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Abstract

:

Groundwater is the main supply of fresh water in many parts of the world. The intrusion of saline water into the fresh water is a serious threat to groundwater resources. Delineation of fresh-saline aquifer zones is essential to exploit the potable fresh water. The conventional method to differentiate fresh-saline water interface is to collect and test groundwater samples from boreholes using a number of laboratory tests. However, such techniques are expensive and time consuming. A non-invasive geoelectrical method, in combination with borehole data and physicochemical analysis, is proposed to assess the fresh-saline aquifers. This investigation was conducted in Jahanian area of Pakistan with forty-five vertical electrical soundings (VES) using Schlumberger array, nine bore wells and fifty physicochemical samples. The fresh-saline aquifers are delineated by aquifer resistivity and Dar-Zarrouk parameters namely transverse unit resistance and longitudinal unit conductance. The aquifer potential of fresh-saline water zones is estimated by the aquifer parameters namely transmissivity and hydraulic conductivity. Integration of subsurface resistivity with hydrogeological information reveals the subsurface formation of five layered succession, that is, topsoil having dry strata with resistivity greater than 30 Ωm, clay containing saline water with resistivity less than 15 Ωm, clay-sand with brackish water having resistivity between 15 and 25 Ωm, sand containing fresh water with resistivity ranging from 25 to 45 Ωm and gravel-sand having fresh water with resistivity greater than 45 Ωm. The geoelectrical columns and geological cross-sections constructed by the aquifer resistivity provide effectiveness of the interpretations for the evaluation of fresh-saline aquifers. The results of physicochemical analysis using WHO guideline validate the fresh-saline aquifer zones delineated by the geophysical method. This investigation contributes towards predicting the fresh-saline water interface using inexpensive geoelectrical method.
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1. Introduction


Saline water intrusion is becoming a serious threat to fresh water supply for half of the world’s population that largely depends on groundwater resources [1]. The saline water intrusion arises when the salinity level exceeds the standard of drinking water. The saline intrusion is caused by a disturbance in the hydrostatic balance between the saline and fresh aquifers mainly due to the human action [2]. The main causes of saline water intrusion include intensive farming, industrial waste materials, overexploitation of groundwater resources, natural events and climate change and so forth [3]. The saline water intrusion is the displacement of fresh aquifer by saline aquifer caused by the excess withdrawal of groundwater including other human actions that can decline the groundwater table and result in saline water intrusion [4,5]. For several decades, the characterization of fresh-saline water interface has been the main subject of several field investigations [6,7,8,9,10]. The saline water contains high salt concentration such as NaCl.



Groundwater is the major source of fresh water supply in most of the countries. The intrusion of saline water into the fresh water is the sternest challenge in many areas of the world [11,12]. In case of Pakistan where more than 200 million people are dependent on groundwater assets especially for drinking, agricultural, domestic and industrial uses, saline water intrusion is a serious threat. At present, Pakistan is facing dilemma of water deficiency and this problem will become even worse in future due to the continuous dry of hydrologic cycle. The availability of surface water is not enough to meet the required demands of water supply for different uses especially for drinking and agricultural purposes. The groundwater resources have been exploited more particularly in last two decades. Recently, the surface water supply has reduced to 51% during winter [13]. The country needs more dams to store water during monsoon season. Tarbela and Mangla dams constructed forty years ago are not enough to store the surface water to meet the demands of the growing population. As a result, the installation of tube wells is increasing rapidly to extract the groundwater resources without considering the water quality consequences [14]. Consequently, the groundwater table is declining and the saline water intrusion is increasing in many areas of Pakistan. The deficiency of groundwater resources and the saline-water intrusion are the major problems which Pakistan is facing recently. Jahanian is one of the areas in Pakistan where saline water intrusion is the major problem. Therefore, understanding the delineation of fresh-saline aquifers is crucial for effective management of groundwater resources [10,15].



The boreholes method is one of the reliable approaches to get subsurface information about the fresh-saline aquifers. However, this traditional technique is expensive and time taking; it needs heavy machinery and enough labor to conduct and it is limited only to a small scale. In contrast, the surface electrical resistivity methods are fast, user friendly, noninvasive, robust and low-cost, and can just take one fifth to one tenth of the time taken by the borehole technique for investigating the area. The electrical method has no geophysical limitation to work in the urban sites [16]. It can significantly reduce the number of boreholes to assess the subsurface formation regarding the fresh-saline water interface.



Geophysical methods, especially the geoelectrical resistivity methods, have been adopted by many researchers to map the salinity and delineate the fresh-saline aquifer interface [10,16,17,18,19,20,21]. Such techniques are commonly applied to characterize the groundwater zones mostly because of the close relation between subsurface resistivity, saturated subsurface materials and water salinity [22,23,24]. These methods have been very successful to distinguish between the fresh and saline aquifers due to their sensitivity to detect the variations in resistivity values of such aquifers [25]. One of the advantages of the use of geoelectrical methods over other geophysical techniques is that resistivity is measured in Ωm units which have larger range than other geophysical units [26]. The bulk resistivity (aquifer resistivity) shows a clear contrast between the saturated fresh and saline formations which is important to delineate the fresh-saline water interface [10,16]. Resistivity decreases with increasing the salinity; hence, the resistivity methods are very useful to isolate the fresh-saline water zones [27]. Such surveys are conducted on the ground surface using a specific configuration to get the apparent-resistivity data, apparent-resistivity sounding curves and apparent-resistivity pseudo-sections which provide vertical or horizontal variations in the subsurface resistivity. The geoelectrical methods offer the complementary data to obtain geological association even for those stations where no borehole data exist. Such methods generate constant data throughout the entire area or along a given profile to understand spatial relations between fresh, saline and brackish aquifers. Transverse resistance and longitudinal conductance collectively named as the Dar-Zarrouk parameters computed from resistivity measurements depend on thickness and resistivity with different combinations for each medium and are successfully used to estimate the fresh-saline aquifers [10,22]. The hydraulic parameters namely transmissivity and hydraulic conductivity are derived from surface resistivity data using different empirical relations to estimate the aquifer reserves [16,26,28]. Physicochemical analysis can be used to assess the groundwater quality [29,30].



The investigated area has saline intruded aquifers and declined water table due to the growing population, exhaustive agriculture and increasing industrialization. Consequently, the demarcation of fresh-saline aquifers is essential to exploit and manage the fresh groundwater resources properly. Hence, in this proposed investigation, an attempt has been made for delineating the fresh-saline water zones using the inexpensive resistivity survey.




2. Study Area and Hydrogeological Setting


This investigation was conducted in Jahanian area, Lower Bari Doab, Pakistan. The studied area is situated in the Upper Indus Basin with the latitude from 29.87° to 30.22°N and the longitude from 71.58° to 71.97°E as shown in Figure 1. Its summer lasts for six months from April to October with temperature range of 20–45 °C and the rainy season of monsoon comes during July and August. The temperature remains between 1 and 25 °C during winter from November to February. March and October are the spring and autumn seasons respectively in the studied area. The average annual precipitation is 430 mm with maximum rain during the monsoon season. It has vast canal system including main canals, branch canals and number of small tributaries originated from Ravi and Chenab River. Its hydrogeological settings have different classification depending on different textural characteristics [10,16]. The surface soil textures have good permeability properties ranging from fine to moderately medium. It lies in an alluvium plain with the lithologies such as gravel-sand, sand, clay-sand and clay. It has almost flat topographic relief gently sloping in NE-SW direction. Its aquifer system was created by the sediment deposition over Precambrian and Tertiary igneous/metamorphic rocks [31]. These sediments were deposited by the Indus River and the tributaries originating from the Great Himalayan Mountains in north. It has an unconfined aquifer system like most of the aquifers in Punjab province [32]. The transmissibility coefficients remain between 0.2 and 1.0 cusecs per foot in most of the aquifers in Bari Doab [31]. The lower storage coefficients obtained in the pumping tests mark the conditions based on the presence of comparatively less permeable clay layers within the aquifer system. The permeability was found between 0.00033 and 0.01573 ft/s in most of the areas in Bari Doab [32]. Water table lies between 6 and 18 m in the investigated area. Groundwater is the major water supply for different purposes due to the scarce precipitation and insufficient surface water. Due the rapid installation of tube wells, the groundwater table is decreasing rapidly. The canal system is the major cause of groundwater recharge in the investigated area [31].



The hydrogeological settings divide the studied area into three main aquifer zones, that is, the low potential aquifer containing saline water with clay, the medium potential aquifer with brackish water having clay-sand, and the high potential aquifer with fresh water containing gravel-sand and sand [33] (Figure 1). The aquifer yields the low, medium and high potential zones are less than 150 m3/h, 150 to 200 m3/h and 200 to 300 m3/h respectively as shown in Figure 1 [33].




3. Materials and Methods


3.1. Electrical Resistivity Method


The geoelectrical resistivity method computes the distributed subsurface resistivity which is a physical property depending on the characteristics of the materials [34]. Resistivity of a subsurface geological formation is related with the electric current flowing through the formation. It depends on nature of mineralization, rock texture and electrolytic conductivity of the rock [35]. The subsurface resistivity not only varies from one formation to another but it also changes within the formation [36]. It increases with grain size and shows maximum values for the coarse grains and also when the rock is compacted with fine grains. It significantly decreases with increasing the clay content. In saturated formation, it shows low values due to increase in salinity or clay content. Consequently, the resistivity surveys are conducted to effectively delineate the salinity or clay formation [37]. In this investigation, a Syscal (V11.4) IRIS instrument was used to conduct the apparent resistivity measurements.



George Simon Ohm proposed an equation in 1827 involving voltage, current and resistance:


Voltage = Current × Resistance










V = IR



(1)




where, V is measured as voltage with volts units, the resistance R is calculated in ohms units, and I shows the current in Amp. Resistivity measured in field is the apparent resistivity (ρa) calculated by using the relation:


ρa = KΔVI



(2)




where, I measures the current in Amp, the potential difference ΔV is measured in volts, and K is known as the geometric factor; K values show the subsurface stratification and depend on electrode position. The apparent resistivity is dependent on the measured potential V, the injected current I, and K the geometric factor [10,38].



Vertical electrical sounding (VES) determines the variations in subsurface resistivity with respect to the depth. It was carried out on the ground surface assumed to be with very little lateral variation or almost horizontal layered. It was carried out using Schlumberger array, in which the potential electrodes with small spacing are located in a fixed position and the current electrodes are positioned symmetrically out sides the potential electrodes. In order to obtain the deeper penetration, the current electrodes are moved further away from the center of the array with each resistivity measurement. The spacing of the potential electrodes is increased between a pair of current electrodes for large distance to enhance the signal to noise ratio for the measured voltage and to increase the efficiency of the instrument [39]. The inversion process of the VES curves was performed using IPI2WIN software [40]. The root mean squares (RMS) values varied between 1.1% and 4.8%. In this investigation, a total number of 45 VES and 9 boreholes were conducted to cover the entire area (Figure 1). The Schlumberger configuration was used to obtain the VES measurements with 200 m depth (maximum half-electrode spacing). The aquifer resistivity was estimated from the VES models after the inversion program.




3.2. Dar-Zarrouk Parameters


Dar-Zarrouk parameters namely longitudinal unit conductance (Sc) and transverse unit resistance (Tr) first introduced by Mailet [41] provide adequate solutions to the subsurface resistivity for the evaluation of saturated formations [16]. These parameters can delineate the fresh-saline aquifer zones efficiently [10]. Dar-Zarrouk parameters consist of various combinations of resistivity and thickness for subsurface geologic VES layers and hence, provide better understanding about the subsurface geoelectrical models [16,42,43]. Thickness h and resistivity ρ are two fundamental parameters that define the geoelectrical layer [44]. Longitudinal unit conductance (Sc) and transverse unit resistance (Tr) are computed from the above two basic parameters (h and ρ) from the VES models [10]. Transverse unit resistance and longitudinal unit conductance were estimated using the relations [10]:


Tr = ∑i=1n(hiρi)h = h1ρ1 + h2ρ2 + ……. + hnρn =hρ



(3)






Sc = ∑i=1n(hi/ρi) = h1/ρ1 + h2/ρ2 + ……. + hn/ρn =h/ρ



(4)




where Tr is transverse unit resistance measured in Ωm2, Sc is longitudinal conductance is computed in Siemens or mho, ρ shows resistivity of the layers in Ωm, h is the layer thickness in meters and i indicates the number of subsurface layers. Specific ranges of Tr and Sc for the saline, brackish and fresh aquifers are obtained depending on the local hydrogeological information and the boreholes data of the investigated area.




3.3. Estimation of Aquifer Parameters


The hydraulic parameters namely transmissivity (T) and hydraulic conductivity (K) are efficiently used to estimate the groundwater reserves [16,22]. In this investigation, these parameters were determined to estimate the groundwater potential contained in the fresh-saline aquifer zones. The Kozeny–Carman–Bear formula was applied for estimating hydraulic conductivity [45]. This equation is commonly used to calculate hydraulic conductivity especially for the homogeneous aquifer. Since the studied area has homogeneous aquifer system, so, hydraulic conductivity was estimated using the following equation:


K = (δwg/μ) (d2/180) [Φ3/(1 − Φ)2]



(5)




where, hydraulic conductivity K is measured in m/day, Φ indicates the porosity, d represents the grain size, g is the acceleration caused by the gravity (9.81 m/s2), μ is measured as dynamic viscosity of the water (0.0014 kg/ms), and δw is known as the fluid density (1000 kg/m3) [46]. The above Equation (5) was used to calculate K for the selected 9 VES locations nearby the bore-wells.



Archie’s equation was applied to obtain the porosity (Φ) needed in the Kozeny–Carman–Bear relation [47]:


ρa= αρwΦ−m



(6)







From Equation (1):


Φ = e(1/m) ln(α)+(1/m)ln(1/Fi)



(7)




where


Fi = ρo/ρw



(8)




and


ρw = 10,000/EC



(9)




where, ρa is known as the aquifer resistivity or bulk resistivity for the saturated layers computed from the VES models, Φ represents the porosity of the aquifer medium, Fi is the intrinsic formation factor valid for a clay-free medium, α indicates the coefficient of saturation, m shows the cementation factor, and ρw is the groundwater resistivity. EC is electrical conductivity with the units of μS/cm.



The values of m and α required in Equation (7) are essential to calculate the porosity. Generally, α ≈ 1 and m varying between 1 and 2.5 are used for the aquifer of unconsolidated materials [48,49]. These values are related only with homogeneous sediments and are mostly determined in the laboratory tests. For this study, a = 1 and m ranging from 1.18 to 1.93 were used in Equation (7) to calculate porosity (Table 1). The pumping tests were conducted at a constant pumping rate of 24 h and the static water level was noted. Just after the pumping test, a recovery test was conducted and the water level was again noted.



The drawdown curves were interpreted to obtain the information for the calculation of hydraulic parameters such as hydraulic conductivity (Kw) and transmissivity (Tw) at nine borehole sites by applying Eden-Hazel approach with the StepMaster (version 2.0) software [50]. The pumped aquifer parameters were determined to compare with the estimated hydraulic parameters to check the reliability of the geophysical method.



However, Equation (7) is applicable only for clay-free medium. For aquifer containing clay content, an alteration in the Archie’s equation is mandatory. The studied area contains significant clay content. For the clay medium, we use the following Waxman–Smits model [51,52]:


Fa = Fi(1 + BQvρw)−1



(10)




where, BQv depends on effects of surface conduction. If the effects of surface conduction are non-existent, in such cases Fa becomes equal to Fi. A linear relationship was obtained between 1/Fa and ρw by rearranging Equation (10):


1/Fa = (1/Fi) + (BQv/Fi)ρw



(11)







1/Fa in above Equation (11) is equal to ρw/ρo. Equation (11) shows a linear relation between 1/Fa (Fa = ρo/ρw) and ρw. Here, BQv/Fi shows the gradient, and 1/Fi indicates the intercept of the straight line [52]. Consequently, the intrinsic formation factor (1/Fi = 0.2 or Fi = 5) was obtained by the plot between 1/Fa and ρw (Figure A1a given in Appendix A) to calculate porosity using Equation (7).



The following equation was used to determine transmissivity (T) for the selected sounding stations close to the bore-wells [53]:


T = Kh



(12)




where, the aquifer thickness h is measured in meters (m) and transmissivity T in m2/day.



From Equation (3):


Tr = hρ



(13)







Combining Equations (12) and (13):


T = TrK/ρ



(14)






K = ρT/Tr



(15)







From (14):


T ∞ Tr



(16)




and from Equation (15):


K ∞ ρa



(17)







The above Equations (16) and (17) show a direct relation between T and Tr [26,28], and K and ρa [54] respectively. In order to estimate transmissivity (T’) and hydraulic conductivity (K’) for all sounding stations to cover the entire area, the following relations were obtained from the plots of T versus Tr and K versus ρa for the selected sounding stations near 9 bore-wells as shown in Figure A1b,c (given in Appendix A):


T = 1.294Tr + 275.9



(18)




and


K = 1.501ρa− 2.279



(19)








3.4. Hydrochemical Method


Total 50 groundwater samples were obtained from different locations during October 2016 for the assessment of the groundwater quality in the studied area. The physicochemical analysis was carried out for major and minor ions including potassium (K+), magnesium (Mg2+), calcium (Ca2+), sodium (Na+); sulphates (SO42−), chloride (Cl−) and bicarbonates (HCO−3) and the physical parameters including total dissolved solids (TDS), electrical conductivity (EC) and pH [29,55] in the laboratory of Pakistan Council of Research in Water Resource (PCRWR). The Concentrations of sodium, potassium, calcium, magnesium, chloride, sulphate and bicarbonate were obtained using the standard procedures [23,56]. The atomic absorption spectrometry was used to analyze sodium, potassium, calcium and magnesium. The volumetric method was applied to estimate the ions such as chlorides and bicarbonates. The UV–visible spectrophotometer was used to analyze sulphates. The concentration of all ions was estimated in milligrams per liter (mg/L), except EC and pH. The concentration of EC was measured in microsiemens per centimeter (μS/cm) at 25 °C. The ionic balance of water was used to check the reliability of results. The acceptable reliability was observed in the percentage range from −5% to +5%. The groundwater samples were collected with the depth ranging from 30 m to 110 m.





4. Results


4.1. Resistivity Model Curves and Lithological Calibration


Geoelectrical method measures the subsurface resistivity in the geophysical field survey which is known as the apparent resistivity or iso-resistivity. It is the weighted average resistivity of all subsurface geological materials. Moreover, it shows more effects for the subsurface materials at shallow depth (less than 100 m) than the materials at higher depth (greater than 100 m depth) [22]. Hence, the apparent resistivity cannot provide the actual resistivity effects of the geological materials at the depth of some hundred meters. In order to assess the subsurface formation at greater depth, the field data of the apparent resistivity were processed using IpI2Winv software [57] to get best fit vertical electrical soundings (VES) curves. The modeled VES curves were generated on the logarithmic graph sheets by the plot of half electrode spacing and the apparent resistivity. The field data were obtained for 45 geoelectrical soundings using Schlumberger configuration for the maximum depth of 200 m. 1D inversion program of the software generates models of different subsurface layers that provide information about the true resistivity and thickness of each layer. The changes in the physical parameters of the subsurface geologic layers make up the model of true resistivity [58]. True resistivity of rock mass depends on many factors such as porosity, clay content and water content, fault and fault zone, groundwater resistivity, and temperature [24]. Resistivity range for groundwater is from 10 ohm-m to 115 Ωm. Under any damp conditions, clay formation has less resistivity value than sandy formation and sandy formation has less resistivity than gravel formation [22].



Calibration between the true resistivity and the litho logs was performed at nine wells to establish a unified layered-model appropriate to all resistivity modeled curves. This correlation depends on the local basis, that is, the hydrogeological information of the studied area [22,24]. The correlation between resistivity and borehole data constrained the subsurface formation into different layers, that is, dry strata with resistivity greater than 30 Ωm (above water table), clay containing saline water with resistivity less than 15 Ωm (below water table), clay-sand having brackish water with resistivity ranging from 15 to 25 Ωm (below water table), sand with fresh water containing resistivity range between 25 and 45 Ωm (below water table) and gravel-sand having fresh water with resistivity greater than 45 Ωm (below water table) as shown in Table 2. This calibration (shown in Table 2) is applicable to the studied area only. However, the proposed geophysical method can be successfully applied to establish such calibration for any area based on the hydrogeological information of that area. The calibration in Table 2 was carried out using only the dominant/common lithologies of the boreholes in order to interpret the fresh-saline aquifer zones clearer. However, other lithologies (not common or dominant in the investigated area) such as clay-sand with saline water (well 1), sand with brackish water (well 2 and well 3), clay with brackish water (well 7) and clay-sand with fresh water (well 8) were also revealed by the bore-well data as shown in Figure 2. Every specific area has its own different combinations of lithologies with each range of resistivity. For any type of lithology with specific range of resistivity in any area, the proposed method can be integrated with only few numbers of boreholes to delineate the subsurface geologic formation (fresh-saline water interface) over the entire area and therefore can be suggested as cost-effective by reducing large number of expensive boreholes.




4.2. Geoelectrical Columns and Aquifer Resistivity


Aquifer resistivity (ρa) also known as bulk resistivity was calculated as the average resistivity of all saturated subsurface geologic layers acquired from 1D inversion procedure of VES field data (VES modeled curves). Geoelectrical columns were constructed based on the aquifer resistivity for the selected nine sounding locations near the bore-well sites as shown in Figure 2. Geoelectrical columns were interpreted for saline, brackish and fresh aquifers depending on specific range of resistivity values and the lithologies. These interpreted resistivity columns were then compared with the litho logs of the boreholes. This comparison shows good correlation between the litho logs and the geoelectrical columns. The results suggest that resistivity column 1 and well 1 reveal saline water containing clay content; resistivity columns 6, 14, 34 with wells 2, 3, 7 delineate brackish water having clay-sand; resistivity columns 18, 27, 38 and wells 4, 6, 8 evaluate fresh water with sand as dominant lithology; and column 45 and well 9 show fresh water with gravel-sand. However, resistivity column 28 shows fresh water with sand but well 5 reveals freshwater with gravel-sand as the dominant lithology.



The aquifer resistivity estimated for all sounding stations was plotted as a contour map to delineate the saline, brackish and fresh aquifer zones over the entire area. The saline aquifer was evaluated by clay content with the aquifer resistivity less than 15 Ωm in NW. The fresh aquifer was revealed in SE by sand with resistivity ranged from 25 to 45 Ωm and gravel-sand with resistivity greater than 45 Ωm. The brackish water lying between fresh and saline water was revealed by clay-sand with resistivity between 15 and 25 Ωm.




4.3. Transverse Resistance and Longitudinal Conductance


Dar-Zarrouk parameters known as longitudinal conductance (Sc) and transverse resistance (Tr) were estimated using various combinations of resistivity and thickness of the layers obtained from VES modeled curves. Specific values range of Tr and Sc for saline, brackish and fresh aquifers were obtained depending on the hydrogeological information of the investigated area. The estimated values of Tr and Sc are given in Table 1. The values of Tr increase with the gain size and the fresh water, whereas Sc values decrease with grain size and the fresh water [10]. The fresh aquifer zone was delineated by Tr > 1500 Ωm2 and Sc < 2 mho containing sand and gravel-sand content. The brackish aquifer with clay-sand lithology was revealed by Tr between 500 and 1500 Ωm2 and Sc from 2 to 2.5 mho. The saline water having clay content was evaluated by Tr < 500 Ωm2 and Sc > 2.5 mho. The maps of Tr and Sc show the distribution of saline, brackish and fresh aquifer zones over the entire area. The aquifer zones of saline, brackish and fresh aquifers differentiated by Tr and Sc show strong correlation with each other. These results show good matching with the groundwater zones assessed by hydrogeological map and the aquifer resistivity. Fresh water was observed in SE, whereas saline water was revealed in NW of the studied area.




4.4. Hydraulic Conductivity and Transmissivity


The hydraulic parameters namely hydraulic conductivity and transmissivity were calculated for estimating the groundwater reserves contained within fresh, brackish and saline aquifers. Firstly, transmissivity (T) and hydraulic conductivity (K) were measured for the selected sounding stations close to the bore-well sites given in Table 1. Afterwards, a relation between calculated hydraulic conductivity (K) and aquifer resistivity (ρa), and another empirical relation between measured transmissivity (T) and transverse resistance (Tr) were established for estimating hydraulic conductivity (K’) and transmissivity (T’) for all sounding stations over the entire area (Table 3). The pumped hydraulic parameters such as transmissivity (Tw) and hydraulic conductivity (Kw) were also calculated from the pumping test at nine boreholes (Table 3). The pumped aquifer parameters (Kw and Tw) and the calculated aquifer parameters (K and T) show very good matching (81–98%) for all selected stations (Table 3). The comparison between estimated parameters (K’ and T’) and pumped parameters (Kw and Tw) also show good correlation for most of the stations as shown in Table 3. However, the low %matching (i.e., 72%) between T’ and Tw at VES-1 is caused by different factors such as the difference in aquifer thickness (change in thickness of the subsurface geologic layers) at VES station and the borehole site, change in the lithology (well 1 lies at or near the interface of saline-brackish aquifers whereas VES-1 lies in saline aquifer as interpreted by the geophysical maps), the lowest value in the empirical equation (the station with the lowest values in the empirical plot increases the %error between the estimated and the calculated values as compared to the other stations with higher values) and the inevitable non-uniqueness of the geophysical measurements (geophysical measurements are non-unique and cannot provide 100% matching with the boreholes for all stations, however, they can provide satisfactory results with 70–90% matching even where the boreholes do not exist) [22,16]. The estimated hydraulic conductivity (K’) and transmissivity (T’) clearly delineated the aquifer potential of the entire area into three aquifer zones (i.e., fresh, brackish and saline aquifer zone). The fresh aquifer was estimated by K’ > 35 m/day and T’ > 2000 m2/day. The saline aquifer was delineated by K’ < 20 m/day and T’ < 1000 m2/day. The brackish aquifer lying between the fresh and saline aquifer zones was revealed with K’ ranging from 20 to 35 m/day and T’ from 1000 to 2000 m2/day. The estimated fresh, brackish and saline aquifers as a function of aquifer resistivity, transverse resistance and hydraulic conductivity are shown in Figure 3. Figure A2 given in Appendix A shows the saline, brackish and fresh water zones delineated by longitudinal conductance and estimated transmissivity. The saline, brackish and fresh aquifers estimated by K’ and T’ show good correlation with that of the aquifer zones delineated by ρa, Tr, Sc and hydrogeological map. A statistical analysis was performed to see the correlation between these parameters as shown in Table 4a. This Table shows very strong correlation between Tr and T’ (i.e., correlation coefficient = R = 1) and between ρa and K’ (i.e., R = 0.99). Next good correlation between electrical parameters (ρa, Tr and Sc) and hydraulic parameters (T’ and K’) was found to be R = −0.93 (between Sc and K’) and R = 0.92 (between ρa and T’ and Tr and K’). Thus, the statistical analysis suggests the best correlation between Tr and T’ and between ρa and K.’ That is why we established empirical equations by the graphical plots between these parameters to estimate K’ and T’ over the entire area. The specific values range of ρa, Tr, Sc, K’ and T’ for the delineation of saline, brackish and fresh aquifers is shown in Table 4b.




4.5. Geological Cross-Sections


The geoelectrical method can also provide 2D mapping of the subsurface geologic layers using specific number of VES stations along different profiles. The geological cross-sections can effectively evaluate the distribution of the subsurface resistivity and lithology both vertically and horizontally [59]. Such profiles provide a detail view of the subsurface geologic structures along different cross-sections. In this investigation, four cross-sections (AA,’ BB,’ CC’ and DD’) were constructed on the basis of aquifer resistivity of the specific VES stations along different profiles. These sections evaluated the subsurface geologic layers up to the depth of 200 m. The VES stations were chosen to construct the cross-sections along four different profiles in such a way that the entire area can be covered. These cross-sections included the information such as subsurface lithologies (dry strata, clay, clay-sand, sand and gravel-sand), fresh, brackish and saline aquifers, water table, topography, boreholes data and mean sea level as shown in Figure 4. These cross-sections were interpreted for fresh water with aquifer resistivity of 25–45 Ωm for sand and >45 Ωm for gravel-sand, brackish water with aquifer resistivity range of 15–25 Ωm containing clay-sand and saline water with aquifer resistivity <15 Ωm having clay content. The interpreted aquifer zones of fresh, brackish and saline water along these cross-sections match very well with the aquifer zones delineated by Dar-Zarrouk parameters, hydraulic parameters and hydrogeological map.



The cross-section AA’ was constructed using 8 VES stations (i.e., VES 1, 3, 5, 8, 27, 31, 39 and 45) in NE-SW direction as shown in Figure 4a. Clay containing saline water and sand/gravel-sand having fresh water are the dominant lithologies along this cross-section. The lithologies of three boreholes (i.e., well 1, 6 and 9) match good with the lithologies interpreted by the aquifer resistivity along AA.’ The places near W-6 (VES-27, 31) and W-9 (VES-45) are most appropriate to extract the fresh water resources along this profile.



Five VES stations (6, 14, 25, 31 and 33) were used to construct cross-section BB’ in NE-SW direction as shown in Figure 4b. Clay-sand containing brackish water is the dominant lithology along this profile. The interpreted subsurface lithologies show good correlation with the data of three boreholes (W-2, W-3 and W-6). The most suitable location for the exploration of fresh aquifer is along well 6 (VES-31).



The cross-section CC’ includes seven VES stations (20, 28, 29, 30, 32, 35 and 36) and two boreholes (W-5 and W-7) in E-W orientation as shown in Figure 4c. This profile has sand/gravel-sand with fresh water as a dominant lithology in east. Clay with saline water in west is the second dominant lithology along CC’. The suitable locations for the exploitation of fresh water are found along VES-20, 28, 29, 30, 32 and W-5.



This short profile along cross-section DD’ was constructed by four VES stations (15, 18, 21 and 20) in W-E direction as shown in Figure 4d. Sand/gravel-sand with fresh aquifer is the dominant lithology in the east, whereas clay-sand with brackish water is the dominant in the western side. The eastern part including VES-18, 21, 20 and W-4 has the most appropriate locations to extract the fresh water resources along DD.’




4.6. Physicochemical Analysis


The groundwater quality was also assessed using physicochemical analysis to supplement the results obtained from geophysical method to delineate the fresh-saline aquifers. The analytical results of physicochemical parameters were obtained into statistical parameters like minimum, maximum, mean, median and standard deviation as given in Table 5. The guideline provided by the World Health Organization (WHO) [60] for drinking water quality and the Food and Agriculture Organization (FAO) of the United Nations [61] for irrigation water quality was used to perform this physicochemical analysis as shown in Table 5. The results of the physicochemical analysis suggest that the groundwater samples which do not exceed the suggested limits of WHO for drinking water and FAO for irrigation water, have good water quality (fresh water). The groundwater samples which exceed the suggested limit for most of the physicochemical parameters such as EC, TDS, Na+, Mg2+, Cl−, SO42− and HCO3− reveal poor water quality (saline water) [62]. The groundwater samples that exceed the suggested limit for some of the physicochemical parameters like EC, TDS or Na+ show medium water quality (brackish water) [62]. The results of physicochemical analysis for drinking water quality show good correlation with the saline, brackish and fresh aquifers revealed by the geoelectrical method. Figure 5 shows the zones of good, medium and poor water quality for drinking and irrigation purposes based on physicochemical analysis of groundwater samples. Statistical distribution and analysis of physicochemical parameters for drinking and irrigation water quality is shown in Table 5.





5. Discussion


In this investigation, an economical approach of geoelectrical method was used for delineating the saline, brackish and fresh aquifers. The evaluation of saline water intrusion into the fresh water is essential to exploit the fresh groundwater resources. Generally, the traditional boreholes methods are applied to get the groundwater samples for laboratory tests for the delineation of saline water intrusion. However, such methods are expensive and time consuming and are hardly conducted to cover the entire area. Geophysical approach especially the geoelectrical method is cheap and user friendly and can assess the entire area with minimum number of boreholes for the delineation of fresh-saline water interface. This approach can significantly reduce the number of boreholes and can provide the subsurface geologic information of the aquifer properties with about 70–90% accuracy where the borehole data is not available. However, the geoelectrical method alone cannot evaluate the subsurface layers for aquifer characteristics; it needs to be integrated with some boreholes to conduct. In this study, the aquifer resistivity in combination with Dar-Zarrouk parameters namely longitudinal conductance and transverse resistance were estimated to reveal the fresh, brackish and saline aquifers. In addition, the aquifer potential contained within fresh, brackish and saline zones was estimated by the aquifer parameters such as transmissivity and hydraulic conductivity. The construction of geological cross-sections (AA,’ BB,’ CC’ and DD’) along different profiles using the aquifer resistivity values provides useful information about the delineation of fresh/saline aquifer with 2D view of the subsurface geologic layers up to the depth of 200 m. The delineation of fresh, brackish and saline aquifers along four different profiles show good matching with the aquifer zones interpreted by geological map and other geophysical parameters as shown in Figure 6. In order to check the reliability of the resistivity method to delineate the fresh-saline water interface, physicochemical analysis was performed using the suggested limit of WHO. The saline, brackish and fresh aquifers revealed by the geoelectrical method (aquifer resistivity, transverse resistance, longitudinal conductance, hydraulic conductivity and transmissivity, geological cross-sections) show strong correlation with the geochemical analysis and the hydrogeological information of the studied area. The results suggest that the proposed geophysical method is cost-effective and can be applied in any area with confidence to obtain the aquifer characteristics including the delineation of fresh-saline aquifers where the borehole data are scarce or of uncertain quality. However, this approach was used for homogenous aquifer system in the investigated area. This approach is applicable in any aquifer system with similar hydrogeological characteristics. It can also be applied in the heterogeneous aquifer with further studies.




6. Conclusions


This investigation was conducted to delineate the fresh-saline aquifers using an integrated approach of the electrical resistivity method, geochemical method and boreholes data including the pumping tests. The geoelectrical method was performed for 45 sounding stations using Schlumberger array with maximum depth of 200 m. VES modeled curves were obtained using 1D inversion program of IpI2Winv software from the field data of the apparent resistivity. The true resistivity and aquifer thickness of the subsurface geological layers were obtained from the modeled curves. The subsurface resistivity was correlated with the borehole data to constrain the subsurface layers with specific resistivity values range, that is, dry strata with resistivity values greater than 30 Ωm, clay containing the saline water with resistivity less than 15 Ωm, clay-sand having the brackish water with resistivity ranged from 15 to 25 Ωm, sand with the fresh water and resistivity between 25 and 45 Ωm and gravel-sand with the fresh water having resistivity greater than 45 Ωm. The aquifer resistivity was interpreted as the average resistivity of the saturated subsurface geologic layers acquired from the inversion program of the modeled VES curves. The geoelectrical columns constructed based on the aquifer resistivity for the selected sounding numbers show good correlation with litho logs of the nearby boreholes for the delineation of saline, brackish and fresh aquifers. Dar-Zarrouk parameters delineated the saline aquifer with Tr<500 Ωm2 and Sc>2.5 mho, the brackish water with Tr from 500 to 1500 Ωm2 and Sc from 2 to 2.5 mho and the fresh water with Tr>1500 Ωm2 and Sc<2 mho. The aquifer parameters estimated the saline water with K’<20 m/day and T’<1000 m2/day, the brackish aquifer with K’ ranging from 20 to 35 m/day and T’ from 1000 to 2000 m2/day and the fresh water with K’>35 m/day and T’>2000 m2/day. The aquifer zones delineated for the fresh, brackish and saline water along cross-sections of different profiles show good matching with the zones delineated by ρa, Tr, SC, K’ and T’ and hydrogeological map. Physicochemical results interpreted by WHO compliment the saline, brackish and fresh aquifers zones evaluated by the geoelectrical method. This approach is useful to assess the saline water intrusion in any homogeneous aquifer system and thus, can reduce significantly the number of expensive boreholes. However, it can also be effectively used in a heterogeneous aquifer system with further studies.
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Figure A1. (a) The estimation of intrinsic formation factor (Fi) from the graphical plot of 1/Fa vs. groundwater resistivity (ρw); (b) graphical plot between aquifer resistivity (ρa) and hydraulic conductivity (K) of the selected stations to obtain a relation for the estimation of hydraulic conductivity (K’) over the entire area; and (c) graphical plot of transverse resistance (Tr) vs. transmissivity (T) for the selected stations to estimate the transmissivity (T’) for all stations. 
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Figure A2. (a) The delineation of fresh, brackish and saline water zones as a function of (a) longitudinal conductance and (b) transmissivity. 
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Figure 1. map showing simplified hydrogeological settings [33] and measurements of the investigated area. 
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Figure 2. Comparison between geoelectric columns constructed from aquifer resistivity and lithologic logs of the boreholes for the selected stations of the studied area. 
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Figure 3. Estimation of fresh, brackish and saline aquifers as a function of (a) aquifer resistivity; (b) transverse resistance and (c) hydraulic conductivity. 
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Figure 4. Delineation of fresh, brackish and saline aquifers based on aquifer resistivity along cross-section (a) AA’; (b) BB’; (c) CC’ and (d) DD’ over the entire area. 
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Figure 5. Mapping of aquifers based on physicochemical analysis of groundwater samples for (a) drinking water quality; and (b) irrigation water quality. 






Figure 5. Mapping of aquifers based on physicochemical analysis of groundwater samples for (a) drinking water quality; and (b) irrigation water quality.



[image: Water 10 01548 g005]







[image: Water 10 01548 g006 550]





Figure 6. Map showing cross-sections AA,’ BB,’ CC’ and DD’ along four profiles for the delineation of fresh, brackish and saline water aquifers in the investigated area. 
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Table 1. Estimated values of aquifer resistivity, water resistivity, aquifer thickness, longitudinal conductance, transverse resistance, electrical conductivity, formation factor, the coefficients, porosity, transmissivity and hydraulic conductivity for the selected 9 sounding stations near the boreholes of the study area.
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	VES NO (Selected)
	Aquifer Thickness H (m)
	Aquifer Resistivity ρo (Ωm)
	Transverse Resistance Tr (Ωm2)
	Longitudinal Conductance Sc (Siemens)
	Electrical Conductivity EC (μS/cm)
	Water Resistivity ρw = 10,000/EC (Ωm)
	Formation Factor Fa = ρo/ρw
	1/Fa = ρw/ρo
	α
	m
	Porosity Φ
	Hydraulic Conductivity K (m/day)
	Transmissivity T (m2/day)





	1
	24
	9
	106
	2.98
	5000
	2
	4.5
	0.22
	1
	1.18
	0.255
	10
	240



	6
	39
	19
	774
	2.06
	2000
	5
	3.8
	0.26
	1
	1.49
	0.34
	30
	1170



	14
	42
	22
	780
	2.28
	1429
	7
	3.14
	0.32
	1
	1.46
	0.333
	28
	1176



	18
	51
	39
	1761
	1.52
	286
	35
	1.11
	0.9
	1
	1.72
	0.392
	55
	2805



	28
	66
	43
	2568
	1.7
	313
	32
	1.34
	0.74
	1
	1.73
	0.394
	56
	3696



	27
	54
	41
	2000
	1.51
	400
	25
	1.64
	0.61
	1
	1.74
	0.397
	58
	3132



	34
	40
	21
	696
	2.32
	1667
	6
	3.5
	0.29
	1
	1.51
	0.344
	32
	1280



	38
	63
	35
	2487
	1.62
	500
	20
	1.75
	0.57
	1
	1.7
	0.387
	52
	3276



	45
	82
	55
	5254
	1.31
	217
	46
	1.2
	0.84
	1
	1.93
	0.433
	85
	6970
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Table 2. Resistivity and lithology calibration in the study area.
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	Formation Resistivity (Ωm)
	Lithology





	Resistivity greater than 30 (above water table)
	Dry strata



	Resistivity less than 15 (below water table)
	Clay with saline water



	Resistivity between 15–25 (below water table)
	Mixture of sand and clay with brackish water



	Resistivity between 25–45 (below water table)
	Sand with fresh water



	Resistivity greater than 45 (below water table)
	Mixture of Sand and gravel with fresh water
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Table 3. Comparison between estimated and pumped aquifer parameters for the secreted stations.
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VES NO (Selected)

	
Calculated Parameters

	
Estimated Parameters

	
Pumped Parameters

	
% Matching




	
T (m2/day)

	
K (m/day)

	
T’ = 1.294Tr + 275.9 (m2/day)

	
K’ = 1.501ρa − 2.279 (m/day)

	
Well NO

	
Tw (m2/day)

	
Kw (m/day)

	
T’ and Tw

	
K’ and Kw

	
T and Tw

	
K and Kw






	
1

	
240

	
10

	
413

	
11

	
1

	
296

	
9

	
72

	
82

	
81

	
90




	
6

	
1170

	
30

	
1277

	
26

	
2

	
1105

	
31

	
87

	
84

	
94

	
97




	
14

	
1176

	
28

	
1285

	
31

	
3

	
1043

	
27

	
81

	
87

	
89

	
96




	
18

	
2805

	
55

	
2555

	
56

	
4

	
2954

	
52

	
86

	
93

	
95

	
94




	
28

	
3696

	
56

	
3599

	
62

	
5

	
3893

	
55

	
92

	
89

	
95

	
98




	
27

	
3132

	
58

	
2864

	
59

	
6

	
3254

	
56

	
88

	
95

	
96

	
96




	
34

	
1280

	
32

	
1177

	
29

	
7

	
1343

	
34

	
88

	
85

	
85

	
94




	
38

	
3276

	
52

	
3494

	
50

	
8

	
2954

	
59

	
85

	
85

	
90

	
88




	
45

	
6970

	
85

	
7075

	
80

	
9

	
6754

	
87

	
95

	
92

	
97

	
98
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Table 4. (a) Statistical analysis for the correlation between aquifer resistivity, transverse resistance, longitudinal conductance, hydraulic conductivity and transmissivity; (b) Delineation of fresh, brackish and saline water zones as a function of aquifer resistivity, transverse resistance, longitudinal conductance, hydraulic conductivity and transmissivity.
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(a) Correlation between Electrical and Hydraulic Parameters






	

	
ρa

	
Tr

	
Sc

	
K’

	
T’




	
ρa

	
1

	

	

	

	




	
Tr

	
0.92

	
1

	

	

	




	
Sc

	
−0.93

	
−0.8

	
1

	

	




	
K’

	
0.99

	
0.92

	
−0.93

	
1

	




	
T’

	
0.92

	
1

	
−0.8

	
0.92

	
1




	
(b) Specific Ranges of Electrical and Hydraulic Parameters for Delineation of Fresh, Brackish and Saline Aquifers




	
Interpreted Zone

	
Aquifer Resistivity ρa(Ωm)

	
Transverse Resistance Tr (Ωm2)

	
Longitudinal Conductance Sc (mho)

	
Hydraulic Conductivity K’ (m/day)

	
Transmissivity T’ (m2/day)




	
Fresh water

	
>25

	
>1500

	
<2

	
>35

	
>2000




	
Brackish water

	
15–25

	
500–1500

	
2–2.5

	
20–35

	
1000–2000




	
Saline water

	
<15

	
<500

	
>2.5

	
<20

	
<1000











[image: Table]





Table 5. Statistical distribution and analysis of physicochemical parameters in the investigated area using 50 groundwater samples for (a) drinking water quality and (b) irrigation water quality.
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(a) Drinking Water Quality [60]




	
Parameters

	
Units

	
Minimum

	
Maximum

	
Mean

	
Median

	
S.D

	
Permissible Range

	
Samples Exceeding Permissible Limits

	
Samples %






	
pH

	
-

	
7.2

	
8.5

	
7.9

	
7.8

	
0.29

	
6.5–8.5

	
-

	
-




	
EC

	
(μS/cm)

	
321

	
4645

	
1616.6

	
1462

	
971.22

	
1500

	
23 (1,2,3,4,5,6,7,8,9,12,13,16,17,34,36,37,39,40,41,42,43,45,46)

	
46




	
TDS

	
(mg/L)

	
193

	
2787

	
970

	
877

	
582.90

	
1000

	
23 (1,2,3,4,5,6,7,8,9,12,13,16,17,34,36,37,39,40,41,42,43,45,46)

	
46




	
Na+

	
(mg/L)

	
14

	
923

	
226.4

	
183

	
207.89

	
200

	
17 (1,2,3,5,6,9,12,13,34,36,37,3839,41,42,43,46)

	
34




	
K+

	
(mg/L)

	
2

	
178

	
17.9

	
7

	
33.76

	
55

	
4 (3,38,39,42)

	
8




	
Ca2+

	
(mg/L)

	
7

	
82

	
38.6

	
36.5

	
16.42

	
100

	
-

	
-




	
Mg2+

	
(mg/L)

	
8

	
73

	
29.3

	
26

	
15.69

	
50

	
13 (1,2,3,5,6,9,34,36,38,39,42,43,45)

	
26




	
Cl−

	
(mg/L)

	
5

	
505

	
92.5

	
56

	
94.81

	
250

	
12 (1,2,3,5,6,9,34,36,38,39,42,43)

	
24




	
SO42−

	
(mg/L)

	
24

	
849

	
186.5

	
144

	
171.73

	
200

	
16 (1,2,3,5,6,9,12,13,17,34,36,38,39,42,43,46)

	
32




	
HCO3−

	
(mg/L)

	
170

	
1139

	
416.6

	
415

	
228.42

	
600

	
13 (1,2,3,5,6,9,13,34,36,38,39,42,43)

	
26




	
(b) Irrigation Water Quality [61]




	
pH

	
-

	
7.2

	
8.5

	
7.9

	
7.8

	
0.29

	
6–8.5

	
-

	
-




	
EC

	
(μS/cm)

	
321

	
4645

	
1616.6

	
1462

	
971.22

	
0–3000

	
6 (6,9,39,42,43,46)

	
12




	
TDS

	
(mg/L)

	
193

	
2787

	
970

	
877

	
582.90

	
0–2000

	
5 (6,9,39,42,43)

	
10




	
Na+

	
(meq/L)

	
0.6

	
40.1

	
9.8

	
7.9

	
9.03

	
0–40

	
1 (6)

	
2




	
K+

	
(meq/L)

	
0.1

	
4.6

	
0.4

	
0.2

	
0.86

	
0–5

	
-

	
-




	
Ca2+

	
(meq/l)

	
0.4

	
4.1

	
1.9

	
1.8

	
0.82

	
0–20

	
-

	
-




	
Mg2+

	
(meq/L)

	
0.7

	
6.1

	
2.4

	
2.2

	
1.31

	
0–5

	
2 (39,42)

	
4




	
Cl−

	
(meq/L)

	
0.1

	
14.4

	
2.6

	
1.6

	
2.70

	
0–30

	
-

	
-




	
SO42−

	
(meq/L)

	
0.5

	
17.7

	
3.8

	
3

	
3.58

	
0–20

	
-

	
-




	
HCO3−

	
(meq/L)

	
2.8

	
18.7

	
6.8

	
6.8

	
3.74

	
0–10

	
8 (6,9,13,36,38,39,42,43)

	
16




	
SAR

	
-

	
0.5

	
28.1

	
6.7

	
5.1

	
6.13

	
<10

	
5 (6,9,13,39,43)

	
10
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