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Abstract:  One of cases that threaten groundwater in coastal aquifers is seawater intrusion (SWI). Inserting subsurface barrier is 
known as a way of preventing SWI growth. In this study, we attempted to achieve the optimum indexes for subsurface 
barrier characteristics including its position, height, thickness and hydraulic conductivity. Different scenarios are 
defined and finite difference dispersive SEAWAT model is used for simulation. Impact of subsurface barrier is 
evaluated by measuring salt wedge toe retrogression, freshwater volume increase and reduction of trapped salt wedge 
dimension over time. It is found that inserting subsurface barrier closer to shoreline control the seawater intrusion 
more efficient due to dilution of larger trapped wedge behind it. Results indicated that efficient seawater repulsion 
occurred when the height of subsurface barrier approaches to 5% salinity of seawater contour height. Changing the 
thickness of subsurface barrier had the least effect on SWI controlling but by reducing its permeability, its 
performance in short term and long term improved significantly. Therewith, analyzing the performance of subsurface 
barrier in aquifer with presence of extraction well demonstrated that subsurface barrier can act successfully in 
reducing the salinity of extracted water, but it cannot eradicate it entirely. Turning over of saline flow above the 
barrier and reaching to salt wedge behind it, is found to be the reason. Eventually, it is concluded that constructing a 
subsurface barrier is not a short-term method for controlling seawater intrusion and its effects are observable at long 
period. 
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1. INTRODUCTION 

More than 70% of the world’s population lives near coastal area and the main water supply for 
these residents is freshwater stored in aquifers (Abd-Elhamid and Javadi, 2011a; Noorabadi et al., 
2017). At normal circumstances, there is a hydraulic gradient toward the sea, but over-pumping can 
reduce the freshwater head and accelerates migration of seawater toward aquifers routinely called 
seawater intrusion (SWI) (Todd and Mays, 2005). High salinity of groundwater (more than 2 to 3%) 
makes agriculture and drinking usage impossible. Therefore, aquifers should be prevented from 
SWI using controlling methods. Optimizing pumping rate, artificial recharge and constructing 
subsurface barriers (SB) are examples of methods to prevent SWI. SB is divided in two groups of 
storage and protective barriers. The first one is defined to store groundwater and increase its level 
and the second one protects the freshwater against SWI. 

Researches on SWI controlling in the past decade had a considerable growth but are mostly 
limited to all methods rather than constructing the SB (i.e. Cheng et al., 2000; Mantoglou, 2003; 
Mantoglou et al., 2004; Mantoglou and Papantoniou, 2008; Park et al., 2009; Abd-Elhamid and 
Javadi, 2011b). Anwar (1983) and Sugio et al. (1987) were among those who started studying the 
effects of constructing a SB on SWI. In both studies there were experimental results, but the most 
important limitation of Anwar (1983)’s study was the sharp-interface approach and steady-state 
simulation. Sugio et al. (1987) studied the operation of constructing real SB in west Pacific Ocean 
in Japan. They reached to a conclusion that SB can delay SWI for two months in worst drought 
scenario while pumping from coastal areas occurs simultaneously. 

Luyun et al. (2009) did a numerical and experimental research on controlling SWI in an 
unconfined coastal aquifer using SB. Based on their experiments, low height barriers can remove 
salt wedge faster while the height needs to be efficient as constructing a low height barrier might 
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not be helpful for special scenarios. These researchers, in 2011, investigated the effect of recharge 
well location and retaining walls on salt wedge receding performance. Their results showed that the 
closer the recharge well to the salt wedge, the better performance it has and the farther it goes, the 
weaker it becomes. Using a liner equation, they proved that salt wedge would recede noticeably 
when the barrier is built deeper and closer to ocean. At this study, we have distinguished the SB and 
the retaining walls. Walls generally begin from the surface of the aquifers and it does not 
necessarily stretches to the bottom of the aquifer.  

Kaleris and Ziogas (2013) evaluated the effects of retaining walls on seawater dynamic 
movements in order to protect extracted groundwater in coastal areas of Greece, based on SUTRA 
dispersive model. In absence of groundwater extraction well, the wall effect is measured by 
calculating the decrease rate of salt wedge. They concluded that the wall proper performance 
happens when it is constructed in a depth of more than 60% of the aquifers height while is located 
closer than twice the aquifer’s height. They also found that constructing a retaining wall is more 
effective in heterogeneous aquifers and the greatest impact on SWI is when the hydraulic 
conductivity of the barrier is less than 10% of the hydraulic conductivity of the whole aquifer. 
Based on their results, the closer to the coast and deeper the wall is constructed, the more clear 
water is taken from wells. The current research follows the same pattern as they did but here, a SB 
is used instead of a retaining wall. Review of previous studies indicates that the SB impact on the 
increase or decrease rate of seawater and freshwater volume, optimum geometrical parameters of a 
barrier, the flow path lines near the barrier and finally analyzing the function of the barrier while 
well is pumping water, is not investigated yet. Therefore, in this study, completing the study of 
Shafiee et al. (2017), a two-dimensional saturated homogeneous unconfined aquifer is simulated 
using SEAWAT dispersive model for different position, height, thickness and hydraulic 
conductivity of SB to investigate reduction of salinity over time. The increase or decrease rate of 
the freshwater volume in the aquifer and the impact of constructing SB on thickness of transition 
zone are also evaluated in this study. Eventually, the simultaneous performance of well and the 
barrier is investigated and the influence of the barrier on decreasing the salinity of extracted water 
has been analyzed. 

2. MATERIAL AND METHODS 

2.1 Large-scale aquifer 

The chosen large-scale aquifer is an unconfined, homogenous and two-dimensional aquifer that 
is presented by Lu et al. (2013). The simulated area, according to Figure 1, includes 430 m of 
landward and 70 m of seaward boundary. The height of the aquifer is 48 m and the sea section and 
the land section is separated by a coastal line with a 0.1 slope. The concentration of seawater in the 
ocean is 35 kg/m3 and the freshwater constant head (Hf:L) and seawater constant head (Hs:L) are 
respectively 46.2 and 45.0 m at vertical sides of the aquifer. The aquifer bed is assumed as no-flow 
boundary condition. 

2.2 SEAWAT model settings 

SEAWAT simulates SWI into aquifers by solving groundwater flow equation using MODFLOW 
model and contaminant transport equation using MT3DMS model. The governing equations of 
groundwater flow and contaminant transport can be found in many recent studies (e.g. Langevin et 
al., 2008) and it is not expressed here for brevity. According to the fact that the aquifer is assumed 
homogenous and isotropic, the hydraulic conductivity is equal in both horizontal (Kh:L/T) and 
vertical (Kv:L/T) direction and is set to 8.64 m/d. To define sea boundary, a high value of hydraulic 
conductivity (i.e. 105 m/d) is considered for sea cells. Porosity is set to be 0.4 for each cell and the 
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longitudinal dispersivity is considered 1.0 m. The ratio of longitudinal dispersivity to transverse 
dispersivity is equal to 0.1. The molecular diffusion coefficient (Dm:L2T-1) is assumed zero. Table 1 
summarizes the values and parameters of numerical settings. 

 

Figure 1. Dimensions and specifications of simulated aquifer 

Table 1. Soil and fluid parameters 

Value Unit Symbol Parameters 
500 m L Domain length 
48 m Ht Domain height 
1.0 m αL Longitudinal dispersivity 
0.1 m αv Vertical dispersivity 
0.4 -  ne Effective porosity 
45 m Hs Constant seawater level 

46.2 m Hf Constant freshwater level 
1025 kg/m3 ρs Seawater density 
1000 kg/m3 ρf Freshwater density 

35 kg/m3 Cs Salt concentration in seawater 

 
The cell size is estimated based on the common criterion Peclet number (Pe) (Voss and Souza, 

1987; Diersch and Kolditz, 2002). Based on this, the cell size needs to be approved in the following 
equation (Voss and Souza, 1987): 

𝑃! =
!∆!

!!!!!!
≈ ∆!

!!
≤ 4 (1) 

where, ΔL [L] is mesh size, Dm is molecular diffusion and αL is longitudinal dispersivity. The cell 
dimensions are assumed 1.0 m in length (Δx) and 0.5 m in height (Δz) to satisfy the Pe. 

The model is first simulated for sufficiently long time to reach to steady-state condition. Then 
the SB is placed at desired location and the aquifer is simulated for 85 years at transient state. For 
implementation of transient model, the head and concentration data is imported from steady-state as 
initial condition. Specific yield (Sy) and specific storage (Ss:m-1) are considered 0.25 and 0.0008 m-1 

respectively. Time steps are set to 5 days for both flow and transport equations. PCG2 and GCG 
package are applied to solve the flow and contamination equations with respectively convergence 
criterion of 10-4 m and 10-3 kg/m3. The flow and contaminate equations are explicitly coupled. 

14 different scenarios are defined with similar boundary and initial conditions but differ at SB 
characteristics. These specifications include (1) the distance between SB and the ocean (Xsb), (2) the 
height of SB (Hsb), (3) its width (Wsb) and (4) its hydraulic conductivity (Ksb). These specifications 
became dimensionless by dividing them with length and average height of groundwater level 
according to Table 2.  
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Table 2. Specifications of simulated scenarios (H is the average groundwater level) 

Scenario Ksb (m/d) Kr: Ksb/Kh Wsb (m) Wr: Wsb/H Hsb (m) Hr: Hsb/H Xsb (m) Xr: Xsb/L 
Ts-1 0.00864 0.001 2 0.04 23.5 0.52 203 0.41 
Ts-2 0.00864 0.001 2 0.04 23.5 0.52 248 0.50 
Ts-3 0.00864 0.001 2 0.04 23.5 0.52 303 0.61 
Ts-4 0.00864 0.001 2 0.04 12.5 0.27 248 0.50 
Ts-5 0.00864 0.001 2 0.04 18.5 0.41 248 0.50 
Ts-6 0.00864 0.001 2 0.04 22.5 0.49 248 0.50 
Ts-7 0.00864 0.001 4 0.09 22.5 0.49 248 0.50 
Ts-8 0.00864 0.001 6 0.13 22.5 0.49 248 0.50 
Ts-9 0.0864 0.010 2 0.04 22.5 0.49 248 0.50 

Ts-10 0.000864 0.0001 2 0.04 22.5 0.49 248 0.50 
Ts-11 0.08640 0.010 2 0.04 12.5 0.27 294 0.59 
Ts-12 0.00864 0.001 4 0.09 12.5 0.27 248 0.50 
Ts-13 0.00864 0.001 4 0.09 17.5 0.38 248 0.50 
Ts-14 0.00864 0.001 2 0.04 12.5 0.27 294 0.59 

2.3 Methods of scenarios comparison  

In previous studies (e.g. Abarca et al., 2007; Lu et al., 2009), area of transition zone (At:L2) was 
bounded by zone between 0.1 and 0.9 normalized concentration contour lines (equal to 3.5 kg/m3 
and 31.5 kg/m3 respectively). In this study, 5% to 95% of sweater salinity is considered as transition 
zone threshold following Mehdizadeh et al, (2014)’s study. The thickness of transition zone (Wt:L) 
is calculated according to equation 2 by dividing the measured area to the length of the area (Lt:L). 
The Lt is the distance of 0.5Cs contour line at top and bottom of aquifer (Lu et al, 2013).   

𝑊! =
!!
!!

 (2) 

For the simulated aquifer, Wt is obtained as 6.70 m at the end of steady-state simulation. After 
construction of the SB, insulated salt wedge behind the barrier starts to become diluted which leads 
to an increase in the area of transition zone. This area decreases gradually due to dilution by 
freshwater over time. Irregular shape of transition zone over time demonstrates that Wt cannot be an 
appropriate index to compare the defined scenarios. Therefore, in this study, salt wedge toe (Xt:m) 
and height of the trapped salt wedge (A:m) are two selected indexes to quantify the intrusion 
repulsion. The 0.5Cs criterion is used for their definition (see Fig. 1). These two parameters have 
become dimensionless using the following equations: 

𝑅! = 100×(!!!!!!"
!!!

)  (3) 

𝐴! = 100×(!!!!!
!!

)  (4) 

where Xt0 is the length of salt wedge toe before construction of SB, Xti is the length of salt wedge 
toe at time i, Rr is receding percentage of salt wedge toe at the same time, A0 is height of 0.5Cs 
salinity contour before construction of the barrier at its position, Ai is the similar height at time i and 
finally Ar is decrease percentage of mentioned height. 

In order to investigate the increase rate of freshwater volume over time, an impact factor for SB 
(De) is defined for each scenario. De is calculated according to volume of the freshwater and 
seawater of the aquifer after construction of the barrier in time i using the following equation: 

𝐷! = 100× !!"!!!" !!!!
!!"

= 100× !!"!!!!
!!"

  (5) 

where Vaq is the total volume of the aquifer, Vf0 is the freshwater volume after steady-state 
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simulation, Vsi is the seawater volume at time i and Vfi is the freshwater volume at the same time. 
Kaleris and Ziogas (2013) used a less than 0.014Cs criterion as an index to define freshwater. This 
value is a conservative index for drinkable water. For agricultural purposes, electrical conductivity 
(EC) might increase to 4 ds/m (approximately C=2.6 kg/m3) in case of extracting depending on the 
type of crop. In this research the Vfi is the volume of water type with salinity concentration less than 
5% of seawater (i.e. C<1.75 kg/m3). 

3. RESULTS AND DISCUSSION 

3.1 Distance of SB from sea 

Three scenarios including Ts-1 (the barrier is located at right one-third side of the transition 
zone), Ts-2 (the barrier is located at the middle of the transition zone) and Ts-3 (the barrier is 
located at the left one-third side of the transition zone) are evaluated according to Figure 2. 

 

    

 

Figure 2. Impact of different distance of SB on: (a) decrease rate of the salt wedge height behind the barrier,  
(b) decrease rate of the salt wedge toe position, (c) the impact factor of freshwater volume 

According to above comparison, in terms of SB distance from coastline, the closer the SB to the 
ocean, the better performance both in long-term and short-term it shows. However, by constructing 
the barrier closer to the ocean, the Wt will not decrease. The Wt value was 8.5, 8.1 and 6.9 m 
respectively for Ts1, Ts2 and Ts-3 after 85 years. Since more diluted salt wedge is trapped behind 
the barrier for closest SB scenario, the thicker transition zone to coastline is not a disadvantage. 

Long distance between SB and sea border results in negative De at initial years (Figure 2c). That 
means salt wedge dilution reduces the available freshwater in the aquifer in farther scenarios at 
initial years. Salinity concentration distribution at initial years of Ts-2 scenario is presented in 

0 

20 

40 

60 

80 

0 10 20 30 40 50 60 70 80 

A
r 

Time(year) 

(a)         Kr=0.001,Wr=0.04,Hr=0.52 

Xr=0.41 
Xr=0.5 
Xr=0.61 

-2 

2 

6 

10 

14 

0 10 20 30 40 50 60 70 80 

R
r 

Time(year) 

(b)           Kr=0.001,Wr=0.04,Hr=0.52 

Xr=0.41 
Xr=0.5 
Xr=0.61 

-2 

0 

2 

4 

6 

0 10 20 30 40 50 60 70 80 

D
e 

Time(year) 

(c)             Kr=0.001,Wr=0.04,Hr=0.52 
Xr=0.41 
Xr=0.5 
Xr=0.61 



16 R. Shafiee et al. 

Figure 3. It indicates that in the first year after constructing the SB, the level of seawater is lower 
than barrier height at both sides of SB. Then, the brackish flow at right side of SB contacts the body 
of SB and its level rises and finally can revolve around the SB from its top and reaches to trapped 
seawater. This uplift movement led to slight SWI in aquifer and also can increase the Wt extent. 

 

 

Figure 3. Salinity concentration distribution at Ts-2 scenario after (a) 1 year and (b) 10 years after SB construction 

3.2 Optimum height of SB 

Since the aim of constructing SB is to protect aquifers against SWI with concentrations more than 
1.75 kg/m3, the Hsb is defined for Ts-6, Ts-5 and Ts-4 scenarios respectively lower, similar and 
higher than 1.75 kg/m3 salinity contour height while the location of barrier is constant. Scenarios 
Ts-12 and Ts-13 follow the same concept and Hsb is respectively less and equal to 1.75 kg/m3 
salinity contour, but with a thicker SB. 
 

 
Figure 4. Effect of different Hsb on: (a), (b) the decrease rate of the salt wedge behind the barrier and (c), (d) decrease 

rate of the salt wedge toe position. 
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According to Figure 5, increasing the Hsb, disconnected the available seawater in front and 
behind of the barrier and consequently led to sever reduction of A point height. Similar 
circumstances occurred for salt wedge repulsion and scenarios with higher Hsb performed better in 
term of Rr parameter. Comparison of De for these scenarios illustrates that scenario with the lowest 
Hsb had a better operation at early times and De is greater than other scenarios at initial years (e.g. 
after 10 years). However, in long-term, scenario with the same height as 0.05Cs salinity contour had 
a greater De comparing to other models. Figure 4 shows the salinity concentration distribution and 
flow direction for Ts-4, Ts-5 and Ts-6 scenarios after 10 years of simulation. Similar to Ts-2, before 
constructing the SB, seawater flow direction is first toward the transition zone and then turns to the 
sea. By constructing the barrier, seawater flow near the salt wedge toe still tends to turn toward the 
sea. By increasing barrier’s height, trapped brackish flow behind the barrier starts to spin as soon as 
it contacted the barrier and then it is obliged to pass a longer path in order to reach the sea. Velocity 
reduction and flow slow motion result in larger salt plume behind SB and saline water occupies 
larger area of aquifer at initial years. Thus, freshwater volume has decreased at early years and 
negative De is formed for higher Hsb scenarios. 

 

            

Figure 5. The impact factors for different height of SB (a) 2 m thick and (b) 4 m thick 

 

 

 
Figure 6. Streamlines behavior for different Hsb after 10 years of transient simulation, (a) Hsb=12.5 m, (b) Hsb=18.5 m 

and (c) Hsb=22.5 m respectively present Ts-4, Ts-5 and Ts-6 scenarios. 
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3.3 Thickness and hydraulic conductivity of SB 

Transient dimensionless parameters of Ar, Rr and De are depicted in Figure 7 for different Wsb. 
There is no tangible difference in barrier performance when Wsb is changed. Obviously, thicker SB 
could potentially provide better results but its requirement to more space than narrow ones, can 
slightly reduce freshwater volume. 

The impact of Ksb variation on A, Xt and De parameters is depicted in Figure 8. It is clear that less 
permeable scenarios are significantly more successful. Increasing or decreasing Ksb has direct 
impact on flow transmission through barrier body and leakage across the body of barrier will 
diminishes its efficiency at permeable scenarios. 

 
 

 

 

Figure 7. The influence of different Wsb on: (a) the decrease rate of the salt wedge height behind the barrier and (b) 
decrease rate of the salt wedge toe position. (c) impact factor of freshwater volume 

3.4 Influence of SB on improving extracted water quality 

One of main goals of constructing SB is improving quality of extracted water. Salinity of 
arbitrary placed well is measured for selected scenario that are modified according to Table 3. For 
similarity with real condition, both fully and partially penetrated well are modeled. Well distance 
from sea boundary and well bottom height from aquifer bed are shown by Xw and Hw respectively at 
the table. Steady-state simulation is first modeled while well is placed at desired location and then 
transient runs are commenced for 85 years with protective SB. 
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Figure 8. Influence of different Ksb on: (a), (b) the decrease rate of the salt wedge height behind the barrier, (c), (d) 
decrease rate of the salt wedge toe position, (e), (f) impact factor of freshwater volume. 

Table 3. Well and SB position and specifications  

SB properties  Well properties State Ksb (m/d) Hsb (m) Wsb (m) Xsb (m)  Qw(m3/s) Hw(m) Xw(m) 
8.64×10-4 30 2 225  1.5 20 400 Partial penetration 
8.64×10-4 31 2 178  1.5 0 300 Full penetration 

 
 
To investigate the efficiency of SB, salinity of abstracted water is drawn in Figure 9(a). The 

salinity of abstracted water has decreased considerably specially for fully penetrated well as it is 
closer to coastline. According to the figure, the salinity of extracted water is changed from 9.8 
kg/m3 to 2.7 kg/m3 after 10 years for fully penetrated case. Nonetheless, the progress has stopped 
after almost 10 years and SB could not completely convert the extracted brackish water to 
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freshwater. Similar trend occurred for water of partially penetrated well but slower than the fully 
penetrated scenario. The partially penetrated well had initially 1.1 kg/m3 salinity. It then reduced 
with 27% and 92% decay rate, respectively, after 10 and 85 years.  

 

       

Figure 9. SB impact on salinity reduction at pumping scenarios (a) salinity reduction of abstracted water, (b) decrease 
rate of the salt wedge height behind the barrier and (c) decrease rate of the salt wedge toe position. 

 

Figure 10. Salinity distribution and flow streamlines (a) before construction of SB, (b), (c) and (d) respectively 1, 5 and 
10 years after constructing SB. The solid rectangular shows the well location. 
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According to Figure 9 (b) and (c), for fully penetration scenario, elimination of trapped salt 
wedge is halted after 10 years unlike the partially scenario that has continues progress of water 
dilution. To check this condition, the freshwater/seawater streamlines for selective time are depicted 
in Figure 10. It is found that depending on abstraction rate and the distance between SB and well, 
SB can be in radius of influence of well. Therefore, some seawater flow close to seaside of SB is 
forced to turn over the SB to reach to well instead of moving toward the sea in order to be 
discharged. This tiny amount of seawater flow is stable over time and will cause to stable size of 
trapped salt wedge and abstracted water salinity during times. As mentioned at previous part, 
elevating the height of SB cannot solve the problem as it thickens the transition zone behind the SB.  

4. CONCLUSION 

Subsurface barrier (SB) is known recently an effective tool to prevent seawater intrusion (SWI). 
In this study, dispersive SEAWAT model is used to introduce optimum parameters for SB including 
its position, height, thickness and hydraulic conductivity. The simulated 2D large-scale aquifer is 
assumed homogeneous with constant head at both land and shoreline boundaries. Simulation results 
demonstrate that constructing SB widens the transition zone as it prevents the saline water flow 
around the toe position to move toward the sea. The flow velocity consequently reduces around the 
toe position and finally leads to diffused flow directions. It is also found that inserting SB closer to 
shoreline controls SWI more efficiently. That is because of greater trapped saline water behind the 
SB loses its connection with sea and gradually is diluted by freshwater. Result also indicates that if 
the height of SB approaches to 5% salinity of seawater contour line, it causes more optimum SWI 
controlling in longtime. Higher SB increases transition zone thickness at initial times after 
constructing the SB. It is shown that changing the thickness of SB has the minimum effect on SWI 
controlling although the thicker SB leads to better SWI controlling. It is concluded that as the SB’s 
hydraulic conductivity decreased, its operation is improved due to major disconnection of flows at 
both side of it. Constructing SB improves the salinity of abstracted water too. It is found that 
proximity of well and SB pulls seawater toward well screen and cannot completely retard the 
trapped salt wedge.  

ACKNOWLEDGMENT 

An initial shorter version of the paper has been presented at the 10th World Congress of the 
European Water Resources Association (EWRA2017) “Panta Rhei”, Athens, Greece, 5-9 July, 
2017. 

REFERENCES 

Abarca, E.; Carrera, J.; Sánchez-Vila, X.; Dentz, M., (2007). Anisotropic dispersive Henry problem. Adv. Water Resour., 30(4): 913-
926.  

Abd-Elhamid, H.F.; Javadi, A.A., (2011a). A density-dependent finite element model for analysis of saltwater intrusion in coastal 
aquifers. J. Hydrol., 401: 259–271. 

Abd-Elhamid, H.F.; Javadi, A.A., (2011b). A Cost-Effective Method to Control Seawater Intrusion in Coastal Aquifers. Water 
Resour. Manag., 25: 2755-2780. 

Anwar, H.O., (1983). The effect of a subsurface barrier on the conservation of freshwater in coastal aquifers. Water Res., 17(10): 
1257–1265. 

Cheng, AH-D.; Halhal, D.; Naji, A.; Ouazar, D., (2000). Pumping optimization in saltwater-intruded coastal aquifers. Water Resour. 
Res., 36(8): 2155-2165. 

Diersch, H.-J.; Kolditz, O., (2002). Variable-density flow and transport in porous media: approaches and challenges. Adv. Water 
Resour., 25(8): 899-944.  

Kaleris, V.; Ziogas, A., (2013). The effect of cutoff walls on saltwater intrusion and groundwater extraction in coastal aquifers. J. 
Hydrol., 476: 370-383  



22 R. Shafiee et al. 

Langevin, C.D.; Thorne Jr, D.T.; Dausman, A.M.; Sukop, M.C.; Guo, W., (2008). SEAWAT Version 4: A computer program for 
simulation of multi-species solute and heat transport: U.S. Geological Survey Techniques and Methods, Book 6, Chap. A22, 39 
pp., http://pubs.usgs.gov/tm/tm6a22/. 

Lu, C.; Kitanidis, P. K.; Luo, J., (2009). Effects of kinetic mass transfer and transient flow conditions on widening mixing zones in 
coastal aquifers. Water Resour. Res., 45(12).  

Lu, C.; Chen, Y.; Zhang, C.; Luo, J., (2013). Steady-state freshwater–seawater mixing zone in stratified coastal aquifers. J. Hydrol., 
505: 24-34. 

Luyun Jr, R.; Momii, K.; Nakagawa, K., (2009). Laboratory-scale saltwater behavior due to subsurface cutoff wall. J. Hydrol., 377: 
227-236. 

Luyun Jr., R.; Momii, K.; Nakagawa, K., (2011). Effects of recharge wells and flow barriers on seawater intrusion. Ground Water, 49 
(2): 239–249.  

Mantoglou, A., (2003). Pumping management of coastal aquifers using analytical models of saltwater intrusion, Water Resour. 
Res., 39(12): 1-12  

Mantoglou, A.; Papantoniou, M.; Giannoulopoulos, P., (2004). Management of coastal aquifers based on nonlinear optimization and 
evolutionary algorithms. J. Hydrol., 297: 209-28. 

Mantoglou, A.; Papantoniou, M., (2008). Optimal design of pumping networks in coastal aquifers using sharp interface models. J. 
Hydrol., 361: 52-63. 

Mehdizadeh, S. S.; Vafaie, F.; Abolghasemi, H., (2015). Assessment of sharp-interface approach for saltwater intrusion prediction in 
an unconfined coastal aquifer exposed to pumping. Environ. Earth Sci., 73: 8345-8355. 

Noorabadi, S.; Nazemi, A.H.; Sadraddini, A.A.; Delirhasannia, R., (2017). Laboratory investigation of water extraction effects on 
saltwater wedge displacement. Global J. Environ. Sci. Manage., 3(1): 21-32. 

Park, N.; Cui, L.; Shi, L., (2009). Analytical design curves to maximize pumping or minimize injection in coastal aquifers. Ground 
Water, 47 (6): 797-805. 

Shafiee, R.; Mehdizadeh, S.S.; Gooya, A.S., (2017). Mechanism of controlling seawater intrusion at coastal aquifers using subsurface 
barrier. 10th World Congress of EWRA on Water Resources and Environment. Athens, Greece. 

Sugio, S.; Nakada, K.; Urish, D.W., (1987). Subsurface seawater intrusion barrier analysis. J. Hydraul. Eng., 113 (6): 767–779.  
Todd, D.; Mays, L., Groundwater Hydrology, 2005, John Wiely & Sons, Inc. Third Edition. 
Voss, C.I.; Souza, W.R., (1987). Variable density flow and solute transport simulation of regional aquifers containing a narrow 

freshwater-seawater mixing zone. Water Resour. Res., 23: 1851-1866. 
  


