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Abstract

:

El Dabaa city is located along the northwestern coast ridge zone of Egypt, where the groundwater is the major water source for drinking, domestic, and agricultural purposes. The groundwater salinity increased over the last decades, therefore, geochemical techniques and environmental isotopes have been utilized to identify the main groundwater recharge and salinization sources. The study area comprises two main groundwater aquifers: the porous oolitic Pleistocene and the fractured limestone Miocene aquifers. The groundwater salinity of the Pleistocene aquifer ranges from 751 to 27,870 mg/L, with an average value of 6006 mg/L. The salinity of the Miocene aquifer ranges from 3645 to 41,357 mg/L, with an average value of 11,897 mg/L. Fresh and brackish groundwater have been recorded in the shallow hand-dug wells, while saline groundwater has been found in deeper wells close to the shoreline. Groundwater samples have been categorized into two distinct groups according to the salinity ranges, hydrochemical ion ratios, and stable isotopic content. Group I is composed of groundwater with salinity less than 10,000 mg/L, and depleted stable isotopic content (−5.64 < δ18O < −2.45; −23.5 < δ2H < −0.02), while Group II contains groundwater with salinity values above 10,000 mg/L and relatively enriched stable isotopic content (−1.86 < δ18O < −0.48; −10.3 < δ2H < −2.0). The weight mass balance mixing model shows that Group I falls close to the rain and/or water extract samples, indicating meteoric water origin that has evolved due to leaching and dissolution processes. Group II is mostly located between the rainwater and the seawater samples, revealing mixing with water of marine origin due to groundwater overexploitation. The estimated seawater mixing index (SMI) of groundwater samples of Group II is greater than one, which confirms mixing with seawater. The water-rock reaction NETPATH (geochemical groundwater reaction and mixing code) model scenarios representing Group I suggests that gypsum, dolomite, and halite are dissolved, while calcite is formed with a slight influence from evaporation processes. Six mixing models representing Group II are used to investigate seawater mixing scenarios. The models suggest that illite and dolomite are dissolved, while calcite and gypsum are precipitated with a seawater mixing ratios ranging from 28% to 98%. In conclusion, due to the scarcity of annual groundwater recharge in the El Dabaa area, groundwater withdrawal should be well managed to avoid groundwater salinization and further seawater intrusion.
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1. Introduction


EI Dabaa city is considered to be one of the most promising districts for land reclamation in Egypt. El Dabaa is located in the southern part of the Mediterranean coastal (semi-)arid region. Groundwater supplies are generally insufficient to meet the probable increases in water demands. Therefore, in the last decades, serious strategies for water development have been established to fully exploit surface and groundwater resources [1].



In the Mediterranean basin, water resources are essentially found in the alluvial Pleistocene aquifers that are connected with stream deltas, and in karst aquifers that are generally scattered over the elevated coastline ridge zones [2,3]. The main source of freshwater supply is groundwater extraction from the Pleistocene oolitic and the Miocene fractured limestone aquifers. These aquifers receive considerable recharge during the winter, where depressions located in between the elongated coastal ridges act as favorable sites for groundwater replenishment [4]. However, saltwater intrusion deteriorates the groundwater quality located along the northwestern coastal zone of Egypt [5,6]. Additionally, the groundwater quality is greatly evolved due to interaction with geological formations and anthropogenic activities [7,8,9]. Understanding the mechanisms of the groundwater evolution in the coastal (semi-)arid groundwater aquifers is necessary for assessing how groundwater extraction in large-scale basins may affect the natural interface between saline–fresh aquifers systems [10].



The groundwater geochemistry in coastal aquifers reflects the prior geological conditions and the current anthropogenic processes influencing groundwater quality [11,12,13]. However, the importance of these aquifers in the local and the regional scale, the main hydrogeologic patterns, hydrochemical features, and the groundwater origins, remain poorly understood [14]. Combining geochemistry and isotopic tools can lead to relevant information regarding the origin of karst water mineralization [15,16]. In this complex system, the origin of salinization and the hydrogeochemical processes affecting groundwater quality have been identified using dissolved major ions, conservative tracer (Br and Cl), and stable environmental isotopes (δ18O and δ2H). In addition, the geochemical processes has been simulated using NETPATH modeling, a geochemical groundwater reaction and mixing code [17], to determine the main source(s) of groundwater mineralization in different aquifers. The framework of the present study aims to provide baseline information about: (1) the hydrochemical features of groundwater, (2) the main processes deteriorating the groundwater quality and (3) the sources of groundwater recharge and their mixing pathways.




2. Background


2.1. Study Area


The study area is located between latitudes 30.55°, 30.35° N, and longitudes 27.65°, 28.65° E (Figure 1). It lies within the southern Mediterranean coastal (semi-)arid zone and has been subjected to an intensive evaluation by governmental authorities for the establishment of new communities, tourist villages, and land reclamation projects. The changes being considered are driven by an attempt to address the continuous growth of the population, which will also increase water demand in the area.




2.2. Geology, Geomorphology and Hydrogeology


The study area consists of sedimentary succession ranging in age from the Tertiary to the Quaternary (Figure 2). It comprises three main geomorphic units: the coastal plain, the Piedmont plains, and the tableland [18]. The coastal plain is located near the Mediterranean shoreline and is covered by sand dunes, composed mainly of oolitic carbonate sands forming an unconfined porous aquifer [19]. The Piedmont plain rises to about 100 m above the mean sea level, regionally slopes northward and built up by fissured limestone [20]. The tableland is located in the south and formed of a fractured carbonate plateau, which represents the main watershed area [19].



Two aquifers are recognized in the investigated area: the porous Pleistocene aquifer (oolitic) and the fractured Miocene (Marmarica) aquifer (Figure 2). The Pleistocene oolitic aquifer has a wide distribution extending 10 km from the shoreline and to the south. The groundwater exists in a porous oolitic limestone as a free water table aquifer [21]. The foreshore oolitic limestone ridges are characterized by less cementing materials, when compared to the inland ridges, and are more porous in nature [22]. The flanks of the ridges are covered by loose foreshore sand accumulations, which permit a direct infiltration and percolation of rainfall [6].



The groundwater in the oolitic Pleistocene aquifer flows north toward the sea (Figure 2). The primary recharge originates from the tableland plateau, forming the watershed on the southern side of the aquifer [23]. In a (semi-)arid region, groundwater in porous coastal aquifers occurs as a thin layer of fresh water floating over a deep saline one, as result of a natural balance between the surplus of recharge from precipitation and the discharge through seepage to the sea [24,25] (Paver and Pretorius, 1954; Eissa, 2018). The hydraulic gradient is gentle in the northern (0.0002) and southern (0.0003) part of the study area [22]. The fractured limestone aquifer has developed as a secondary aquifer. It extends along the northwestern Mediterranean coastal area to the west of Alexandria and is explored at El Dabaa, Fuka, Matruh and El Sallum localities [26]. This aquifer is largely fractured and composed of sequences of limestone, dolomite, and shale related to the middle Miocene age, where groundwater occurs in successive horizons separated by impervious clays, with occasional bands of sandstone [27]. The average hydraulic conductivity of the two investigated aquifers are greatly varying [28]. It reaches 1.2 m/day in the Pleistocene aquifer, while the Miocene aquiferreaches 0.35 m/day [29].





3. Methods


Forty-one groundwater samples, tapping both the Pleistocene oolitic and the Miocene groundwater aquifers, were collected in March 2015 (Figure 1 and Figure 2). Fifteen groundwater samples were collected from the Miocene aquifer and 26 samples from the Pleistocene aquifer (ESM 1). Additionally, seawater and rainwater samples were collected during the field trip. The depth to water (DTW), total depth (TD) and the ground elevation (GE) were also measured (ESM 1). Each water sample was filtered through 0.45 cellulous acetate filter paper and then filled into two polyethylene bottles to determine major chemical constituents (500 mL) and to conduct isotopic analyses (50 mL). The pH, temperature (T, °C), electrical conductivity (EC, micro mohs/cm), and the total dissolved solids (TDS, mg/L) were determined in the field site. The pH and temperature were measured using a 3510, Jenway, UK meter, while EC was determined using an Orion 150A+, Thermo Electron Corporation, Waltham, MA, USA.



The collected water samples were analyzed to determine the concentrations of major cations (Ca2+, Mg2+, Na+, K+) and major anions (CO32−, HCO3−, SO42− and Cl−) according to the methods adopted by [30,31,32,33] at the Centre Laboratories of the Desert Research Centre in Cairo, Egypt. Bromide (Br−) was determined using an ion selectivity meter, Orion EA 940, Thermo Electron Corporation, USA (ESM 1).



In order to determine the impact of the aquifer matrix on the groundwater chemistry, rock-water extract has been performed for three core samples obtained from groundwater well No. 17 located down gradient of El Dabaa area. The three samples were crushed and ground to a fine powder. A 1:1 volume ratio of water and rock was shaken for three weeks to obtain equilibrium. The samples were centrifuged and filtered through 0.45 mm filter paper to obtain the water extract for each sample and were analyzed to determine the major ions content (ESM 1).



The cations, anions, and TDS data were used to give quantitative information on groundwater mixing via a mass balance mixing model that has been described by [34,35]. Rainwater and seawater samples were utilized to examine the recharge and salinization source(s) for the study area and were considered as representative end members. The weighted mass balance equation was utilized with different implicit mixing ratios of the two end members ranging from 0 to 100% to determine the main source(s) of groundwater salinization as follows:


F(T) = F1(Sea) + F2(Rain) = 1



(1)






C(T)model = [F1(Sea) ∗ X(Sea)] + [F2(Rain)∗ X(Rain)]



(2)







(X refers to cations and anions), F(T) and C(T) are the sums of total mixing fractions, and F1, F2, are the anticipated mixing fractions from the two end members.



Statistical methods for chemical data were used in the coastal area to understand how geochemical processes influence groundwater quality [36,37,38]. Seawater Mixing Index (SMI) was used to estimate the relative degree of seawater mixing (%) with groundwater, based on the concentrations of four major ions (Na+, Cl−, Mg2+ and SO42 −) as follows:


  SMI = a ∗   C  (  N a  )    T  (  N a  )    + b ∗   C  (  M g  )    T  (  M g  )    + c i ∗   C  (  C l  )    T  (  C l  )    + d ∗   C  (  S O 4  )    T  (  S O 4  )     



(3)







Park et al. 2005 [39] estimated the constant factors a, b, c, and d according to the relative proportion of Na+, Mg2+, Cl− and SO42− in seawater, respectively. Ti represents the calculated threshold values of the selected ions, and can be estimated from the distribution of the cumulative probability curves for each ion in a specific site. Ci is the measured ion concentration in mg/L.



Oxygen and hydrogen isotopes for the water samples were measured at the IT2 (Isotope Tracers and Technologies) laboratory in Waterloo, Canada using the CRDS (Model L1102-i) Piccaro, CA, USA by the method described by [40,41]. Both hydrogen and oxygen isotopic compositions are reported in per mil (‰), the conventional notation used for any deviation from isotopic standard reference material, where, δ = [(R sample/R standard) − 1] × 1000. R sample and R standard are the measured isotopic ratios (18O/16O) and (2H/1H) of the sample and standard material. The reference material is Vienna Standard Mean Ocean Water (VSMOW) and all results are evaluated, corrected and reported against VSMOW [42]. The typical standard deviation for oxygen is ±0.1‰ and ±0.6‰ for hydrogen.



The major chemical analyses of groundwater were used as input data for the geochemical modeling. NETPATH-WIN, a geochemical groundwater model using windows as operating system, was used to calculate the saturation index (SI) of minerals in the groundwater [17]. The SI of relevant minerals was determined by the following equation [43]: SI = log (IAP/KT), where IAP is the ion activity product, and KT is the equilibrium constant of mineral dissolution at a certain temperature.




4. Results and Discussion


4.1. Groundwater Chemistry


The term salinity refers to the total dissolved concentrations of major and minor constituents in water. The concentration of dissolved solutes can vary widely as a function of the mineral content of the aquifer matrix through which the groundwater flows. According to results of the chemical analyses (ESM 1), the Pleistocene aquifer groundwater salinity ranges from 751 mg/L to 27,870 mg/L, with an average value of 6006 mg/L. In the Miocene aquifer, groundwater salinity ranges from 3645 mg/L to 41,357 mg/L, with an average value of 11,897 mg/L. Using the TDS values, groundwater is classified into fresh, brackish, and saline [44]. In the study area, the majority of groundwater samples are categorized as saline (44%) and brackish (41%) water classes, while a minority is considered freshwater class (15%). In general, most of the freshwater samples are recorded within the Pleistocene aquifer (23%). Freshwater from annual recharge dominates the Pleistocene oolitic aquifer, where rainfall percolates downward toward the shallow groundwater through the foreshore oolitic sand. In addition, the oolitic aquifer is dissected by several elongated ridges running parallel to the shoreline, which act as barriers for surface water flow and consequently enhance the entrapment of recharge water. On the other hand, the groundwater samples with higher TDS values indicate the occurrence of leaching and dissolution processes of marine origin deposits, as well as mixing with seawater [45].



Dissolved major ions in water make up the majority of total groundwater salinity (Figure 3). Calcium, magnesium, sodium, and sulfate concentrations, as well as the corresponding saturation indices of calcite, dolomite, halite, and gypsum (ESM 1) show positive correlations with the TDS of the two investigated aquifers (Figure 3a–h). The groundwater samples tapping the investigated aquifers are plotted between the recharge water (rainwater) and the seawater samples, which indicate leaching and dissolution processes due to water-rock interaction with aquifer matrix and marine deposits, and/or mixing with seawater [46,47,48]. The groundwater samples could be classified into two distinct groups (Figure 3). Group I includes groundwater samples that have relatively lower concentrations of Ca, Mg, Na, SO4, with salinity less than 10,000 mg/L, while Group II has higher concentrations of these ions and high saline samples. The Group I is plotted close to the rainwater and/or water extract samples, indicating the groundwater has evolved due to leaching and dissolution processes of the aquifer matrix.



Group I is more highly saturated with calcite and dolomite and less saturated with halite and gypsum minerals relative to Group II. Group II is mostly plotted in between the recharge water and the seawater, indicating mixing with seawater due to groundwater overexploitation.



Gibbs (1970) [49] describes five mechanisms (precipitation dominance, rock dominance, evaporation, precipitation, and mixing) that control global groundwater chemistry (Figure 4a,b). The groundwater samples are plotted in the upper right corner of our Gibbs diagram, indicating that groundwater Group I is mostly affected by evaporation processes, while groundwater Group II is plotted close to the seawater sample, which indicates mixing with seawater.




4.2. Ion Chemical Ratios


Ion chemical ratios are helpful for detecting the hydrochemical processes affecting water quality, such as leaching, mixing, ion exchange; and assessing the impact of seawater intrusion on groundwater chemistry [50,51,52,53]. Table 1 represents the range and mean values of different ion ratios in groundwater of different aquifers. The values of rNa+/rCl− are always higher than unity in fresh and meteoric water, and less than unity in sea water or saline water [32,54]. A rNa+/rCl− value is higher than unity indicates that sodium has increased relative to chloride. In Figure 5a, most of Group I has rNa+/rCl− values more than unity, due to water-rock interaction processes. While Group II has rNa+/rCl−values less than unity, due to mixing with the seawater as a result of overexploitation [55]. About 62% of the Pleistocene groundwater samples have rNa+/rCl−less than unity and 38% of the samples have rNa+/rCl− exceeding unity. In the Miocene groundwater, about 93% of the water samples have rNa+/rCl−values less than unity, and 7% nearly equal to unity.



The rCa2+/rMg2+ratio gives an indication of the nature of the carbonate aquifer [56]. When this ratio has a value close to unity, it is concluded that the groundwater is flowing entirely through dolomite terrain. However, when this ratio equals or exceeds four, the groundwater is likely to have flowed in pure limestone [57]. In Figure 5b fresh groundwater samples have low rCa2+/rMg2+ values, due to the dissolution of sequences of limestone, dolomite, and shale that have been reported in the subsurface lithology. Group II has rCa2+/rMg2+ values similar to the ratio in the modern seawater. In addition, the rSO42−/rCl− ratio can be used as an indicator of an excess of sulfate in the groundwater, due to mixing with seawater, where Group II falls close to the seawater sample while Group I falls close to the water-rock extract samples (Figure 5c).



Finally, Br−/Cl− ratios are utilized to detect the salinity of marine and non-marine origins [58]. The Cl and Br ions are not adsorbed into any mineral or organic surfaces and are not affected by redox reactions, therefore, they are considered conservative ions (Fetter, 1993). The Br−/Cl− ratio versus the total dissolved solids plot shown in Figure 5d indicates that Group I has relatively low values, where the majority of groundwater samples have fallen into the left side, close to the water-rock extract indicating the main source of groundwater salinization is the leaching and dissolution of the aquifer matrix. High saline groundwater samples are characterized by high Br−/Cl− value, indicating mixing with seawater.




4.3. Seawater Mixing


The SMI parameter was used for the quantitative estimation of seawater mixing ratios with groundwater, using the concentrations of the four dissolved major ions (Na+, Mg+2, Cl−, SO4−2).



The SMI is used to detect the occurrences of hydrogeochemical and mixing processes in shallow and deep aquifers [23]. The probability distribution curves shown in Figure 6 have great implications in understanding the geochemical data and the segregation processes affecting the groundwater chemistry [59,60,61].



In Figure 6a–d, the inflection points indicate the equivalent regional threshold values (Ti) for Na+, Mg2+, Cl− and SO42− ions [36,37]. The values of inflection points are determined from the distribution probability curves extended between the rain and seawater end members. The usual cumulative probability curves have inflection points between the concave up and concave down portion of the curve at cumulative probability ~0.8. The estimated focal threshold (Ti) values for different ions are 4100 mg/L for Na+, 455 mg/L for Mg2+, 5509 mg/L for Cl− and 1734 mg/L for SO42−.



From the SMI results, it was found that groundwater is classified into two groups (Figure 6). Group I (0.06 < SMI < 0.79) is less than unity and has a groundwater salinity range from 750 to 10,000 mg/L, which indicates subsurface meteoric groundwater recharge from the watershed. Group II (1.29 < SMI < 2.25) has salinity ranging from 13,000 to 41,000, which confirms mixing with seawater [36,39].




4.4. Environmental Isotopes


Oxygen (δ18O) and hydrogen (δ2H) are ideal tracers that can be used to determine recharge source(s). They do not enter into geochemical reactions, and normally be used to understand physical processes such as groundwater mixing and evaporation [62,63].



The results of δ18O and δ2H analyses in ESM 1 shows that the isotopic composition of groundwater ranges from −5.64 to +2.87‰ for δ18O and from −26.2 to +25.8‰ for δ2H.The weighted mean isotopic value for precipitation between October and April was estimated by −5.0‰ for δ18O and −15.14‰ for δ2H [23].Seawater, which is considered one of the main sources of groundwater salinity in the study area, is represented by a sample collected from the Mediterranean and is characterized by relatively enriched isotopic values (δ18O 1.12‰, δ2H 8.5‰) (Figure 7).



The δ18O versus δ2Hrelationship (Figure 7a) shows that the samples are divided into two groups. Group I represents samples that are depleted with both δ18O and δ2H. Group I plots close to the Mediterranean meteoric water line (MMWL) [64,65] and represents most of the fresh and brackish groundwater samples, indicating meteoric water origin. Group II, have high salinity, relatively enriched with δ18O and δ2H, and located close to the seawater sample, indicating seawater intrusion. In Figure 7b,c, the relationship between δ18O versus chloride and bromide show that sample numbers 6, 10, 13, 18, 19, 22, 30, 31, 37, 41, 44, and 45 receive a great amount of meteoric recharge water, while other groundwater samples show mixing with seawater.




4.5. Water–Rock Interaction and Mixing Model


Water chemistry and isotopic data has been used in a NETPATH model to evaluate potential groundwater flow paths and the source of groundwater mineralization [63,66]. To provide a valid groundwater flow path, the observed water chemistry at the end of a flow path has to have undergone reasonable geochemical reactions and/or been changed by mixing with chemically different waters along the flow path [17].



The NETPATH model estimates the net geochemical reactions and the observed variations in groundwater chemistry between an initial and final groundwater well along the groundwater subsurface flow path. The NETPATH approach is limited by the input data that describe the subsurface groundwater aquifer [67]. In this study, the water-rock interaction and mixing model scenarios are constrained by the groundwater chemical analyses of major ions and the most dominant minerals phases forming the Miocene and Pleistocene aquifers (Table 2). Calcite and dolomite are involved in the model because they of the presence of carbonate rocks. Halite, gypsum, and clay minerals are particularly embedded in the successive shale and marine deposit layers forming the aquifer matrix [68]. The model results show water-rock interaction and seawater mixing scenarios.



Three reaction models created using NETPATH investigated the sources of salinization in the groundwater aquifer representing Group I (Table 2). The upgradient groundwater sites 5, 20, and 44 (Initial Water) in the Pleistocene and Miocene aquifers flows down gradient to sites 2, 22, and 38 (Final Water), respectively (Table 3). Water-rock reaction models for groundwater flow from the upgradient to the downgradient suggest that gypsum, dolomite, and halite dissolve, while calcite is formed due to evaporation, ranging from 1.36 to 2.1. The changes in mineral phases estimated by the NETPATH model are consistent with the calculated saturation indices (SI) charges indicated in ESM 2. Six mixing models representing groundwater Group II were also used to investigate mixing with seawater (Table 4, Figure 8). The seawater sample has been identified as initial water 1, which mixed with the upgradient groundwater sites 10, 19, and 36, and flows down gradient to sites 27, 35, and 11 (final water) in the Pleistocene aquifers and sites 9, 23, and 39 (final water) in the Miocene aquifer. The models suggest that illite and dolomite dissolve while calcite and gypsum are formed, with the mixing proportion with seawater (Initial 1) ranging from 28% to 98%.



The NETPATH model was calibrated using the mixing proportions estimated by the stable isotopes, using the equations have been shown in Section 3 (Figure 8). The NETPATH model results were also consistent with the isotopic and geochemical results, where the geochemical processes affecting groundwater quality in the Pleistocene and the Miocene aquifers are water-rock interaction, mixing with seawater, and evaporation processes.





5. Conclusions


The hydrogeochemical results demonstrate wide ranges of groundwater salinity and major ions in the oolitic Pleistocene and fractured Miocene aquifers. In the Pleistocene aquifer, the total dissolved solids vary between 751 mg/L and 27,870 mg/L, with an average value of 6006 mg/L. The Miocene aquifer groundwater salinity ranges from 3645 mg/L to 41,357 mg/L, with an average value of 11,897 mg/L. Lower groundwater salinity was recorded toward the south, close to the tableland plateau, as well as in the shallow-drilled wells. On the other hand, groundwater of high salinity is located near the Mediterranean, and in the inland deep-drilled wells.



The calculated SMI geochemical ion ratio water samples can be divided into two groups. The first group (Group I) is located close to the recharge water (rainwater) and the water extract of the rock samples, which indicates the leaching and dissolution process of the aquifer matrix; while the second group (Group II) is plotted closer to the sea, indicating seawater mixing. Based on the water chemistry and stable isotopes, groundwater recharge is limited and the main source for groundwater recharge is annual precipitation. The relatively low groundwater salinity of Group I is more depleted in δ2H and δ18O, while the higher groundwater salinity of Group II is mostly enriched in these isotopes. Higher groundwater salinity is enriched in δ2H and δ18O, due to mixing with seawater. The main factors deteriorating the groundwater quality in the Pleistocene and Miocene aquifers are the water-rock interactions with the carbonate rocks of marine origin, and mixing with seawater. Fresh groundwater resources in the El Dabaa area are limited to a thin layer of fresh water which is very sensitive to pumping stresses. Therefore, pumping groundwater has to be managed to avoid deterioration of groundwater quality due to upwelling of seawater.
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Figure 1. Location map of the study area. 
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Figure 2. Geological map along the northwestern coastal zone. 






Figure 2. Geological map along the northwestern coastal zone.



[image: Geosciences 08 00392 g002]







[image: Geosciences 08 00392 g003a 550][image: Geosciences 08 00392 g003b 550] 





Figure 3. Relationships between the dissolved major ions and the equivalent mineral saturation indices ((a) Ca, (b) Calcite, (c) Mg, (d) Dolomite, (e) Na, (f) Halite, (g) SO4, and (h) Gypsum) versus the total dissolved solids of the studied groundwater samples. 
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Figure 4. Gibbs diagram for the groundwater wells tapping the Pleistocene and Miocene aquifers; (a) Total dissolved solids (TDS) versus Cl/[Cl+HCO3]; (b) TDS versus Na/[Na+Ca]. 
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Figure 5. Ion ratios ((a) rNa+/rCl−, (b) rCa2+/rMg2+, (c) rSO42−/rCl−and (d) Br−/Cl−) of the studied groundwater samples versus the total dissolved solids. 
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Figure 6. Cumulative probability curves for the distribution of (a) Na+, (b) Mg2+, (c) Cl−, (d) SO42−in groundwater samples), (e) Cross-plot of seawater mixing index vs. total dissolved solids of the studied groundwater samples. Black triangles refer to the inflection points. 
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Figure 7. (a) The relationship between δ18O and δ2H; (b) The relationship between δ18O and Cl; (c) The relationship between δ18O and Br. 
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Figure 8. Relation between calculated seawater mixing percent using δ18O and NETPATH model. 
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Table 1. Ranges and mean values of hydrochemical ratios of the different aquifers in the study area.
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Ratios

	
Pleistocene Aquifer

	
Miocene Aquifer

	
Sea Water

	
Rain Water




	
Range

	
Mean

	
Range

	
Mean

	
Mean

	
Mean






	
r Na+/r Cl−

	
0.59–2.6

	
1.09

	
0.63–1.15

	
0.86

	
0.83

	
0.68




	
r Ca2+/r Mg2+

	
0.16–1.8

	
0.58

	
0.32–1.29

	
0.65

	
0.18

	
3.97




	
r SO42−/rCl−

	
0.08–3.8

	
0.50

	
0.07–1.62

	
0.33

	
0.07

	
0.21




	
Br−/Cl−

	
0.009–0.018

	
0.013

	
0.009–0.032

	
0.016

	
0.01

	
0.015
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Table 2. Constraints, phases, and parameters used in NETPATH models.
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	Constraints
	Phases
	Parameters





	Calcium, Magnesium, Sodium, Carbon, Sulfur and Chloride
	Calcite, Dolomite, Gypsum, Halite, Illite
	Evaporation, Mixing with Different Waters
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Table 3. NETPATH water-rock interaction model results (mmol/L) representing groundwater Group I.






Table 3. NETPATH water-rock interaction model results (mmol/L) representing groundwater Group I.





	
Aquifer

	
Initial Water

	
Final Water

	
Phases Precipitated or Dissolved




	
Cal

	
Gyp

	
It

	
Hal

	
Dol

	
Evap






	
Pleistocene

	
5

	
2

	
-

	
5.89

	
1.05

	
8.78

	
-

	
2.11




	
20

	
22

	
−8.18

	
−1.35

	
0.21

	
-

	
3.96

	
1.19




	
Miocene

	
44

	
38

	
−20.02

	
3.54

	
1.52

	
38.78

	
9.34

	
1.36








Positive values mean the phase is going into solution (dissolved) while negative values mean the phase is being removed from the solution (precipitated). Cal = Calcite; Gyp = Gypsum; Ilt = Illite; Hal = Halite; Dol = Dolomite; Evap; Evaporation factor; −No Data.
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Table 4. NETPATH seawater mixing model results (mmol/L) representing groundwater Group II.
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Aquifer

	
Initial1

	
Initial2

	
FinalWater

	
Mixing Percent

	
Phases Precipitated or Dissolved




	
Initial1

	
Initial2

	
Cal

	
Gyp

	
Ilt

	
Dol

	
Evap






	
Pleistocene

	
Sea

	
10

	
27

	
0.36

	
0.64

	
1.54

	
8.58

	
−0.77

	
-

	
1.8




	
Sea

	
36

	
35

	
0.98

	
0.01

	
-

	
-

	
−8.54

	
−0.38

	
1.35




	
Sea

	
19

	
11

	
0.28

	
0.72

	
4.47

	
29.68

	
−0.29

	
−1.96

	
1.31




	
Miocene

	
Sea

	
36

	
9

	
0.91

	
0.09

	
17.65

	
0.00

	
−0.15

	
−8.63

	
1.01




	
Sea

	
36

	
23

	
0.48

	
0.52

	
1.09

	
-

	
−8.44

	
-

	
1.17




	
Sea

	
38

	
39

	
0.37

	
0.62

	
43.95

	
-

	
−5.44

	
−22.12

	
1.22








Positive values mean the phase is going into solution (dissolved) while negativevalues mean the phase is being removed from the solution (precipitated). Cal = Calcite; Gyp = Gypsum; Ilt = Illite; Hal = Halite; Dol = Dolomite; Evap; Evaporation factor; −No Data.
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