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Abstract

:

Saltwater intrusion, leading to the salinization of fresh groundwater, is the most challenging problem in coastal regions. Saltwater pumping from a barrier well is widely applied to prevent saltwater intrusion. Owing to its easy installation, many studies have investigated saltwater pumping. However, quantitative relationships between the barrier and inland production wells have not been revealed. In this study, lab-scale experiments were conducted to examine the effectiveness of a barrier well on the possible flow rate of freshwater from a production well. Moreover, a two-dimensional numerical model was created and simulated under the same conditions as those used in the experiments to analyze the experimental results. Consequently, a critical pumping ratio of 1.9 was obtained. In the numerical simulation, it was confirmed that an upconing of highly concentrated saltwater toward the barrier well was observed when the pumping ratio was less than the critical ratio. In conclusion, there is a critical pumping ratio between the barrier and the production well, and saltwater intrusion can be controlled by keeping the pumping rates under the critical ratio. Although further studies have yet to be conducted on a practical scale, this study showed the potential of the pumping ratio control to manage saltwater intrusion.
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1. Introduction


Saltwater intrusion is the lateral encroachment of seawater toward the coastal aquifer, leading to the salinization of groundwater and reduction in available freshwater sources. It is the most challenging problem in coastal regions. Saltwater intrusion is known to contaminate significantly large areas, spanning several kilometers in some cases [1]. According to Sherif et al. [2], seawater intrusion has reached more than 100 km away from the coast in the Nile Delta aquifer, Egypt, even though it is perhaps the only case that seawater has intruded more than 100 km. Once contaminated, the area requires long-term management to be restored to its initial condition [3]. Ebeling et al. [4] showed that it can take as long as decades or centuries to remediate saltwater intrusion even with a mixed hydraulic barrier. Although saltwater intrusion is naturally caused due to the density difference between saltwater and freshwater, external factors resulting from human activities cause saltwater intrusion to advance further inland. Concentrated populations in coastal regions result in increased demand for potable water and accelerated groundwater pumping, leading to groundwater depletion, especially in arid and semi-arid regions [5]. Moreover, the rise in seawater level associated with global warming and climate change is regarded as the most influential factor on saltwater intrusion in the future [6]. It was reported by FAO [7] that an increase in sea level migrates the mixing zone of freshwater and saltwater in coastal aquifers toward the inland. In fact, Sherif et al. [8] revealed that 0.5 m of sea level rise would cause 9.0 km and 0.4 km of additional seawater intrusion in the Nile Delta aquifer in Egypt and the Madras aquifer in India without any countermeasures, respectively. Abd-Elhamid et al. [1] also simulated the effects of seawater rise and over pumping on seawater intrusion in the Gaza aquifer, Palestine, using a 2D-FEST model. This simulation showed that 1.0 m of sea level rise and 0.5 m of head loss on the land side can cause 500 m and 250 m of further intrusion into the aquifer, respectively, and the combination of the sea level rise and GW head loss can cause 1000 m of further intrusion. The IPCC’s Fifth Assessment Report [9] predicts that sea level will rise in more than 95% of the ocean areas on earth, with an 82 cm average rise between 2006 and 2100. This will lead to an increase in the level of the salt–freshwater interface, which will further advance groundwater salinization inland.



Various countermeasures have been developed to prevent saltwater intrusion. They are primarily categorized into three different groups: conventional methods, physical barriers, and hydraulic barriers [10]. Among these countermeasures, a negative hydraulic barrier using barrier wells pumping saline or brackish water is widely used (Figure 1). The extracted water can be directly discharged into the sea or used as a water source for desalination plants. Stein et al. [11] demonstrated that this method can provide an alternative water source for desalination plants, as well as remediate saltwater intrusion, while simultaneously pumping freshwater inland for domestic or industrial use. Besides, this method has a good applicability, as it does not need any other water source for the application, and existing wells can also be utilized as a barrier well. Considering these advantages, many studies have investigated the saltwater pumping process.



Vat et al. [12] revealed the effectiveness of a groundwater circulation well as a countermeasure to seawater intrusion with a lab-scale experiment and a numerical simulation using FEMWATER. In their study, the behavior of seawater intrusion dynamics was investigated using an experimental setup simulating a coastal unconfined aquifer with glass beads and saltwater colored by red food coloring, which is often used for lab-scale experiments simulating groundwater environments. Sherif and Hamza [13] numerically analyzed the relationship between the position of the barrier well and the behavior of saltwater intrusion, leading to a significant reduction in the width of the mixing zone due to brackish water pumping. Moreover, some studies have analyzed a dual pumping system composed of a barrier well for saltwater pumping and a production well for freshwater pumping. Pool and Carrera [14] used a three-dimensional variable-density flow model to study the dynamics of this system. They demonstrated that this model would have high efficiency in shallow aquifers, and its efficiency would even increase in cases where the seawater pumps saline water at high rates in a zone close to the sea. Park et al. [15] numerically analyzed the effects of different parameters, including the positions, pumping rates, and number of barrier wells, on the quality of water pumped from another production well. The highest efficiency was obtained when a single barrier well was located in the middle of the coastline and the production well extracts saltwater at a rate that is 30% of the freshwater pumping rate from a production well. Although these studies demonstrated a good performance of the dual pumping system, the limit of the possible flow rate from the production well was not clarified. If the possible flow rate can be determined by the pumping ratio between the barrier and production well, saltwater intrusion can be controlled by manipulating the water ratio, which can be implemented in any salinized coastal area. Therefore, fundamental research that considers the effectiveness of barrier wells in relation to possible water pumping from production wells is necessary. In this study, basic lab-scale experiments and numerical simulations were conducted to examine the effect of saltwater pumping on possible freshwater pumping from an inland production well.




2. Methodology


2.1. Lab-Scale Experiments


The experimental device used was a transparent acrylic water tank with an internal length, height, and width of 122.1, 40.0, and 10.6 cm, respectively (Figure 2). It consisted of a freshwater tank on the far right, a permeation tank in the center, and a saltwater tank on the far left. Storage tanks for saltwater and freshwater were installed on both sides, and overflow drainage was provided at adjustable heights to control the water head in both tanks. Freshwater and saltwater were supplied to these storage tanks by pumps that maintained constant heads of saltwater and freshwater of 30.0 cm and 31.5 cm, respectively. The central chamber was lined with a 5 × 5 cm grid to enable direct measurement of the positions and shapes of the saltwater intrusion. The permeation tank was evenly filled with glass beads (ASGB-20 made by AS ONE) to a height of 31.5 cm under saturated conditions to minimize the entrapment of air into the device. The glass beads, which were selected based on their sizes and porosities, represented sand in a sandy coastal unconfined aquifer. The particle sizes of the glass beads ranged from 0.71 to 1.00 mm, which corresponded to the range of coarse sand in the Wentworth grain-size classification [16]. Moreover, the porosity of the glass beads was calculated from the mass and volume of the glass beads and the amount of freshwater injected (34.8%) when the glass beads were placed. According to the porosity classification of the deposits, the porosity was within the range of sand porosity [17]. Two wells, A and B, were installed in the permeation tank. Well A represented the barrier well for pumping saltwater, and Well B represented the production well for pumping fresh groundwater. They were located at 50 and 75 cm from the left end of the saltwater tank, respectively; their heights were the same, that is, 15 cm from the bottom of the permeation tank. Both wells had valves to control the quantity of water being pumped. The freshwater used was from university tap water, and its density was measured to be 0.991 g/cm3. Saltwater was prepared by adding commercial salt to tap water to achieve a density of 1.025 g/cm3, which corresponded to seawater density [18,19]. Additionally, saltwater was dyed red using food coloring to observe the salt–freshwater interface. Hydraulic conductivity was calculated in each experiment using the measured flow rates and the assumption of the Dupuit–Fawer equations [20]. However, the calculated values of hydraulic conductivity changed through repeated experiments. This difference was caused by the bulge of the acrylic plates on the sides of the experimental device due to the settling of glass beads.



The experiment consisted of five steps (Figure 3). When the steady state was achieved in the ongoing step, the experiment was moved to the next step. The experiment continued until all steps were completed; the process was recorded using a digital camera. Step 1 represents the formation of a saltwater wedge because of the head differences between fresh and salt water. In Step 2, water was pumped from Well A, and the advancement of the salt–freshwater interface was observed for different water pumping rates. This was followed by Step 3, in which water was pumped simultaneously from Wells A and B. Further advancement of the salt–freshwater interface was observed at this stage and compared to the respective pumping ratios in each experiment. Step 4 began when pumping from Well B was turned off, resulting in the saltwater intrusion retreating to the steady-state position that was achieved in Step 2. Step 5 began when pumping from Well A was turned off; thus, no more water was pumped from the experimental device. The saltwater intrusion retracted to the position of the steady state achieved in Step 1. One full experiment, including all five steps, was performed six times with different pumping ratios to ensure that comparative considerations can be carried out on test results to consider the positive effect of preventing salinization by pumping saltwater from the barrier well. The experimental parameters, including hydraulic conductivities, pumping rates from wells A and B, and pumping ratios are presented in Table 1.




2.2. Numerical Model


A numerical simulation was conducted to analyze the results obtained from lab-scale experiments with different hydraulic conductivities and pumping rates of the barrier well and production well. A two-dimensional density-dependent solute transport model was used as the mathematical model in this study. The model was composed of the groundwater flow equation and solute transport equation for advection and dispersion transport.



The groundwater flow equations for the potential head in saturated–unsaturated aquifers can be described as follows:


   (   C w  +  α 0  S  )    ∂ h   ∂ t   = −   ∂ u   ∂ x   −   ∂ v   ∂ y    



(1)






  u = − k   ∂ h   ∂ x    



(2)






  v = − k  (    ∂ h   ∂ y   +  ρ   ρ f     )   



(3)




where t is the time period; h is the potential head; k is the hydraulic conductivity; u and v are the Darcy velocities in the x- and y-directions, respectively; ρ is the fluid density; ρf is the density of freshwater; Cw is the specific moisture capacity; S is the specific storage coefficient; α is a dummy parameter that takes 0 in the unsaturated condition and 1 in the saturated condition. The specific storage coefficient represents the amount of water stored in the soil per unit volume when the hydraulic head in the unit is raised. It is known that the specific storage coefficient ranges from 10−1 to 10−2 cm−1 in unconfined aquifers and 10−6 to 10−7 cm−1 in confined aquifers [21].



With the volumetric water content θ, the specific moisture capacity is defined as


   C w  =   d θ   d h    



(4)







In the saturated zone, the specific moisture capacity is equal to 0.



This model can calculate the pressure head for both saturated and unsaturated zones. To calculate the unsaturated zone flow, unsaturated flow parameters such as the volumetric water content (θ), ratio of saturated hydraulic conductivity (ks), unsaturated hydraulic conductivity (k), and specific moisture capacity (Cw) are required. However, these parameters have not been examined in lab-scale experiments. Therefore, the following formulas for unsaturated flow parameters suggested by van Genuchten [22] were used: using these formulas, the relationship between the negative pressure head and the unsaturated flow parameters mentioned above was obtained.
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   C w  =   α ⋅ m  (   θ s  − θ  )  S  e   1 m       (  1 − S  e   1 m     )   m    1 − m    



(7)




where θr is the residual water content, θs is the saturated water content, and α, m, and n are the coefficients of the van Genuchten formula. Referring to Jinno et al. [23], these parameters were determined and are presented in Table 2.



In two-dimensional transient groundwater systems, the fundamental equation for the solute concentration can be written as:


        ∂  (  θ C  )    ∂ t   +   ∂  (   u ′  θ C  )    ∂ x   +   ∂  (   v ′  θ C  )    ∂ y         =  ∂  ∂ x    (  θ  D  x x     ∂ C   ∂ x   + θ  D  x y     ∂ C   ∂ y    )  +  ∂  ∂ y    (  θ  D  y y     ∂ C   ∂ y   + θ  D  y x     ∂ C   ∂ x    )       



(8)




where C is the solute concentration, θ is the volumetric water content, and u’ and v’ are the actual pore velocities in the x- and y-directions, respectively. Using Darcy’s velocity, u’ and v’ are described as:


   u ′  =  u θ    ,    v ′  =  v θ   



(9)







The products of the volumetric water content and dispersion coefficient, θDxx, θDxy, θDyx, and θDyy, are expressed as


  θ  D  x x   =    α L   u 2   V  +    α T   v 2   V  + θ D  



(10)






  θ  D  y y   =    α T   u 2   V  +    α L   v 2   V  + θ  D M   
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  θ  D  x y   = θ  D  y x   =   (  α  L −    α  T )   u v  V   



(12)







V is the magnitude of the velocity vector, which is written as:


  V =    (   u 2  +  v 2   )     1 2     



(13)




where Dxx and Dyy are the principal components of the dispersion tensor, Dxy and Dyx are the cross-terms of the dispersion tensor, αL and αT are the longitudinal dispersion length and the transverse dispersion length, respectively, and DM is the molecular diffusion coefficient. When the velocity vector is aligned with one of the coordinate axes, all the cross-terms become zero.



The relationship between the salt concentration of water and fluid densities was calculated as follows [24]:


  C =   ρ −  ρ f     ρ s  −  ρ f    × 100  ( % )   



(14)




where C is the salt concentration of water in the flow domain, and ρf and ρs are the densities of freshwater and saltwater, respectively.



The mathematical solution used to solve the above equations is based on the finite difference method. In addition, under the groundwater flow condition of this study, a partial change in the velocity distribution in the mixing zone of saltwater and freshwater was expected, requiring an accurate numerical solution to calculate the concentration flux caused by advection. To solve this problem, the method of characteristics was applied [21]. The method of characteristics was developed using a conventional partial tracking technique. Particles were randomly or regularly distributed in the model field. Each particle is associated with its concentration and coordinates. These particles are exposed to the flow and transported from the initial positions by the flow in each time increment. Tracking the positions of particles within every time increment, the concentrations of particles located in a target cell were recorded, and the mean concentration among the recorded concentrations was evaluated as the concentration at the cell. The advantage of this method is that the accuracy and stability of the solution are high when the advection domains are in the flow rather than the dispersion.



The grid sizes and the time increment for the simulation were determined by considering the conditions of the lab-scale experiments. The model domain for the solute transport model was divided with a grid length of 0.5 cm each in the x- and y-directions. The time increment was set to be 0.5 s to meet the stability condition of the model. Other parameters for the simulation need to be determined from the available information. Hydraulic parameters, including the hydraulic conductivity, saltwater and freshwater densities, porosity of the glass beads, and volumetric water content, for the simulation were obtained from the experiments. Moreover, the longitudinal dispersion length and transverse dispersion length were calculated using the following formulas reported by Harleman and Rumer [25]:


     D L   ν  = 0.66    (      q ′    d m     υ   )    1.2   =    α L   q ′   υ   



(15)






     D T   ν  = 0.036    (      q ′    d m     υ   )    0.72   =    α T   q ′   υ   



(16)




where DL and DT are longitudinal and transverse dispersion coefficients, respectively, and   q ′   is the flow rate per unit width in the aquifer.



The above equations are valid when the Reynolds number ranges from 0.05 to 3.5. In this study, the Reynolds number was calculated to be 0.17; therefore, the above equations can be applied for longitudinal and transverse dispersion lengths. The numerical and hydrological parameters used are listed in Table 3. The model boundaries are defined as shown in Figure 4. Table 4 lists the boundary conditions of each boundary. The model consisted of six boundaries: the top surface of saltwater (AE), top surface of freshwater (ED), bottom surface (BC), saltwater boundary (EF), and two vertical boundaries (AB and CD). For the bottom surface, no discharge flow boundary was assigned. The other boundaries were assigned with time-dependent pressure head boundaries that varied with the water table heights of the boundaries. The concentrations at the boundaries were defined as zero at the right vertical boundary and 100% at the left vertical boundary. For the top and bottom boundaries, the concentration gradient was zero. In the numerical simulation, the hydraulic conductivity and pumping rates from the barrier and production wells were changed in each case, as well as in the lab-scale experiments, to run the model under the same conditions as the experiments. Therefore, the hydraulic conductivity, the pumping rates at the barrier and production wells, and the pumping ratio between the barrier and production wells were decided to be the same as the experiments as shown in Table 1. The numerical model was coded in the FORTRAN programming language and run using Microsoft Visual Studio 2008. The validity of this model was confirmed by visually comparing the simulated and experimental results for each step.





3. Results and Discussion


3.1. Lab-Scale Experiments


At the end of Step 3, saltwater intrusion toward Well B exhibited varying behaviors owing to different pumping ratios (Figure 5). Table 5 shows the intrusion length, time to steady, and observation of upconing in Step 3. When the water pumping ratio was less than 1.2, the saltwater intrusion was not observed near Well B. When the ratio was within 1.2 to 1.9, the salt–freshwater interface curve moved right and upward without upconing to Well B. However, when the ratio was beyond 2.0, the upconing of saltwater into Well B was observed. In addition, the longest time was required to achieve the steady state at the ratios of 1.9 and 2.0, which indicates that the critical pumping ratio between the barrier and production wells was 1.9. To confirm whether the saltwater reached Well B with a pumping ratio of approximately 2.0, a secondary test was performed, and the results are shown in Figure 6. In this test, when the steady state of Step 3 was reached with a pumping ratio of 1.9, but without salinization of Well B, the pumping rate at Well B was increased so that the pumping ratio was equal to 2.3. As a result, the saltwater reached Well B after increasing the pumping ratio from 1.9 to 2.3. Therefore, within the frames of this experiment, the critical pumping ratio between the barrier and production wells was considered to be 1.9. Moreover, if the amount of water pumped from the production well did not exceed 1.9 times the amount of water pumped from the barrier well, the freshwater can be continuously pumped from the production well without salinization. Additionally, provided the pumpable amount of freshwater from the production well was determined by the pumping ratio, the pumped amount from the barrier well increased with that from the production well without risking production well salinization.



When pumping from Well B was stopped at Step 4, a retreat of the salt–freshwater interface was observed. Furthermore, even when the pumping ratio exceeded 1.9, with which Well B was salinized, the upconing toward Well B disappeared and the salt–freshwater interface retreated to its initial position. Figure 7 represents the change in saltwater intrusion length at its toe position over time from the end of Steps 2–4. The toe position of the saltwater moved to its initial position at the end of Step 4. Furthermore, comparing saltwater intrusion areas recorded at the end of Step 2 with those recorded at Step 4, the positions, shapes, and areas of saltwater in both steps were found to be almost identical, indicating that the salt–freshwater interface retreated to the same position before pumping from Well B started (Figure 8). Therefore, it is considered that despite the salinization of the production well, the barrier well has a positive effect on retreating the saltwater intrusion toward the previous state.




3.2. Numerical Simulation


The experimental and numerical results were compared based on the general condition of the fresh-saltwater interface and the intrusion length at each steady state. The error in the intrusion length was less than 2.5 cm in any cases, and the general shape of the fresh–saltwater interface was calculated with high accuracy. Figure 9 shows the experimental and numerical results in Step 1, 2, and 3 for R = 1.9 as an example. As shown in the figure, the general shape of the interface was accurate and the error in the intrusion length was less than 1 cm in each step. Therefore, it was regarded that the numerical simulation was reliable in this study.



From the numerical simulation, it was determined that there was water flow toward the barrier well when the barrier well was working (Figure 9). This freshwater flow transported saltwater from its toe at the bottom toward the barrier. This transportation can maintain the equilibrium between saltwater inflow and outflow at the steady state, preventing further saltwater intrusion, especially in front of the saltwater interface. This transportation of saltwater is related to the efficiency of saltwater extraction by the barrier well. Thus, it is considered that the high performance of the barrier well can be obtained when the freshwater flow toward the barrier well is larger than the saltwater flow. Furthermore, there was a trend that the concentration of extracted saltwater by the barrier increased when the pumping ratio was increased to the critical pumping ratio (Figure 10). Although the salinity level of upconing was low in the case of 0.9, upconing of highly concentrated saltwater was observed in the cases from 1.2 to 1.9. In contrast, when the pumping ratio was 2.3, the upconing of highly concentrated saltwater became smaller than that in the case of 1.9. Moreover, in the case of 2.6, upconing toward Well A completely disappeared, and the barrier well only extracted low-concentration saltwater. From these simulated results, it is considered that the effect of the barrier well on saltwater intrusion has four stages, as follows. In the first stage, in which the pumping ratio is significantly lower than the critical ratio, the barrier effectively prevents saltwater intrusion by extracting low-concentration saltwater. Although the barrier well does not extract highly concentrated saltwater at this stage, pumping from the barrier well forms the freshwater flow toward the barrier well, increasing the seaward flow and preventing the movement of saltwater. In the second stage, in which the pumping ratio is less than or equal to the critical ratio, the barrier well extracts highly concentrated saltwater, which prevents the movement of the high-concentration zone. The extraction of highly concentrated saltwater has a large impact on the prevention of saltwater intrusion because the saltwater flow of highly concentrated saltwater dominates the saltwater flow due to the large difference in densities between saltwater and freshwater. In the third stage, in which the pumping ratio is slightly beyond the critical ratio, the extraction of highly concentrated saltwater toward the barrier decreases. Although the barrier well can extract highly concentrated saltwater, the influence of extraction decreases and it cannot prevent the movement of the high-concentration zone, which increases the mixing zone and the risk of salinization of the inland production well. In the final stage, in which the pumping ratio significantly exceeds the critical ratio, the barrier well extracts only low-concentration saltwater. The saltwater flow in the mixing zone is formed by pumping from the production well, and the barrier well cannot have positive effects on saltwater extraction, which indicates that the barrier well cannot prevent saltwater intrusion at this stage.





4. Conclusions


This study tested the effectiveness of saltwater pumping from a barrier well on the possible flow rate from a production well by lab-scale experiments and two-dimensional numerical simulations. In lab-scale experiments, a lab-scale model simulating a sandy coastal unconfined aquifer was created to investigate the effect of different pumping ratios on the behavior of saltwater intrusion. It was revealed that there was a quantitative relationship in the pumping ratio between barrier and production wells, and the critical pumping ratio between them was 1.9 under the experimental conditions. Moreover, the experiments showed that a barrier well can restore an aquifer to the previous state, despite the salinization at the production well, as compared in Steps 2 and 4. To analyze the experimental results, a numerical model based on the groundwater flow equation and solute transport equation was created and simulated under the same conditions as the experiments. From the numerical simulation, the mechanism of saltwater transportation from high- to low-salinity zones was revealed. This numerical model demonstrated that the barrier effectively prevented saltwater intrusion by extracting highly concentrated saltwater when the pumping ratio was less than the critical ratio, and the extraction of low-concentration saltwater will be enough to prevent saltwater intrusion when the pumping ratio is much lower than the critical pumping ratio, for example, as observed at a pumping ratio of 0.9. Even when the pumping ratio approaches the critical ratio, the barrier effectively extracts highly concentrated saltwater, which has a large positive effect on preventing further saltwater intrusion. In contrast, when the pumping ratio significantly exceeds the critical pumping ratio, the barrier well cannot work sufficiently, leading to further saltwater intrusion and salinization of the production well. These findings demonstrate that pumping saltwater from a barrier well can protect production wells as long as the pumping ratio is well controlled to be under the critical pumping ratio. However, further studies are required to confirm the influence of the positions and numbers of the barrier and production wells on the critical pumping ratio. Besides, a three-dimensional model is required to simulate the actual conditions of coastal aquifers. With these further studies, this approach controlling the pumping ratio can be applied to actual coastal aquifers to manage saltwater intrusion.
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Figure 1. Conceptual diagram of saltwater pumping by a barrier well. 
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Figure 2. Conceptual diagram of the experimental device. (Well A is a barrier well and Well B is a production well.) 
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Figure 3. Experimental procedure, showing the intrusion process for pumping ratio of 2.6 as an example. 
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Figure 4. Numerical model and boundaries. 
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Figure 5. Results of experiments with the steady state at Step 3. 
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Figure 6. Result of the secondary test. Upconing was observed at R = 2.3, even though it was not observed at R = 1.9. 
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Figure 7. Change in intrusion lengths over time from the end of Step 2 to Step 4. 
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Figure 8. Comparison of steady states at the end of Steps 2 and 4. 
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Figure 9. Experimental and numerical simulation results (steady states in each step) for R = 1.9. 
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Figure 10. Comparison of steady states at Steps 2 and 3. 
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Table 1. Experimental parameters. Hydraulic conductivities, pumping rates at Wells A and B, and pumping ratios.
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	Experiment No.
	1
	2
	3
	4
	5
	6





	Hydraulic conductivity (cm/s)
	0.45
	0.40
	0.53
	0.50
	0.39
	0.48



	Water intake at point A; QA (mL/s)
	1.8
	2.9
	2.5
	2.7
	2.7
	2.2



	Water intake at point B; QB (mL/s)
	1.7
	3.5
	3.8
	5.2
	5.3
	5.7



	Water intake ratio; QB/QA
	0.9
	1.2
	1.5
	1.9
	2.0
	2.6
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Table 2. Parameters for van Genuchten formula.
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Saturated water content

	
0.342




	
Residual water content

	
0.075




	
Coefficient

	
α

	
0.0491 (cm/s)




	
m

	
0.8599




	
n

	
7.138
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Table 3. Numerical and hydrological parameters for simulation.
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	Time Interval
	Δt
	0.5 (s)





	Cell length in x direction
	Δx
	0.5 (cm)



	Cell length in y direction
	Δy
	0.5 (cm)



	Longitudinal dispersion length
	αL
	0.038 (cm)



	Transverse dispersion length
	αT
	0.0051 (cm)



	Molecular diffusion
	DM
	1.0 × 10−5 (cm2/s)



	Porosity
	ne
	0.35



	Freshwater head
	Hf
	31.5 (cm)



	Saltwater head
	Hs
	30.0 (cm)



	Freshwater density
	ρs
	0.991 (g/cm3)



	Saltwater density
	ρf
	1.025 (g/cm3)



	Extrapolation factor for SOR method
	ω
	1.6



	Criteria for convergence judgement
	ε0
	1.0 × 10−2



	Specific storage coefficient
	SS
	0.1
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Table 4. Boundary conditions.
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	Boundary
	Pressure Head
	Conc.





	AB
	   h =  (   H s  − y  )     ρ s     ρ f      
	   C = 100 %   



	BC
	   − k  (    ∂ h   ∂ y   +  ρ   ρ f     )  = 0   
	     ∂ C   ∂ y   = 0   



	CD
	   h =  (   H s  − y  )    
	   C = 0 %   



	DE
	   − k  (    ∂ h   ∂ y   +  ρ   ρ f     )  = −  q w    
	   C = 0 %   



	EA
	   h =  (   H s  − y  )     ρ s     ρ f      
	    ( 1 )  v ≥ 0   

     ∂ C   ∂ y   = 0   

    ( 2 )  v < 0   

   C = 100 %   



	EF
	   h =  (   H s  − y  )     ρ s     ρ f      
	    ( 1 )  u ≥ 0   

     ∂ C   ∂ x   = 0   

    ( 2 )  u < 0   

   C = 100 %   
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Table 5. Results for Step 3.
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	Intake Ratio; QB/QA
	0.9
	1.2
	1.5
	1.9
	2.0
	2.6





	Intrusion length of saltwater (cm)
	67.0
	64.5
	72.0
	73.0
	74.0
	75.0



	Time to reach steady state (min)
	90
	70
	80
	110
	130
	70



	Upconing
	×
	×
	×
	×
	○
	○







(○ and × represent that upconing was observed and not observed, respectively, at the pumping ratio).
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