It could be due to a decrease in seawater intrusion rate due to changes in Quaternary deposit thickness and facies.
[image: Figure 3]FIGURE 3 | (A) Groundwater flow net, (B) lineaments density, and (C) stream order.
The percentage of gravel in the top soil layer increases as TDS concentration decreases (Section 3.5), indicating that rainwater penetration into the aquifer system is considerable. Figure 3B depicts an increase in lineaments density in the northeastern region, where TDS concentrations are reduced due to increased rainfall penetration through these densely packed lineaments. The overall length of the lineaments is 1,262.5 km (Supplementary Table S1). From the 9,626.8 km of the basin boundary, the study area consists of six orders with a total length of 2,428.2 km (Figure 3C, Supplementary Table S2). The seawater intrusion rate was higher in the upper central part (lower elevation) than in the lower (higher elevation) (Figure 2C). When compared to lower elevations, the rate of seawater intrusion was lower at higher elevations.
TDS concentrations in the summer ranged from < 1,000 to 185,000 ppm, following the winter trend but with high seawater intrusion and across a larger area (Figure 2B). During the summer of 2016, TDS concentrations ranged from 550 to 12,850 ppm (Saleem and Algamal, 2016), and the distribution pattern matches the current study. TDS concentration map in summer was eliminated from TDS levels in winter and 2016 period by Map Algebra (GISARC Map). In most regions, TDS concentrations rise in the summer compared to the winter (Figure 2D). It is related to extremely light rainfall throughout the summer, while rainfall reaches 4–9 mm/d during the winter (Supplementary Figure S4). The maximum TDS increase was found in the central part by 2,459–5,649 ppm, attributed to high pumping rate, scarce rainfall (Supplementary Figure S4A), low aquifer recharge, high evaporation, and seawater intrusion.
Compared to the TDS concentration of 2016 (Saleem and Algamal, 2016) (Figure 2E), the maximum variation was found in the central part, ranging from 2,400 ppm (2016) to 8,120 ppm (present study) ppm (Figure 2F). It may be attributed to the low recharge, high pumping rate, high rate of seawater intrusion, high evaporation, and unmanaged wells. The change in precipitation from more than 100 mm/y (2016) to less than 50 mm/y (2021) caused increases in TDS concentration in 2021. The values of EC in winter and summer ranged from 874 to 27,689 and 1,673–36,494 μS/cm, respectively (Figures 4A,B). The changes in EC values are similar to that of TDS concentration (Figure 4C).
[image: Figure 4]FIGURE 4 | EC concentration in (A) winter, (B) summer, and (C) variation is winter and summer.
3.1.2 Cations and Anions
The concentrations of Na, K, Ca, Mg and Cl follow the same trend as that of TDS (Figures 5, 6). During the winter and summer, the concentration of SO4− was similar to that of TDS, with the exception of the south-eastern region, where it increased due to rock-water interaction (Figures 6E,F).
[image: Figure 5]FIGURE 5 | Na (A,B), K (C,D), and Ca (E,F) concentration during winter and summer seasons (2021).
[image: Figure 6]FIGURE 6 | Mg (A,B), Cl−(C,D), and SO4− (E,F) concentration during winter and summer seasons (2021).
The southeastern part is characterized by presence of hornblende tonalite (Shiwan compex), Amudan Formation (Samran group), Hammaha basalt and Bathan Formation (Rahat group). The dissolution of these sediments contributed partially to the concentration of SO4− in the aquifer in southeastern part. However, SO4− concentration in groundwater was also contributed by seawater intrusion. The weakest correlation between TDS and ions was that of TDS- SO4− (r = 0.84 in winter and 0.76 in summer) and might be due seawater intrusion and rock water interaction. The HCO3− concentration increases in winter due to the upper central and south-eastern parts (Figure 7A), while it increases in summer due to the main north-eastern part and the lower central part (Figure 7B).
[image: Figure 7]FIGURE 7 | (A–D) HCO3− and NO3− concentration within winter and summer seasons (2021), (E) variation in NO3− concentration in winter-summer (F) NO3− concentration in 2016 (Saleem and Algamal, 2016), (G) NO3− variation in summer of 2021 (this study) and 2016 (Saleem and Algamal, 2016).
3.1.3 NO3− Concentration
The NO3− content in groundwater ranges from 1.5 to 338 mg/L during winter and summer, with values above permissible limits in most regions (Figures 7C,D). It might be attributed to agrochemicals used for agricultural practices, which enhance the nitrification process in the aquifer systems. The heterogeneous aquifer system (dramatic change in the TDS concentration) exhibits a great diversity of NO3− content. The massive agricultural industry, land use and organic fertilizer applications more often contributed to the higher concentration of NO3− in groundwater (Zarhloule et al., 2009; Fekkoul et al., 2013). Depending on the difference in water depth (20–120 m), groundwater refers to two different sources of pollution, point and non-point (agricultural, septic tanks, animal waste dump and cesspools). It is evident from Table 2 that there is no correlation between the concentration of NO3− and TDS (0.08), suggesting that contamination by NO3− is mainly attributed to agricultural activities.
TABLE 2 | Pearson correlation analysis of the aquifer in winter 2021.
[image: Table 2]The central part has an average concentration of NO3− and a very high concentration of TDS, indicating the effect of agricultural wastewater and seawater intrusion. Most groundwater samples during winter and summer exceed the maximum level of NO3− pollutants for drinking consumption (45 mg/L, WHO, 2017). The NO3− concentration in 2016 was <50–385 mg/L (Saleem and Algamal, 2016), higher than that of the current values (Figure 7G). In summer, most samples show a higher concentration of NO3− compared to winter (Figure 7E), which may be due to the higher fertilizer application in summer than in winter. The increase in NO3− concentration was highest (30–142 mg/L) in the lower central to southeastern parts (Figure 7E).
The health risk assessment of a drinking water source can establish a link between pollution and human health (Wang et al., 2015). Two pathways for trace elements to transfer into the human body from groundwater are ingestion (drinking) and dermal (showering). Recent researches show that the dangers posed by ingesting contaminated groundwater are two to three orders of magnitude greater than those posed by the dermal pathway (Li et al., 2015c; Wu and Sun, 2016; Yin et al., 2021).
The concentration of NO3− in the aquifer is considered a severe pollution source (Chen et al., 2016; Adimalla and Li, 2018). NO3− pollution in the aquifer of western Iran is caused by agricultural activity (Jalali, 2011), while in northwest China, it is attributed to the rate of fertilizer, intensive irrigation and high permeability (Chen et al., 2016). High levels of NO3− in the aquifer are harmful to humans with continued ingestion, especially methemoglobinemia or blue baby syndrome, esophageal and stomach cancer, and thyroid hypertrophy (Adimalla and Qian, 2019).
3.1.4 Toxic Metals
The Br concentration was high throughout the study area and varied between 0.65–15.5 and 0.43–25 mg/L during winter and summer, respectively (Figures 8A,B). The high concentration of Br was located in the central part, characterized by a substantial seawater intrusion. The average concentration of Br in seawater and freshwater is 65 and 0.5 mg/L, respectively. The NO3− concentration anomalies do not match Br anomalies, and negligible correlation analysis has been found between both (Table 2 and Supplementary Table S3). The Br content is partly attributed to the contamination by fertilizer and sewage and is mainly caused by seawater intrusion. The Br concentration in summer was higher than in winter due to a higher rate of seawater intrusion, low recharge and higher pumping. A high concentration of F− in the aquifer produces epidemiological effects (Edmunds and Smedley, 2005; Ozsvath, 2009). The concentration of F− ranged from 1.4 to 1.9 mg/L during winter and summer, respectively, higher than the prescribed limits by WHO (maximum of 1.5 mg/L) (Figures 8C,D).
[image: Figure 8]FIGURE 8 | (A–D) Br and F concentration in winter and summer seasons, respectively (2021), (E–I) Al, B, Cr, Ni and Pb concentration in winter, respectively (2021).
There is no association analysis between NO3− and F− during winter and summer (Table 2 and Supplementary Table S3). The F−-TDS correlation was strong within winter and summer (0.83 and 0.78, respectively). The F− concentration is attributed to seawater intrusion and partially to anthropogenic sources.
The Al content is not toxic; however, a high concentration may produce coarse tremors, mental status deviations, speech disturbances, abnormal brain functioning and learning disabilities. In winter, the Al concentration ranged from 0.2 to 2.2 mg/L in lower central to southeastern parts, respectively (Figure 8E).
In winter, the correlation analysis between SO4− and Al was high (0.66) (Table 2 and Supplementary Table S3), which confirm the dissolution of sediments is the source of Al ions in the aquifer. The TDS-Al correlation was low (0.45), which indicate the main contribution for Al derived from the aquifer’s sediments dissolution and partially from seawater intrusion. In summer, the Al concentration in the aquifer was below the detection limit, maybe diluted by higher aquifer salinity and precipitated by an increase in TDS concentration in summer.
The average B concentration in drinking and seawater was 0.5 and 2.4 mg/L, respectively (Weast, 1985; WHO, 2011). Soaps, detergents, bleaches, pesticides, fertilizers (borax), glass and flame retardants are made from B compounds. High B content impacts animals reproductively (USEPA, 2008; ISO 9390, 1990; Moss et al., 2003; WHO, 2011) and damages the brain, liver, stomach and kidneys.
The high B concentration in drinking water and irrigation water affects environmental health (Ravenscroft and McArthur, 2004). The B concentration ranged from 0.3 to 3 mg/L, increasing from lower central to southeastern parts (Figure 8F). The correlation analysis between B and Al was 0.77 (Table 2), showing that they are closely related. The concentration of B in groundwater was partly derived from seawater, aquifer dissolution and wastewater. The B concentration in summer was below the detection limit.
Cr concentrations ranged from 0.02 to 0.25 mg/L, following the same Al pattern (Figure 8G). Cr has a strong correlation with Al and B (0.97 and 0.77, respectively), but a weak correlation with TDS (0.41) (Table 2 and Supplementary Table S3), implying that Cr is derived in part from aquifer dissolution, seawater, and agricultural wastewaters. The Cr concentration in summer was below the detection limit (<0.001 mg/L). The Ni concentration ranged from 0.01 to 0.22 mg/L in winter and increased from central to southeastern and from southeastern to northwestern parts (Figure 8H). The Ni is strongly correlated with Al, B, and Cr (0.92, 0.82, and 0.96), respectively. Ni is partially contributed from seawater, fertilizers, and rock water interaction. The Ni content in the aquifer was lower than the detection limit in winter and summer (<0.001 mg/L).
Pb was toxic in connection with brain damage. It varied from 0.08 to 0.96 mg/L in winter and increased in the central northwest, and southeast parts (Figure 8I). Pb shows a strong correlation with SO4−, Al, B, Cr, Fe and Ni (0.66, 0.99, 0.75, 0.99, 0.75 and 0.94, respectively) and might be attributed to the dissolution of geomedia, seawater and wastewater. Phosphate and superphosphate fertilizers contain impurities such as Pb in the manufacture of fertilizers. The Pb concentration summer was below the detection limit (<0.001 mg/L).
In winter, the Fe concentration increases in the southeastern and northwestern parts (>0.3 mg/L) (Figure 9A), which is more than the prescribed drinking guidelines (WHO, 2017). Fe is strongly correlated with Al and Cr (0.73 and 0.70, respectively) and weakly correlated with TDS (0.48), confirming that the iron content partly contributed to the geomedia dissolution, seawater, and wastewaters. The Fe concentration in summer was diluted and was lower than that in winter (range from below the detection limit to 0.16 mg/L), which might be related to the co precipitated with increasing TDS concentration in summer (Figure 9B).
[image: Figure 9]FIGURE 9 | Fe concentration in winter (A) and summer (B) (2021).
The Se concentration ranged from below the detection limit (<0.001) to 0.063 mg/L in summer and increased from the north to the southeast (Figure 10A). The Se is correlated with SO4− (r = 0.58), indicating the dissolution of geomedia rather than anthropogenic sources. The concentration of Sr in groundwater samples is greater than 1.5 mg/L throughout the study area in summer, which enhance the negative health impact (Figure 10B). Its concentration is increased in the central part (5.7–21.7 mg/L), indicating the source of seawater intrusion. Sr is strongly correlated to TDS, Cl, Na, Mg, and Ca (0, 99, 0.98, 0.97, 0.97 and 0.980, respectively), confirming that Sr is mainly supplied by seawater. According to the United States Environmental Protection Agency (USEPA, 2014), the permissible Sr limit in drinking water is 1.5 mg/L. The Ba concentration in winter varied from 0.061 to 0.24 mg/L (Figure 10C), and reflect no pollution with respect to Ba (<0.7 mg/L).
[image: Figure 10]FIGURE 10 | (A–I) Se, Sr, Ba, Cd, Co, Cu, Mn, Zn and Li concentration in groundwater (2021).
A high concentration of Cd and Co caused vomiting, nausea, kidney failure, irritability, insomnia, headache, hypersalivation, choking, chest pain, diarrhoea, abdominal pain, dry throat, blisters, pneumonia and cough (https://www.health.state.mn.us). In winter, the Cd and Co concentration ranged from below the detection limit to 0.055 mg/L and 0.003–0.14 mg/L, respectively (Figures 10D,E). They increased in the central part and from north to south. It may be due to anthropogenic sources, particularly fertilizers (as impurities present in the fertilizer during manufacturing) and septic tanks. In summer, Cd and Co levels were below the detection limit (<0.001 mg/L). Co is strongly correlated to Al, B and Ba (0.93, 0.97 and 0.74, respectively) in winter and moderately related to SO4− (0.61). Cd and Co have partly contributed to the dissolution of geomedia and agricultural wastewater.
In winter, the Cu concentration ranged from 0.09 to 1.03 mg/L (Figure 10F) and increased mainly towards the southern region. The Cu is moderately correlated with TDS, Cl, SO4− , Na, Mg, Ca, B, Ba, Co, and Cr (0.63, 0.65, 0.57, 0.60, 0.53, 0.59, 0.46, 0.57, 0.49, and 0.65, respectively), and strongly correlated with Al (0.74), confirming its contribution by aquifer sediments dissolution and partially from anthropogenic sources. The high concentration of Cu causes vomiting, diarrhoea, stomach cramps, nausea, liver damage, and kidney disease (https://www.health.state.mn.us). High Mn concentration in drinking water can be harmful to health. Water with dissolved Mn concentration can discolor cloth, if used for washing, cause scaling in water lines, and make the water look, smell, or taste bad (https://www.health.state.mn.us). The concentration of Mn in winter ranged from 0.012 to 2.14 mg/L (Figure 10G) and increased in the central part. The Mn correlation with K (0.55), indicating that both elements are partially derived from rock water interaction. The Cu and Mn concentration were below the detection limit (0.001 mg/L) in summer.
The Zn and Li concentrations ranged from 0.003 to 0.106 mg/L and below the detection limit to 1.106 mg/L in winter, which shows no pollution due to their low concentrations, whereas in summer, Zn and Li were below the detection limit (<0.001 mg/L) (Figures 10H,I). Be, Mo, Sb, Ti and PO4 were below the detection limit (<0.001 mg/L), which can be attributed to the increase in bacteria and viruses in the summer. The latter absorbs these toxic metals from the aquifer.
3.2 Hydrochemical Facies
Due to aquifer sediments, seawater intrusion, and anthropogenic influence, water flowing through an aquifer takes on specific chemical compositions. The facies are a function of the lithology, solution kinetics, and flow patterns of the aquifer. Piper’s Trilinear Diagram (Piper, 1953) classified hydrochemical facies based on dominating ions (Figure 11A). Distinct hydrochemical zonation is differentiated into many varieties in the winter and summer seasons, as indicated in Supplementary Table S4.
[image: Figure 11]FIGURE 11 | (A) Piper, (B) Durov, and (C) Schoeller diagrams of groundwater.
It is evident from Figure 11A that the majority of groundwater samples were found in fields 6 and 9, which exhibited CaCl2 and mixed water, respectively. The samples in field seven are of NaCl type. Durov (1948) validated the Piper diagram and clarified the hydrogeochemical processes in the aquifer system (Figure 11B). The Schoeller plot (Schoeller, 1977) reveals that the groundwater has high levels of Cl and Na (Figure 11C). There is evidence of anthropogenic activities, seawater intrusion, and lithogenic sources. Changes in water types were observed in the Schoeller diagram due to rock water interaction of varied geology, fertilizers, and rainfall infiltration.
3.3 Ionic Correlation, Compositional Variation, and Seawater Intrusion Rate
TDS has a significant correlation with Cl− (R2 = 0.94), indicating the process of seawater intrusion (Supplementary Figure S5A). Cl− is strongly correlated with cations such as Na, Ca, Mg, and K have substantial correlations (R2 = 0.97, 0.94, 0.87, and 0.66, respectively, which revealed that seawater intrusion played a major role in aquifer hydrogeochemistry (Supplementary Figure S5B–D). It is because Cl− was a conservative ion in saltwater. (De Montety et al., 2008; Sun et al., 2017). The moderate correlations between Cl−-SO4- and Cl−-K (R2 = 0.58 and 0.66, respectively), suggest that rock water interaction and seawater intrusion play a role (Supplementary Figures S5E,F).
The chemical concentrations during the winter and summer seasons show that Na > Ca > Mg > K and Cl− > SO4− > HCO3− (Figures 12A,B). To analyze the freshwater/seawater interface, the Simpson’s ratio was calculated [r Cl−/r (HCO3− + CO3)] (Figures 12C,D) (Singaraja et al., 2013). Figures 12C,D show the distribution rate of seawater intrusion. The central part has the highest rate of seawater intrusion, which was attributed to open Wadis that were not blocked by hard rocks (Supplementary Figure S2). The lowest rates were seen in the northeastern and southeastern sections of the country (Figures 12C,D), caused by hard rocks limiting seawater intrusion due to low permeability characteristics.
[image: Figure 12]FIGURE 12 | (A,B) Variation of groundwater samples by Pie diagram in winter and summer season, (C,D) Seawater intrusion rate in winter and summer seasons.
3.4 Saturation Index
The calcite or dolomite saturation index is near or above zero or the equilibrium line and is mainly affected by seawater intrusion and partly by geomedia dissolution (Figures 13A,B). During the winter and summer, most water samples appear to be in equilibrium or supersaturated with the calcite and dolomite minerals (Figures 13C,D), indicating that both minerals are present in the aquifer when TDS is greater to seawater intrusion and rock-water interaction. Calcite and dolomite saturation indices are generally related to TDS concentrations. The index of gypsum saturation in the collected groundwater samples increase with increasing sulphate concentrations (Figures 13E,F). Gypsum tends to dissolve in water that is not saturated concerning gypsum. Figures 13G,H shows how the structure is simply progressing towards equilibrium concerning the minerals available for dissolution (e.g., calcite and dolomite).
[image: Figure 13]FIGURE 13 | (A,B) SI vs. Mg/Ca ratio, (C,D) SI vs. TDS, (E,F) SI gypsum vs. SO4, and (G,H) SI dolomite vs. SI during winter and summer. Zero line: equilibrium line.
3.5 Granulometric Analysis
The gravel and sand distribution of soil samples are high overall in the study area, while clay percent increases towards the northeastern part (Figures 14A–C). The majority of the studied area has soil hydraulic conductivity (K) of more than 5 m/d, attributed to sand with the largest particle size concentration (Figure 14D). It reflects a high to very high recharge of the aquifer by infiltration precipitation. Most of the samples are gravel sand followed by sand gravel (Supplementary Figures S6, S7; Supplementary Table S5).
[image: Figure 14]FIGURE 14 | Granulometric investigation (A–C) and hydraulic conductivity (D) of top soil.
3.6 Water Quality for Drinking and Irrigation Purposes
3.6.1 Drinking and Irrigation Purposes Based on Toxic Metals
The southeastern and spotted northern parts were unsuitable for drinking (NO3− > 45 mg/L), while the rest was suitable (Figures 7C,D and Supplementary Table S6). The groundwater samples were unsuitable for drinking purpose with respect to Br (>0.5 mg/L), Cr (>0.1 mg/L), Pb (>0.01 mg/L), Se (>0.02 mg/L), Sr (>1.5 mg/L), and Cd (>0.002 mg/L) (Figures 8A,B,G,I, 10A,B,D), respectively. In the winter season, the northeastern and southeastern parts were unsuitable for drinking (F < 1.5 mg/L), whereas southern part was unsuitable for drinking (Fe > 0.2 mg/L) (Figures 8C, 9A), respectively. In summer season, the western part was unsuitable for drinking (F < 1.5 mg/L), the samples were suitable with respect to Fe (<0.2 mg/L) (Figures 8D, 9B), respectively. The lower central and southeastern parts were unsuitable for drinking (Al > 1 mg/L) (Figure 8E). The samples spotted through northern and southern parts were unsuitable for drinking (Ni > 0.02–0.07 mg/L) (Figure 8H). Fewer samples in central part were unsuitable for drinking (Mn > 0.5 mg/L) (Figure 10G). The silver (Ag) concentration shows some samples higher than the drinking guideline (0.1 mg/L) (Supplementary Figure S8). The aquifer samples were suitable for drinking application with respect to B (<2.4 mg/L), Ba (<0.7 mg/L), Co (<2 mg/L), Cu (<2 mg/L), Zn (<3 mg/L), and Li (<2.5 mg/L) (Figures 8F, 10C–F–F,H,I), respectively. The NO2 and V concentration ranged from (<0.001–3) and (<0.001–0.025 mg/L) within winter and summer, respectively. The samples have NO2 concentration higher than 0.9 mg/L was unsuitable for drinking, while all samples was suitable with respect to V (<0.1 mg/L).
Most of the groundwater samples was unsuitable for irrigation purpose with respect to B (>0.5 mg/L), Cr (>0.1 mg/L), Fe (>0.2 mg/L), Se (>0.02 mg/L), Cd (>0.01 mg/L), Co (>0.05 mg/L), Cu (>0.2 mg/L), and Mn (>0.2 mg/L), and (Figures 8F,G, 9A, 10A,D–G–G), respectively. All groundwater samples were unsuitable for irrigation in winter, while in summer most of the samples were unsuitable for irrigation with respect to F (F > 1 mg/L) (Figures 8C,D). The aquifer samples were suitable for irrigation application with respect to Al (<5 mg/L), Ni (<0.2 mg/L), Pb (<2 mg/L), Fe (<0.2 mg/L), and Zn (<2 mg/L) (Figures 8E,H,I, 9B, 10H), respectively.
3.6.2 US Salinity Laboratory’s Salinity Hazards Map
The high concentration of TDS in the aquifer results in osmotic pressure in the soil solution. At the same time the Na is incorporated into the lattices (cation exchange), resulting in lower K. As a result, the water barely reaches the plant’s root, which reduces crop growth. The EC-SAR illustration shows an aquifer irrigation application. The SAR was estimated by dividing the Na concentration by the Ca and Mg concentration (meq/l) (Kalra and Maynard, 1991). The Na is absorbed by the soil, fills the pore spaces in the soil, and causes a decrease in permeability. Thus, they retard crop productivity and deterioration of agricultural products. It is clear from the classification of groundwater samples based on the SAR (Todd, 1959) that most of the samples belong to classes C4S1, C4S2, C4S3 and C4S4 (SAR > 10), which are considered unsuitable for irrigation. (Richards, 1954). (Supplementary Figure S9). Fewer samples belong to the high salinity/low Na type (C3S1).
4 CONCLUSIONS AND RECOMMENDATIONS
Groundwater chemistry in the Khulais region is dominated by natural processes rather than anthropogenic activity. Seawater intrusion, rock-water interaction, groundwater movement, and evaporation are critical natural processes influencing groundwater chemistry. In contrast, agricultural wastewater is the predominant source of anthropogenic contamination. High amounts of EC, TDS, and Cl are linked to seawater intrusion in the central section. TDS levels were higher in the summer than in the winter. The TDS during summer in this study (2021) also shows an increasing pattern compared to the TDS during summer in 2016. High NO3− and Sr levels are caused by agricultural wastewaters and seawater intrusion, respectively.
Most samples were unsuitable for drinking and irrigation purposes, based on Br, F, and Fe concentration within winter and summer seasons. Few samples were inappropriate for drinking and irrigation purposes based on Al, Cr, B, Ni, Pb, Cd, Co, Cu, and Mn concentrations in winter; however, in summer, Al, Cr, Pb, Cd, Co, Cu, Mn, Zn, Li, Be, Mo, Sb, Li, and PO4 concentrations were very low (0.001 mg/L). The majority of the groundwater samples were unsuitable for irrigation purposes based on EC and SAR values. The unconfined aquifer promotes anthropogenic sources of pollution. The majority of the region under investigation had been swamped by seawater. Temperature changes, rainfall fluctuations, seawater intrusion, and anthropogenic sources influence groundwater pollution, resulting in a drop in groundwater quantity and quality. Proper treatment is needed to eliminate the concentration of the toxic metal in the groundwater. Groundwater resource management and planning, emphasising seawater intrusion, must be systematic and based on hydrogeochemical outputs.
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