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Abstract

:

Groundwater systems are considered major freshwater sources for many coastal aquifers worldwide. Seawater intrusion (SWI) inland into freshwater coastal aquifers is a common environmental problem that causes deterioration of the groundwater quality. This research investigates the effectiveness of using an injection through a well to mitigate the SWI in sloping beds of unconfined coastal aquifers. The interface was simulated using SEAWAT code. The repulsion ratios due to the length of the SWI wedge (RL) and the area of the saltwater wedge (RA) were computed. A sensitivity analysis was conducted to recognize the change in the confining layer bed slope (horizontal, positive, and negative) and hydraulic parameters of the value of the SWI repulsion ratio. Injection at the toe itself achieved higher repulsion ratios. RL and RA declined if the injection point was located remotely and higher than the toe of the seawater wedge. Installation at the toe achieved a higher RL in positive sloping followed by horizontal and negative slopes. Moreover, the highest value of RA could be reached by injecting at the toe itself with a horizontal bed aquifer, followed by negative and positive slopes. The recharge well is confirmed as one of the most effective applications for the mitigation of SWI in sloping bed aquifers. The Akrotiri case study shows that the proposed recharging water method has a significant impact on controlling SWI and declines in both SWI wedge length and area.
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1. Introduction


Seawater intrusion (SWI) is counted as a significant environmental problem, as about 80% of the world’s population exists in coastal areas and depends on regional aquifers for their freshwater [1,2]. Groundwater systems in coastal regions are under threat from SWI. The abstraction of groundwater, climate change drivers, the rise in sea levels, and changes in land use are the main parameters that cause changes in the condition of coastal aquifers and, as a result, the SWI [3]. Coastal aquifers across the world are considered very vulnerable to the SWI problem [4]. The sea level rise accelerates the extent of the SWI in these aquifers. Published reports from the Intergovernmental Panel on Climate Change (IPCC) confirmed that by the end of the current century, the rise in sea level will be in the range of 0.52 to 0.98 m [5]. Different strategies were suggested by [6,7,8] to control or prevent SWI in the coastal aquifers. These approaches may be summarized into: (1) minimization of abstraction from groundwater [9,10], (2) artificial recharge wells and artificial recharge through spreading basins [11], (3) regional injecting of freshwater in the coastal zone to maintain the volume of freshwater storage [12,13,14], (4) saltwater abstraction along the coastal zone [15], (5) artificial barriers construction [16,17,18], (6) optimum abstraction [19,20,21,22], (7) combination techniques [14,23,24], and (8) land reclamation. The following define different techniques to mitigate and prevent SWI in the coastal aquifers. Guymon (1980) introduced the approach of using freshwater injection through groundwater wells to control and prevent SWI in coastal aquifers [25]. Bruington and Seares (1965) presented the impact of using a well recharge facility to control the extent of SWI in Los Angeles County, California [26]. Hunt (1985) developed a steady-state solution for the location of the freshwater–saltwater wedge interface dependent on the implementation of one system of single or multiple freshwater recharge wells in the case of confined and unconfined aquifers [27]. As a result of the increased practical efficiency and functionality, the prevention and control of SWI by using underground hydraulic barriers has attracted more publicity than the design of the physical barriers for groundwater engineering interference [28,29]. The major common types of underground hydraulic barriers implicate the artificial barrier (freshwater barrier), abstraction of saline or brackish water along the coastal areas (abstraction saltwater barrier), or a combination of the two approaches [30]. Using freshwater recharge and abstraction barriers is considered the most efficient method of mixed barriers [23,31]. Luyun et al. (2011) implemented experimental tests and SEAWAT simulations to investigate the impact of the position and applicability of recharge wells to control SWI in unconfined aquifers [11]. The results indicated that the most effective SWI repulsion ratio can be achieved in the case of installation of the recharge wells and injection of the freshwater at the SWI wedge toe. Allow (2012) used SEAWAT code to build a three-dimensional finite difference model of the Damsarkho aquifer, Syria [32]. The results of the simulation confirmed that using freshwater injecting wells or an underground flow barrier would both introduce an effective approach to control and prevent SWI in the Damsarkho aquifer. Armanuos et al. (2019) investigated the effectiveness of two combination techniques to control and retreat the saltwater intrusion through experimental and numerical study [14]. A sandbox model was implemented to study the effect of freshwater injection through a well after embedment of a barrier wall, in addition to the embedment of the barrier wall after injection of freshwater through a well, as well as two-combination methods. The results confirmed that the combination techniques achieved exceptional repulsion of SWI using the barrier wall or the recharge well as separate methods. Motallebian et al. (2019) presented an additional approach for controlling SWI in coastal aquifers using a recharge system canal [33]. The results confirmed that using the recharge canals achieves a reduction in the extent of the SWI. The highest repulsion ratio that can be achieved in the case of the recharge canal is near to the SWI wedge toe. Lu et al. (2016) developed an analytical solution based on the approximation of Dupuit–Forchheimer to describe the SWI in sloped confined and unconfined coastal aquifers [34]. The results revealed that the SWI interface is determined in respect of the geometric properties of the bottom confining layer.



As mentioned above, previous research did not consider the effectiveness of using recharge wells in sloping unconfined coastal aquifers and considered only unconfined aquifers with horizontal bed slopes, whereas the majority of coastal aquifers have a bottom confining layer with a sloping bed. The main objectives of this research were to study the impact of using a recharge well on controlling the SWI in sloping unconfined coastal aquifers. The Section 2 of this manuscript shows the description of the numerical simulation procedures, the numerical simulation aspect of the current research, including the different parameters used in the simulation. The Section 3 deals with the study on the impact of recharge well on controlling SWI. The model results and analyses for the sensitivity of each hydraulic parameter on controlling SWI in sloping unconfined coastal aquifers using a recharge well are also presented. In addition, this section presents the numerical application of using a recharge well to control SWI in the Akrotiri coastal aquifer, Cyprus. Finally, the conclusions are presented, which summarizes the main contributions of this research. Some future research works related to the numerical aspects of this study and on-field investigation are then recommended.




2. Materials and Methods


The SEAWAT code has been extensively implemented for the simulation of SWI (e.g., [11,14,16,33,35]). The finite difference SEAWAT code was used by Guo and Langevin (2002) to simulate the impact of using a recharge well to prevent and control the SWI in sloping unconfined coastal aquifers [36]. Figure 1 shows a conceptual model for SWI in a sloping unconfined aquifer. SEAWAT is a program that associates both MODFLOW and MT3DMS. The code is applied to solve the coupled equations of groundwater flow and the contaminant transport. SEAWAT applies variable density groundwater flow calculations. SEAWAT is commonly used for solving different experimental problems, for example [37,38]. In this study, the dimensions of the experimental unconfined aquifer used by [11] were used to explore the impact of using a recharge well to control SWI in a sloping bed unconfined coastal aquifer. The dimensions of the built model domain were 60 cm in the horizontal and 35 cm in the vertical coordinates, as displayed in Figure 2. The cell dimensions were set at Δx =Δy = 0.50 cm. For all simulation cases, the dispersivity in the longitudinal and transverse directions were set to be equal to 1 and 0.1 mm, respectively, whereas three bed slopes (tan β) were considered: 0.0 (horizontal), 0.03 (positive sloping), and −0.03 (negative sloping). The saltwater head (hs) was adjusted to be equal to 30.0 cm, and the freshwater head (hf) was adjusted in a range from 30.80 to 31.30 cm with an interval of 0.10 cm. The freshwater and saltwater densities of the freshwater and the seawater boundaries were adjusted to 1000 and 1025 kg/m3, respectively, with freshwater and saltwater concentration equal to 0.0 and 35,000 mg/L, respectively. The initial aquifer medium concentration was adjusted to 0.0 mg/L. The hydraulic conductivity value for the unconfined aquifer was 1.31 cm/s in x, y, and z directions as the aquifer was supposed to be homogenous and isotropic. The porosity value was 0.40. The definitions of problem parameters are presented in Table A1, and the input parameters of numerical simulations are introduced in Table A2. The SEAWAT model was run for two periods, firstly steady state and secondly for transient state. Injection through a recharge well was applied after steady state of the SWI wedge was reached. Firstly, the model was run for two experimental tests by [11] for steady-state condition and injection of freshwater at the rate Qi/Q = 0.2. The SEAWAT model was calibrated by comparing the experimental saltwater wedge with the numerical one. The simulation of SWI using the recharge well as a countermeasure was repeated for different positions of injection points located outside the SWI wedge in order to detect the position of the maximum repulsion ratio. The simulation was repeated for different ratios of injection rates in order to attain the maximum repulsion ratio value. The repulsion ratio of SWI was calculated in respect of two reference values, the length of the SWI wedge and the area of the SWI wedge. A sensitivity analysis was performed through groups of simulations in order to study the effectiveness of variations of sloping bed, location of injection well, saltwater density, hydraulic conductivity, and hydraulic gradient on the achieved repulsion ratio, as shown in Table A3.




3. Results and Discussion


3.1. Model Calibration


Figure 3 displays the comparison between the experimental results of saltwater intrusion by [11] with the numerical one by SEAWAT model. The comparison confirmed a good agreement between the two results. In the steady state, the saltwater wedge length was equal to 25.5 and 26 cm for experimental and numerical results, respectively, with difference=0.50 cm. Moreover, in regard to Qi/Q = 0.2, it was equal to 23.9 and 24.10 cm for experimental and numerical results, respectively, with a difference of 0.20 cm. The injection points were distributed and separated by 10 cm in both horizontal and vertical directions. The injection points were distributed in the vicinity of the SWI toe; one point was at the toe position, five points were to its left, and nine points were located to the right from the toe position, and the total number of tested injection points was 15 points. At each point, the achieved repulsion ratio R was computed according to the SWI wedge length and SWI wedge area. Surfer software was used to interpolate the repulsion ratio contour lines with equal repulsion values.




3.2. Effectiveness of Slope, Location, and Injection Rate on Repulsion Ratio in Regard to SWI Wedge Length (RL)


Figure 4, Figure 5, and Figure 6 show the tested locations of freshwater injection points in regard to the steady-state initial SWI wedge for different three bed slopes (tan β = 0.0, 0.03, and −0.03), respectively. Five injection ratio rates (Qi/Q) were tested: 10%, 20%, 30%, 40%, and 50%. Cross marks indicate the injection point locations. The results confirmed that the maximum repulsion ratio in regard to the SWI wedge length could be achieved by injecting freshwater at the toe position for the horizontal, negative, and positive sloping beds. Injecting the freshwater at the toe itself introduced a hydraulic barrier originating from the aquifer bottom that forced the saltwater to retreat. In respect of the aquifer sloping bed, injection of freshwater at toe position achieved the highest RL in the positive slope, followed by the horizontal and negative slope. The value of RL increased with the increase of the rate of injecting freshwater where the presented flow forced the saltwater to attenuate back to the saltwater side. The maximum values of RL were equal to 18.9%, 34.6%, 40%, 43.4%, and 55.1% with Qi/Q of 10%, 20%, 30%, 40%, and 50%, respectively, in the positive case, whereas it was equal to 16%, 23.8%, 35.5%, 43.8%, and 502% in the horizontal bed and finally equal to 16.4%, 26.4%, 39.1%, 41.8%, and 43.6% in the negative case. Injecting freshwater just above the toe position and to the left at y = 5 cm and x = 20 cm achieved a slightly lower repulsion ratio compared with toe position, whereas the injection points in the right of SWI toe at y = 5 cm and x = 30 cm achieved lower R than at the toe itself and to the left. The achieved repulsion ratio decreased when the injecting point was located farther from or higher than the SWI toe position.




3.3. Effectiveness of Slope, Location, and Injection Rate on Repulsion Ratio in Regard to SWI Wedge Area (RA)


In this part, the repulsion ratio was computed in respect of the initial area of SWI wedge at the steady-state condition and before starting the freshwater injection. Figure 7, Figure 8, and Figure 9 present the achieved R in regard to decreasing the area of the SWI wedge. Five injection ratio rates (Qi/Q) in each case were tested: 10%, 20%, 30%, 40%, and 50% for three different confining layer bed slopes (tan β = 0.0, 0.03, and −0.03). The results showed that the maximum RA could be achieved through injecting freshwater at the toe position for the horizontal, negative, and positive sloping beds. A hydraulic barrier emerged from the aquifer bottom with the injection of the freshwater at the toe position itself and diverted the intruding saltwater. In respect of the aquifer sloping bed, injection of freshwater at the toe position achieved the highest RA in a horizontal aquifer, followed by negative and positive slopes. The computed values of RA in respect of area increased with the increasing rate of freshwater injection as the flow force introduces more saltwater to attenuate back to the saltwater side and decrease the area of the saltwater wedge. The maximum values of R equaled 39.7%, 45.6%, 54.4%, 60.3%, and 66% with Qi/Q of 10%, 20%, 30%, 40%, and 50%, respectively, in the positive case, whereas it equaled 13.2%, 27.4%, 39.7%, 47.4%, and 64.1% in the horizontal bed and finally equaled 29.6%, 40.7%, 44.4%, 55.6%, and 63.0% in the negative case. Injecting freshwater just above the toe position and to the left at y = 5 cm and x = 20 cm and at the right of the SWI toe at y = 5 cm and x = 30 cm achieved a repulsion ratio lower than the toe position. The achieved repulsion ratio decreased where the injecting point was located farther from or higher than the SWI toe position.




3.4. Effectiveness of Saltwater Density on Repulsion Ratios (RL) and (RA)


The effectiveness of seawater density on the repulsion ratios was studied for four different values of saltwater density, which were: 1022, 1025, 1027, and 1030 kg/m3 with corresponding saltwater concentrations equal to 30,000, 35,000, 37,500, and 40,000 mg/L, respectively. It was tested for six different values of injection rate ratios (Qi/Q) with a fixed location of freshwater injection at the toe position, K = 1.31 cm/s, i = 1.1/60, and for three different sloping beds’ tan (β) values, as shown in Figure 10. The saltwater intruded more into the freshwater with the increase of saltwater density and decrease of the computed repulsion ratios RL and RA. Figure 8a–c show the computed repulsion ratio with respect to the length of the SWI wedge for different bed sloping (tan β = 0.0, 0.03, and −0.03, respectively). Moreover, Figure 8c–e present the repulsion ratio for the same cases in regard to the SWI wedge area. In respect of the aquifer bed slope, the computed RL in regard to SWI length in the positive slope achieved the highest percentage followed by horizontal and negative slopes (Figure 10a–c). On the other hand, in regard to the SWI area, the higher achieved values of RA were observed in the case of negative bed sloping followed by the horizontal and positive bed sloping aquifer (Figure 10c–e). Moreover, RL values decreased from 42.8% to 25.9% with Qi/Q = 0.6, whereas the values of saltwater density increased from 1022 to 1030 kg/m3 with tan (β) = 0.03; this value decreased from 23.6% to 0.0% and from 37.5% to 22.9% in the case of tan (β) = 0.0 and -0.02, respectively. In addition, the achieved RA decreased from 76.25 to 13.90 with the change of saltwater density from 1022 to 1030 kg/m3 with the negative bed sloping aquifer, while it decreased from 61.2% to 19.7% and from 56.25% to 31.1% considering the horizontal and negative sloping bed aquifers, respectively.




3.5. Effectiveness of Hydraulic Conductivity on Repulsion Ratios (RL) and (RA)


The effect of changing hydraulic conductivity (K) on the computed ratios RL and RA was investigated for five different values of K (0.5, 0.7, 0.7, 1.1, and 1.31 cm/s) (Figure 11) with a fixed position of injection at the toe position, ρs=1025 kg/m3, saltwater concentration=35,000 mg/L, and i = 1.1/60. This was explored for six changed injection rate ratios (Qi/Q = 0.2, 0.4, 0.6, 0.8, and 1.0) and three cases of bed aquifer slopes tan (β), which were 0.03, 0.0, and −0.03. Increasing the value of hydraulic conductivity (K) led to intrusion of the saltwater more inland into the freshwater aquifer and reduction of the values of RL and RA. Figure 11a–c explain the achieved repulsion ratio with respect to the length of the SWI wedge (RL) for different bed sloping (tan β = 0.0, 0.03, and −0.03, respectively). Moreover, Figure 11c–e show the computed repulsion ratio (RA) for the same cases in regard to the SWI wedge area. In regard to the values of aquifer bed slopes (tan β), injecting freshwater through a well in the unconfined aquifer with the positive sloping bed achieved the highest values of RL and RA followed by horizontal and negative slopes. Injection of freshwater with a high Qi/Q ratio and low values of K increased the values of RL and RA; in addition, the saltwater wedge attenuated back to the seawater side. With Qi/Q = 0.6, the ratio RL reduced from 55% to 41.70% with an increase in the value of K from 0.5 to 1.31 cm/s with tan (β) = 0.03; moreover, RL declined from 52.5% to 27.25% and from 50.0% to 25.9% for tan (β) of 0.0 and −0.03, respectively. In addition, the achieved RA was reduced from 57.0% to 47.0% with the increase of the value of K from 0.5 to 1.31 cm/s in the case of the positive bed sloping aquifer, while it declined from 56.25% to 26.70% and from 50.0% to 25.4% in the negative and horizontal sloping bed aquifers, respectively.




3.6. Effectiveness of Hydraulic Gradient on Repulsion Ratios (RL) and (RA)


The impact of the hydraulic gradient (i) on the computed repulsion ratio (RL) and (RA) was examined for six different hydraulic gradient values (0.8/60, 0.9/60, 1.0/60, 1.1/60, 1.2/60, and 1.3/60). This was explored with a fixed location of an injection point at the toe itself, with K=1.31 cm/s, ρs = 1025 kg/m3, and saltwater concentration=35,000 mg/L, and for six injection rate ratios, Qi/Q = 0.2, 0.4, 0.6, 0.8, and 1.0 (Figure 12), according to three bed slope tan (β) values of the unconfined aquifer. Increasing the hydraulic gradient force caused the saltwater wedge to retreat back and raised the repulsion ratio values RL and RA. The achieved RL in respect of the SWI wedge length in the positive sloping aquifer was considered as the highest percentage followed by horizontal and negative slopes. Increasing i from 0.80/60 to 1.3/60 led to an increase in the value of RL from 13.3% to 40.25% with tan (β) = −0.03, while it increased from 13.18% to 38.46% and from 17.90% to 38.50% with tan (β) = 0.0 and 0.03, respectively. In respect of the SWI area, the achieved value of RA in the negative slope was more than the positive and horizontal slopes. Increasing Qi/Q combined with increasing the value of hydraulic gradient (i) forced the SWI wedge to move farther back to the seawater side. Increasing i from 0.80/60 to 1.3/60 led to an increase in the value of RA from 10.5% to 44.90% with tan (β) = −0.03, while it increased from 14.12% to 54.40% and from 11.70% to 40.80% with tan (β) = 0.0 and 0.03, respectively.




3.7. Retreating Saltwater Wedge for Different Hydraulic Conductivity


Figure 13 presents the retreat of the saltwater wedge after an injection of freshwater through a well at the toe position with different rates in regard to the steady-state initial saltwater wedge considering the change of K. This is presented as an example for K = 0.7 cm/s and K = 1.1 cm/s for different sloping beds of tan β = 0.03, 0.0, and −0.03. The figures confirm that increasing the flow rates forced further retreatment of saltwater and a reduction in both the area of the SWI wedge and the length. The achieved values of RA in the case of K=0.7 cm/s were higher than K = 1.1 cm/s. In the case of tan β = −0.03 and K = 0.7 cm/s, the highest values of RA were achieved; the area of the SWI wedge was reduced from 120 to 105.6 cm2 (RA = 12.00%) with Qi/Q = 0.2 and reached 60 cm2 (RA = 50.0%) with Qi/Q = 0.6. This value, in the case of the horizontal bed sloping aquifer, declined from 136.8 to 70.72 cm2 (RA = 48.30%) with Qi/Q = 0.2 and declined further to reach 67.2 cm2 (RA = 50.88%) with Qi/Q = 0.6. Moreover, with respect to the negative sloping bed, the SWI area reduced from 144 cm2 to 124.8 cm2 with Qi/Q = 0.2 and RA = 13.33% and declined further to reach 86.4 cm2 with RA = 40% and Qi/Q = 0.6.




3.8. Retreating Saltwater Wedge for Different Hydraulic Gradients


Figure A1 presents the return of the saltwater wedge after freshwater injection at the toe position with different flow rates with regard to the steady-state initial saltwater wedge taking into account the variations of the hydraulic gradient. This is presented as an example for head difference = 0.8 cm and 1.3 cm for three different sloping beds of tan β = 0.03, 0.0, and −0.03. The figures prove that increasing Qi/Q causes the saltwater to retreat farther and decreases both the length of the SWI wedge and the wedge area. The computed values of RA in the case of head difference = 1.3 cm were higher than 0.80 cm. In the case of aquifers with tan β = 0.03, with head difference = 1.3 cm, the SWI wedge area reduced from 150 to 117 cm2 (RA = 22.0%) with Qi/Q = 0.2 and reached 88.8 cm2 (RA = 40.8%) with Qi/Q = 0.6. These values, in the case of the horizontal unconfined aquifer, declined from 163.2 to 127.2 cm2 (RA = 22.05%) with Qi/Q = 0.2 and declined more to reach 74.4 cm2 with Qi/Q = 0.6 (RA = 54.4%). Furthermore, RA scored the highest values with regard to the negative sloping bed, and the SWI area reduced from 165.6 to 97.83 cm2 with Qi/Q = 0.2 with RA = 40.92% and declined more to reach 91.20 cm2 achieving RA = 44.92% with Qi/Q = 0.60.




3.9. Retreating Saltwater Wedge for Different Saltwater Density


Figure A2 displays the retreating SWI wedge concerning the steady-state initial saltwater wedge after installing a freshwater injection through the well at the toe position with five different flow rates taking into account the changing of saltwater density. This was introduced as an example for saltwater density = 1022 and 1030 kg/m3 for three different sloping beds of tan β = 0.03, 0.0, and −0.03. The figures demonstrate that increasing the value of Qi/Q, the saltwater receded farther, and the length of the SWI wedge and the corresponding wedge area both declined. The calculated values of RA in the case of saltwater density =1022 kg/m3 were higher than 1030 kg/m3. In the case of tan β = 0.03 and saltwater density=1022 kg/m3, the area of SWI wedge was reduced from 76.8 to 60.00 cm2 (RA = 21.87%) with Qi/Q = 0.2 and reached 33.6 cm2 (RA = 56.25%) with Qi/Q = 0.6. This value, in the case of the horizontal bed sloping aquifer, declined from 117.6 to 76.8 cm2 (RA = 34.7%) with Qi/Q = 0.2 and declined further to reach 45.6 cm2 (RA = 61.20%) with Qi/Q = 0.6. Moreover, RA with respect to the negative sloping bed achieved the highest values, and the SWI area was reduced from 192 to 91.2 cm2 where Qi/Q = 0.2 and RA= 52.55% and declined more to reach 45.6 cm2 with RA = 76.25% and Qi/Q = 0.6.



The numerical simulations with SEAWAT through different injection locations confirmed that more effective values of the SWI repulsion ratio (RL and RA) can be reached if a recharge well is installed near the SWI wedge toe. The application of a recharge well becomes less effective and lower repulsion ratios (RL and RA) were achieved if one installed a recharge well higher and away from the toe of SWI wedge compared with recharging at toe itself. By applying a recharge well near the SWI toe, the created corresponding hydraulic pressure becomes very effective to retreat SWI; the hydraulic pressure minimizes when installed farther and higher from the SWI toe. Increasing the recharge rate Qi/Q overcomes the effect of density and achieves recharge flux enough to attenuate the saltwater. Recharging water through a well can increase the dispersion and can successfully repel the intruded saltwater with the created hydraulic barrier. Onsite, a shorter screen length of recharge well is recommended and can be used as long as the well is directly installed near the toe of the SWI wedge.



Prior to the actual onsite investigations, field scale numerical analyses of the actual field scenarios were considered. The aquifer heterogeneity would result in different SWI wedge and repulsion ratios than those introduced in the findings of this research and should be considered by researchers in future studies. The application of all study results to the actual field scenarios depends on the accurate prediction of the extent of SWI and the location of the SWI toe; as a result, the significance of onsite monitoring and investigation should be emphasized. The results from this study will support in future management, planning, and design of artificial recharge well facilities to control SWI. It should be mentioned that these findings and conclusions of this research are only valid for homogenous and isotropic coastal aquifers. It should also be noted that this research is for a 2-dimensional analysis for controlling SWI with a single freshwater injection well. Onsite, a series of closely spaced groundwater wells is usually installed parallel to the aquifer coast as the hydraulic barrier formation depends on the well spacing. It is assumed, in this study, that the groundwater recharge well spacing is close enough in order to generate a uniform hydraulic barrier parallel to the coast. Furthermore, in this research, the recharge well used is located outside the initial SWI wedge. Freshwater recharge through groundwater wells may be achieved directly within the intruding SWI wedge.




3.10. Case Study: the Akrotiri Coastal Aquifer, Cyprus


SEAWAT code was implemented in this research to simulate the SWI in the Akrotiri coastal aquifer, Cyprus, as well as the applicability of recharging water to control SWI. SEAWAT code was used to build a three-dimensional model of the Akrotiri coastal aquifer, Cyprus. Figure A3 shows the map of the Akrotiri coastal aquifer, Cyprus, [39]. Figure A4 presents the profile concept of the Akrotiri aquifer, Cyprus. The length of the model domain was equal to 3000 m with depth 100 m. The cell dimension of the model was set to 6 × 6 m in the X and Z axis. The height of saltwater equaled 50 m, the bed slope equaled 1.7%, and the rate of recharge equaled 83 mm/year. Table A4 presents the hydraulic parameters of the Akrotiri coastal aquifer, Cyprus, [39] and the SEAWAT numerical model data inputs. The hydraulic conductivity was set to 28 m/day, the specific yield equaled 0.2, and the freshwater and saltwater density equaled 988 and 1024 kg/m3, respectively. The model was run for the steady-state condition, for r=83 mm/year, and the flow inland boundary was 314 m3/year/m. The SWI wedge length equaled 990 m in the steady-state condition compared to 984.6 m in [39]. The results of SWI at the steady-state condition showed a good comparison between SEAWAT and the predicted value. After reaching the steady state, the model was tested for different recharging water rates through the well located at the toe position with Qi/Q ranging from 0.1 to 1.0. Figure A5 shows the saltwater intrusion distribution by the SEAWAT model for the Akrotiri coastal aquifer, Cyprus, at steady-state condition, recharging with rates Qi/Q = 0.4, Qi/Q = 0.6, Qi/Q = 0.8, and Qi/Q = 1.0.



Injection of water through the recharge well installed in the toe location of the Akrotiri coastal aquifer, Cyprus, caused the saltwater intrusion to retreat and increased the volume of freshwater in the aquifer. The results shown in Figure 14 and Figure A5 demonstrate that increasing the value of Qi/Q caused further saltwater recession and a decline in both the length of the SWI wedge and the corresponding wedge area. Figure 14a shows the relation between the repulsion ratio RL and Qi/Q with the recharging well installed at the toe position of the Akrotiri coastal aquifer, Cyprus. It can be stated that with the increase in the ratio of Qi/Q, the repulsion ratio increased. High values of RL were achieved with higher ratio rates of Qi/Q. The results confirmed that with Qi/Q below 50%, the lowest repulsion ratio of SWI could be achieved. Increasing Qi/Q from 0.1 to 1.0 led to an increase in the value of RL from 2.41% to 43.40%. The SWI length decreased from 990 m at the steady-state condition and reached 875, 792, 696, 612, and 563 m with Qi/Q equal to 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, respectively. The maximum repulsion ratio was achieved by recharging water with rate Qi/Q = 1.0. In respect of the SWI area, the achieved value of RA in the Akrotiri coastal aquifer, Cyprus, increased with a higher water recharge rate than Qi/Q = 0.4. Increasing the Qi/Q recharging rate forced the SWI wedge in the Akrotiri coastal aquifer, Cyprus, to move farther back to the seawater side. Increasing the Qi/Q from 0.4 to 1.0 led to an increased value of RA from 4.52% to 50.1%. The repulsion ratio of SWI RA was equal to 14.24%, 21.84%, 23.53%, 34.93%, 37.47%, and 50.10% for recharging water through wells with Qi/Q equal to 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, respectively. About more than half of the SWI wedge area in the Akrotiri coastal aquifer, Cyprus, was retreated with Qi/Q = 1.0, while recharging with the same ratio (Qi/Q = 1.0), forced the SWI in the Akrotiri coastal aquifer, Cyprus, to attenuate back from 990 to 563 m. The results of this research on the Akrotiri coastal aquifer, Cyprus, confirmed that recharging water through wells has a significant impact on controlling saltwater intrusion in a sloping unconfined coastal aquifer.





4. Conclusions


In this study, numerical simulations were performed using a SEAWAT model to study the impact of location and the applicability of recharge wells for controlling SWI in sloping unconfined coastal aquifers. The experimental dimensions of [11] were used considering three different sloping beds of the unconfined aquifer: horizontal, positive, and negative. The study investigated the effectiveness of recharge wells located outside the SWI wedge. The results confirmed that the repulsion ratio considering length RL and the area RA increased with the increase of the recharge rate ratios. Different injection locations were tested through numerical simulations. Further effective SWI repulsion ratios RL and RA were reached through recharging at the toe position. The repulsion ratios decreased if the injection point was located farther away from the toe position and higher than it. Injecting freshwater at the toe position created a hydraulic barrier from the aquifer bottom that forced the seawater to retreat farther. In respect of the sloping bed, injecting recharge water at the toe position achieved the highest RL in the positive unconfined aquifer followed by horizontal and negative slopes. On the other hand, the highest RA was achieved by injecting at the toe itself in the case of the horizontal aquifer, followed by negative and positive sloped aquifers. The seawater intruded more with the increase of the saltwater density, and as a consequence, the computed RL and RA decreased. Increasing (K) forced the saltwater to move more into the freshwater and decreased the values of RL and RA. The saltwater toe length decreased with the increase of the hydraulic gradient and led to raised RL and RA. The application of recharge wells is considered an effective method for controlling and mitigation of SWI in sloping unconfined coastal aquifers. Application of recharging water at the toe location in the Akrotiri coastal aquifer, Cyprus, achieved higher RL and RA with increased Qi/Q. Increasing Qi/Q to equal 1.0 led to a decrease of the SWI length from 990 to 563 m and also decreased the SWI area of the Akrotiri coastal aquifer, Cyprus, by more than half (50.1%).



The results from this research will help in future management, planning, and design considerations of artificial recharge well facilities to mitigate and control SWI in sloping unconfined coastal aquifers. The application of all research results to the actual onsite scenarios depends on the accurate prediction of the SWI extent and the location of the SWI toe; as a result, the significance of field monitoring and investigation should be emphasized. Our findings in the current study highlight the significant impact of recharging wells on controlling the SWI wedge in sloping bed aquifers. More research might be required that apply recharge wells on real cases considering the different characteristics of coastal aquifer properties and boundary conditions. Future studies should include the effect of tidal waves and the aquifer heterogeneity in controlling saltwater intrusion in sloping unconfined coastal aquifers.
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Table A1. Parameter definitions.






Table A1. Parameter definitions.





	Parameter
	Definition





	d
	Depth of unconfined coastal aquifer



	La
	Length of unconfined coastal aquifer



	Lo
	The initial SWI wedge length



	L
	The SWI wedge after installing recharge well as a countermeasure



	RL
	The SWI repulsion ratio due to saltwater wedge length R=(Lo-L)/Lo



	Ao
	Area of saltwater wedge at steady state



	A
	Area of saltwater wedge after installing the freshwater injection as a countermeasure



	RA
	The SWI repulsion ratio due to saltwater wedge length R=(Ao-A)/Ao



	Xi
	Freshwater recharge well distance



	Xi/Lo
	Barrier wall distance ratio



	di
	Depth of recharge well



	Tan (β)
	Bed sloping of unconfined coastal aquifer



	di/d
	Recharge well depth ratio



	Q
	Flow rate



	Qi
	Recharge well rate



	Qi/Q
	Recharge well rate ratio



	hs
	Saltwater head



	hf
	Freshwater head



	i
	Hydraulic gradient



	ρf
	Freshwater density



	ρs
	Saltwater density



	K
	Hydraulic conductivity of unconfined coastal aquifer
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Table A2. Input parameters for numerical simulation.






Table A2. Input parameters for numerical simulation.









	Input Parameter
	Values





	Domain length
	60 cm



	Domain height
	35 cm



	Porosity
	0.40



	Freshwater head
	31.20 cm



	Saltwater head
	30.00 cm



	Aquifer length
	60 cm



	Freshwater density
	1000 kg/m3



	Saltwater density
	1025 kg/m3



	Freshwater concentration
	0.0 mg/l



	Saltwater concentration
	35000 mg/l



	Hydraulic conductivity
	1.31 cm/s



	Longitudinal dispersivity
	1.0 mm



	Transverse dispersivity
	0.1 mm



	Molecular diffusion coefficient
	1 × 10−6 cm2/s



	Cell size
	0.50 × 0.50 cm



	Solution of the flow equation
	



	Matrix solution techniques
	PCG



	Head convergence value
	1 × 10-7 m



	Flow convergence value
	1 × 10-7 m/day



	Advection term
	TVD



	Courant number
	0.10



	Dispersion and source terms
	GCG



	Concentration convergence value
	1 × 10−7
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Table A3. Tested numerical simulation range of effect of changing hydraulic parameter on repulsion ratio. R.






Table A3. Tested numerical simulation range of effect of changing hydraulic parameter on repulsion ratio. R.





	
Parameter

	
Range






	
Bed slope: tan (β)

	
Negative slope: −0.03




	
Horizontal slope: 0.0




	
Positive slope: 0.03




	
Hydraulic conductivity K

	
0.50, 0.70, 0.90, 1.10, and 1.31 cm/s




	
Saltwater head hs

	
30.00 cm




	
Freshwater head hf

	
30.80, 30.90, 31.00, 31.00, 31.20, and 31.30 cm




	
Hydraulic gradient i

	
0.013 (0.80/60), 0.015(0.90/60), 0.016 (1.0/60), 0.018 (1.10/60), 0.02 (1.20/60), and 0.022 (1.30/60)




	
Saltwater density ρs

	
1022, 1025, 1027, and 1030 kg/m3 with saltwater concentration equals

30,000, 35,000, 37,500, and 40,000 mg/L, respectively




	
Recharge wall depth ratio db/d

	
5/30, 15/30, 25/30, and 30/30




	
Recharge well distance ratio Xb/Lo

	
10/Lo, 20/ Lo, 30/ Lo, 40/ Lo, 50/ Lo, and toe position




	
Recharge well rate ratio Qi/Q

	
0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.80, and 1.0
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Table A4. Hydraulic parameters of the Akrotiri coastal aquifer, Cyprus, (Koussis et al. 2012) and numerical model input.
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	Parameter
	Value





	Impervious aquifer base slope
	Sin (β) = 0.017, tan (β) =0.0170025=1.70025%



	Inland boundary inflow
	314 m3/year/m



	Hydraulic conductivity
	28 m/day



	Mean aquifer yield
	0.20



	Aquifer length
	3000 km



	Aquifer depth at coast
	50 m



	Pumping location (Lw)
	1000 m



	Pumping rate
	375 m3/year/m



	Natural recharge
	82 mm/year



	Sloping aquifer toe location Lt (m)
	984.6 m



	Freshwater density
	988.275 kg/m3



	Saltwater density
	1024 kg/m3



	Solute concentration base
	100 mg/L



	Freshwater concentration
	0.0 mg/L



	Saltwater concentration
	35,000 mg/L



	Longitudinal dispersivity
	2 m



	Transverse dispersivity
	2 m



	Cell dimension
	6x6 m



	Aquifer width
	1 m
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Figure A1. Retreating saltwater wedge: different hydraulic gradient and injection rates in positive unconfined aquifer (a): 0.80 and (b) 1.3 cm, (c), (d) in horizontal aquifer and (e) and (f) in negative aquifer. 
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Figure A2. Retreating saltwater wedge: different saltwater density and injection rates in positive unconfined aquifer (a) 1022 and (b) 1030 kg/m3, (c) and (d) in horizontal aquifer, and (e) and (f) in negative aquifer. 
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Figure A3. Map of the Akrotiri coastal aquifer, Cyprus [39]. 
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Figure A4. Profile concept of the Akrotiri aquifer, Cyprus [39]. 
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Figure A5. Saltwater intrusion distribution by SEAWAT model for the Akrotiri coastal aquifer, Cyprus: (a) steady state, (b) Qi/Q = 0.4, (c) Qi/Q = 0.6, (d) Qi/Q = 0.8, and (e) Qi/Q = 1.0. 
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Figure 1. Conceptual model of saltwater intrusion in sloping bed unconfined aquifer: (a). Negative, (b). Horizontal, and (c). Positive. 
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Figure 2. Model dimension. 






Figure 2. Model dimension.
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Figure 3. Comparison between saltwater wedge for model calibration: (a) steady state and (b) injection through well Qi/Q = 0.2. 
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Figure 4. Repulsion ratio of seawater intrusion in positive sloping bed unconfined aquifer (tan β = 0.03) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%. 
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[image: Sustainability 12 02685 g004]







[image: Sustainability 12 02685 g005 550] 





Figure 5. Repulsion ratio of seawater intrusion in horizontal sloping bed unconfined aquifer (tan β = 0.0) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%. 
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[image: Sustainability 12 02685 g005]







[image: Sustainability 12 02685 g006 550] 





Figure 6. Repulsion ratio of seawater intrusion in negative sloping bed unconfined aquifer (tan β = −0.03) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%. 
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Figure 7. Repulsion ratio of seawater intrusion in horizontal sloping bed unconfined aquifer (tan β = 0.0) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%. 
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Figure 8. Repulsion ratio of seawater intrusion in positive sloping bed unconfined aquifer (tan β = 0.03) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%. 
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Figure 9. Repulsion ratio of seawater intrusion in positive sloping bed unconfined aquifer (tan β = −0.03) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%. 






Figure 9. Repulsion ratio of seawater intrusion in positive sloping bed unconfined aquifer (tan β = −0.03) based on location of injection points for different injection rate ratios Qi/Q: (a) 10%, (b) 20%, (c) 30%, (d) 40%, and (e) 50%.
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Figure 10. Repulsion ratio (RL) for different saltwater density and injection rates in (a) positive, (b) horizontal, and (c) negative sloping aquifer and RA for different saltwater density and injection rates in (d) positive, (e) horizontal, and (f) negative sloping aquifer. 
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Figure 11. Repulsion ratio (RL) for different hydraulic conductivity and injection rates in (a) positive, (b) horizontal, and (c) negative sloping aquifer and RA for different hydraulic conductivity and injection rates in (d) positive, (e) horizontal, and (f) negative sloping aquifer. 
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Figure 12. Repulsion ratio (RL) for different head difference and injection rates in (a) positive, (b) horizontal, and (c) negative sloping aquifer and (RA) for different head difference and injection rates in (d) positive, (e) horizontal, and (f) negative sloping aquifer. 
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Figure 13. Retreating saltwater wedge: different hydraulic conductivity and injection rates in positive unconfined aquifer (a) 0.70 cm/s and (b) 1.1 cm/s, (c) and (d) in horizontal aquifer, and (e) and (f) in negative aquifer. 
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Figure 14. Correlation between injection freshwater rate (Qi/Q) with (a) seawater intrusion (SWI) repulsion ratio length (RL) and (b) SWI repulsion ration area (RA) for injection at the toe location in the Akrotiri coastal aquifer, Cyprus. 
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