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In this study, abstraction, desalination and recharge method and SEAWAT 
numerical model are used to investigate seawater intrusion repulsion in a 
hypothetical two-dimensional coastal aquifer to understand the relation of 
seawater intrusion with abstraction, desalination and recharge parameters (i.e. 
abstraction/recharge rate, wells distance and depth). Abstraction, desalination 
and recharge consists of abstraction and desalination of brackish water and 
recharge of desalinated water. The results of different defined scenarios showed 
that increase of recharge rate has a significant effect on the seawater intrusion 
mitigation (e.g. more than 80% variation in saline water volume) while the 
increase of abstraction rate does not have specific impact on seawater recession 
(e.g. less than 3% variation in toe position). The method efficiency in reducing 
seawater intrusion is increased when freshwater is recharged by well at outside 
of saltwater wedge and close to its toe position. Moreover, it is shown that the 
abstraction, desalination and recharge performance has slightly improved when 
the recharge and extraction wells are placed deeper into aquifer and close to 
aquifer bottom (almost 15% for all characteristics of salt wedge). Ultimately, 
dilution of saline water with recharged freshwater will widen the mixing zone but 
as salt wedge recedes toward the sea simultaneously, the mixing zone thickness 
cannot follow the steady reduction trend.
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ABSTRAC T

INTRODUCTION

More than 70% of world population lives in 
coastal zones (Bear et al., 1999). These areas 
are confronting several serious hydrogeological 
problems such as reduction of freshwater storage, 

groundwater pollution and seawater intrusion (SWI) 
(Shi et al., 2011, Werner et al., 2013). The rising 
demand of water supply due to world population 
growth and the increase of life standard has led to 
over-abstraction of natural fresh groundwater that 
followed by further encroachment of saline water 
into coastal aquifers. Tides, waves, climate changes 
and sea level rise are other reasons for the increase 
of SWI (Moustadraf et al., 2008; Werner et al., 2013, 
Shi et al., 2018). Some SWI controlling methods 
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that exist are usually chosen based on the extent of 
saline intrusion, coastal geology, type of water usage 
and economical factor. For example, optimization of 
pumping rates and locations, artificial recharge of 
freshwater, abstraction of saline water and use of 
subsurface barriers are commonly applied to protect 
groundwater resources from contamination of 
seawater (Todd and Mays 2005). Several researches 
have been carried out to investigate the above 
mentioned-methods efficiency (e.g. Cheng et al., 
2000; Mantoglou 2003; Mantoglou et al., 2004; 
Mantoglou and Papantoniou 2008; Park et al., 2009; 
Luyun et al., 2011; Pool and Carrera 2011; Kaleris and 
Ziogas 2013 and Lu et al., 2017). Abd-Elhamid and 
Javadi (2011) presented a cost-effective methodology 
to control SWI called ADR (Abstraction, Desalination 
and Recharge) method. The ADR method consists of 
three steps; abstraction of brackish water from the 
saline water zone, desalination of the abstracted 
brackish water using methods such as reverse osmosis 
and finally recharge of the treated water into aquifer. 
This technique reduces the volume of saline water 
in aquifers and consequently increases the fresh 
groundwater storage. To achieve the above purposes, 
Abd-Elhamid and Javadi (2011) developed a coupled 
transient density-dependent finite element model to 
simulate the groundwater flow and solute transport. 
The model is also integrated with a simple genetic 
algorithm optimization to evaluate the efficiency of 
different scenarios in controlling the SWI problem. 
Three management scenarios are considered in their 
study: abstraction of brackish water, recharge of fresh 
water and combination of abstraction, desalination 
and recharge. The objectives of these management 
scenarios include minimizing the total construction 
and operation cost, minimizing salt concentrations 
in the aquifer and determining the optimal depths, 
locations and abstraction/recharge rates. The 
proposed simulation-optimization model focused 
on showing the efficiency of ADR in controlling SWI 
compared to other methods. However, in terms of 
effectiveness of the method in reducing SWI (e.g. how 
the injected freshwater dilutes the brackish water), 
the total required time for ADR method to be efficient 
and the amount of increased fresh groundwater level 
and volume over time are not discussed in their study. 
Following the same approach, Javadi et al., (2015) 
investigated the efficiency of the new version of 
ADR method distinguished by application of treated 

wastewater (TW) instead of desalinated water for 
recharging purpose. The modified ADR method (ADR-
TW) consists of three steps: abstraction of brackish 
water from saline zone, desalination of abstracted 
brackish water to meet the projected water demand 
(e.g. industrial and agricultural) and recharge of TW 
(i.e. treated waste or contaminated surface water) 
into the aquifer. The new developed simulation-
optimization model applied to Henry’s hypothetical 
aquifer and the results are compared with ADR 
methodology proposed firstly by Abd-Elhamid and 
Javadi (2011). They concluded that the ADR-TW 
provides the least cost in comparison to ADR method 
and the most saltwater retardation in the aquifer 
in comparison to separate recharge or abstraction 
scenarios. Since modelling conceptualization should 
be accomplished first to understand the sensitivity 
of coastal groundwater management (Ketabchi and 
Ataie-Ashtiani 2015), the current study is attempted 
to evaluate the efficiency of ADR method (regardless 
of cost optimization) in combating SWI, in response 
to variations of involved parameters (i.e. abstraction/
recharge rate, wells distance and depth) in a two 
dimensional hypothetical coastal aquifer. Reduced 
volume of seawater, toe position and freshwater- 
seawater mixing zone thickness are measured in 
this study, in response to changes of the extracting/
recharging rates and wells positions. This study has 
been carried out in Tehran, Iran in 2018.

MATERIALS AND METHODS

Finite difference dispersive SEAWAT model
SEAWAT modelling code is developed by Langevin 

et al., (2008) for simulating density-dependent flow 
and solute transport in saturated porous media 
and it has been used by many researchers in recent 
years (e.g. Post et al., 2013; Mehdizadeh et al., 2014; 
Badaruddin et al., 2015, 2017). The flow equation 
is solved with finite difference MODFLOW model 
(Harbaugh 2005) and solute transport equation is 
solved by MT3DMS model (Zheng and Wang 1999). 
SEAWAT couples the flow and transport equations 
through fluid density term. It has been validated 
by Henry, Elder and Hydrocin benchmark problems 
(Langevin et al., 2008).

Two dimensional Hypothetical regional-scale aquifer
A vertical two dimensional large-scale unconfined 

aquifer has been simulated to investigate the influence 
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of depths and locations of abstraction/recharge wells 
and rates of abstraction/recharge used in the ADR 
method in controlling SWI. The aquifer geometry and 
physical properties are adopted from a conceptual 
model that is firstly introduced by Werner and 
Simmons (2009). The homogeneous aquifer is 1000 m 
long and sea level is 30 m (measured from the aquifer 
base: Fig. 1). The 1.0 m width (perpendicular to cross 
section presented in Fig. 1) is considered to apply 
recharge from rainfall and well rates (i.e. abstraction 
and recharge) at cell centre with their units, L/T and 
L3/T, respectively. The soil and fluid parameters used 
in the model are summarized in Table 1.

Time steps for groundwater flow and solute 
transport equation are 10 and 2 days, respectively. 
To choose the proper grid size, it is necessary to 
use acceptable criteria for simulation accuracy and 
mixing zone thickness precision (Diersch and Kolditz 
2002, Goswami and Clement 2007). To achieve the 
goal, Peclet number (Pe) should be less than 4 (Voss 
and Souza 1987). Δx=2.0 m and Δz= 0.5 m satisfied 
the grid size criteria for the current model. The 
total freshwater inflow is subdivided to 60 cells and 
applied to 30 m landward boundary as an artificial 
injection wells. To prevent non-convergence solution 
in transient simulations, a layer at 2.0 m height is 
added to the top of aquifer (i.e. base of layer equals 
to 30.0 m). Specific yield (Sy) applied only to this layer 
as it contains groundwater surface. Specific storage 

(Ss[L
-1]) is assigned to the rest of lower layers cells. 

Flow and solute equations are explicitly coupled and 
Courant number is set to 0.75. Steady and transient 
states are achieved in two stages. The total time for 
the first stage (i.e. before implementing the ADR) is 
200 years. This time should be appropriate and long 
enough for the system to reach the steady-state 
condition. Head and concentration distributions at 
the end of steady state (first stage) are used as the 
initial conditions in the transient simulation. In the 
transient modelling (second stage), the ADR scenario 
is first set and then the model is run under transient 
condition for 50 years. The injected freshwater is 
assumed has no salinity with 1000 kg/m3 of density. 

Fig. 1: The geometry and boundary conditions of hypothetical aquifer model 

 

   
Fig. 1. The geometry and boundary conditions of hypothetical aquifer model

Table 1: The parameters used in the simulation of hypothetical aquifer 
 

Parameters  Values 
Freshwater density, ρf (kg/m3)  1000 
Seawater density, ρs (kg/m3)  1025 
Seawater concentration, C0 (kg/m3)  35 
Seawater initial head, hs0 (m)  30 
Longitudinal dispersivity, αL (m)   1.0 
Transverse dispersivity, αT (m)   0.1 
Hydraulic conductivity, K (m/d)  10 
Porosity, n (‐)  0.35 

Freshwater inflow, Qin (m3/d)  0.12 
Anisotropy ratio  1.0 
Specific storage, Ss (m‐1)  0.0008 
Specific yield, Sy (‐)  0.2 
Rainfall recharge, R(m/d)  5×10‐5 

 
   

Table 1. The parameters used in the simulation of 
hypothetical aquifer
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According to Fig. 1, a sensitivity analysis is performed 
on six parameters: abstraction rate (QA), recharge 
rate (QR), abstraction well distance from shoreline 
(LA), recharge well distance from shoreline (LR), 
abstraction well depth (DA) and recharge well depth 
(DR) (depths are measured from sea level). Definition 
of these six parameters is presented in Fig. 1. Fifteen 
different management scenarios are defined based 
on number of variables and available positions of 
wells considering the limitation of aquifer geometry 
due to amount of intruded seawater (Table 2). The six 
main parameters are made dimensionless for better 
comparison according to Table 3.

Three parameters as the ADR efficiency indicators 
have been measured to compare scenarios output: 
1) salt wedge toe position (Xt [L]), which is the 
intersection position of 0.5C0 salinity contour line and 
aquifer bed (Luyun et al., 2011; Morgan et al., 2013), 
2) The amount of saline and brackish water volume 
that remains in the aquifer (Vs [L3]), where salinity 
concentration is greater than 0.05C0 and 3) The 
average mixing zone thickness (Wt [L]). Wt is defined 
by salinity concentration greater than 0.05C0 and less 
than 0.95C0, which can be achieved by dividing the 
mixing zone area (At [L

2]) to the mixing zone length (Lt 
[L]). The Lt parameter is considered to be the distance 
of 0.5C0 contour line at top and bottom of aquifer. Lu 

et al., (2013) bounded the At by 0.1C0 and 0.9C0 and 
Kaleris and Ziogas (2013) used a less than 0.014C0 
criterion as an index for freshwater definition. In 
this study, the At domain is extended to the zone 
with salinity greater than 0.05C0 and less than 0.95 
C0. Xt and Vs are made dimensionless to simplify the 
comparison as described by Eqs. 1 and 2.

Xr = �
Xt0 − Xt

Xt0
� × 100 			             (1)

𝑉𝑉𝑟𝑟𝑟𝑟 = (
𝑉𝑉𝑠𝑠0 − 𝑉𝑉𝑠𝑠
𝑉𝑉𝑠𝑠0

) × 100  			               (2)

Where, Xt0 and Vs0 are respectively the salt wedge 
toe position and the saline volume extent at the end 
of steady-state simulation (i.e. before applying ADR).

Table 2: Different management scenarios used to evaluate the efficiency of ADR 
 
 

Scenario  LA(m)  LR(m)  QA(m3/d)  QR(m3/d)  DA(m)  DR(m) 

1  50  670  0.4  0.1  30  30 

2  50  670  0.25  0.2  30  30 

3  50  670  0.4  0.3  30  30 

4  50  670  0.4  0.2  30  30 

5  100  670  0.25  0.2  30  30 

6  100  870  0.25  0.2  30  30 

7  100  400  0.25  0.2  30  30 

8  100  200  0.25  0.2  30  30 

9  50  670  0.3  0.2  30  30 

10  50  670  0.5  0.2  30  30 

11  50  400  0.4  0.3  15  30 

12  50  200  0.4  0.3  30  15 

13  50  200  0.4  0.3  15  15 

14  50  400  0.4  0.3  15  15 

15  50  400  0.4  0.3  15  5 
 

   

Table 2. Different management scenarios used to evaluate the efficiency of ADR

Table 3: List of dimensionless parameters introduced in ADR method  
 
 

Symbol Dimensionless parameter 
PAL LA/Laq 
PRL LR/Laq 
PAQ QA/Qin 

PRQ QR/Qin 

PAH DA/H 
PRH DR/H 

Laq is aquifer length and H is aquifer height at 
the vicinity of the shoreline

 
 

Table 3. List of dimensionless parameters 
introduced in ADR method
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RESULTS AND DISCUSSIONS

Distance of abstraction and recharge wells from sea
Analyses of different abstraction and recharge 

wells distance from the sea boundary are presented 
in Fig. 2. According to Fig. 2 (a) to (c) that show 
the comparison results of scenario 2 with PAL=0.05 
and scenario 5 with PAL=0.1, the larger the distance 
of abstraction well’s position from the coastline, 
the better ADR efficiency is produced. Although 
the differences in the results are not significant, 
especially for early times, but having the abstraction 
well closer to available Xt0 (i.e. 557 m) may pull the 
saline water at vicinity of the toe towards the well 

and causes faster movement of replacing freshwater. 
More dilution then occurs and seaward saltwater 
wedge movement is more obvious. Fig. 2(b) shows 
that pulling the saline water towards the well that is 
located at the outside of salt wedge causes thicker 
mixing zone, even though the volume of freshwater 
is increased continuously due to freshwater-brackish 
water dilution. In reality, most desalination plants 
are placed close to the shoreline to directly purify 
the saline water from sea instead of aquifer. Thus, 
having the desalination plants placed farther from 
the shoreline may limit the plants to be working 
maximally. Considering multi-objective usage of 

 
Fig. 2: The ADR efficiency (a), (b) and (c) for different abstraction well distance from shoreline and (d), (e) and (f) 

for different recharge well distance from shoreline 
   

Fig. 2. The ADR efficiency (a), (b) and (c) for different abstraction well distance from shoreline and (d), (e) 
and (f) for different recharge well distance from shoreline
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desalinated water, farther placement of abstracted 
well elevates the risk of permanent saline water to 
be purified. The results of scenarios 5, 6, 7 and 8 
respectively with PRL equal to 0.67, 0.87, 0.4 and 0.2, 
are shown in Fig. 2 (d), (e), (f) for different recharge 
well distance from the shoreline. The recharge wells 
in scenario 7 and 8 are placed at the inside of the salt 
wedge. It is observed that the adjacency of recharge 
well and the shoreline disconnects a big part of 
seawater from the sea. The injected freshwater 

between two separated saline water moves upward 
significantly instead of lateral, due to density-driven 
flow phenomenon. This creates a broad mixing zone 
as long as the trapped saline water is gradually faded 
(see the blue line in Fig. 2(e) for scenario 7). Hence, 
in general, effective seawater repulsion is achieved 
when freshwater is injected at the outside of the 
saltwater wedge. The ADR efficiency is almost the 
same for two outside recharge well scenarios with 
different distance to toe position but with equal 

 

 
Fig. 3: The ADR efficiency (a), (b), (c) for different abstraction rate and (d), (e) and (f) for different recharge rate 

   
Fig. 3. The ADR efficiency (a), (b), (c) for different abstraction rate and (d), (e) and (f) for different recharge rate
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recharge rate (i.e. scenario 5 and 6). This could be 
attributed to the velocity magnitude of injected 
freshwater. It is found that, the vertical component 
velocity of injected freshwater flow is almost equal 
around recharge wells in these two scenarios, but 
farther well gets more pulse from land boundary and 
has bigger horizontal velocity component. Therefore, 
it can compensate its farther distance. 

The adjacency of abstraction well and recharge 
well was noticed beneficial for ADR because the salt 

wedge is more receded at early times of simulation. 
However, in regards to the radius of influence (Re) of 
both wells, if the distance between the two wells is 
shorter than Re, some of injected freshwater from 
neighbouring well may appear at abstraction well. 
That reduces the ADR efficiency.

Rate of abstraction and recharge
Fig. 3 (a), (b) and (c) present the sensitivity of ADR 

efficiency to different abstraction rates. For scenarios 

 
 

Fig. 4: The ADR efficiency (a), (b), (c) for different depth of abstraction well and (d), (e) and (f) for different depth 
of recharge well 

   

Fig. 4. The ADR efficiency (a), (b), (c) for different depth of abstraction well and (d), (e) and (f) for different depth of recharge well
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2, 4, 9, 10, the PAQ values obtained equal to 2.1, 3.3, 
2.5 and 4.2, respectively. It is found that the increase 
of abstraction rate does not have particular impact on 
seawater recession. This is because of the nature of 
seawater flow to maintain the equilibrium condition. 
As more seawater extracted from the well, more 
seawater departs from the sea and replaces the 

abstracted saline water in the aquifer. However, as the 
abstraction well gets farther from sea, the salt wedge 
repulsion is more obvious as discussed in the previous 
section. The results of scenarios 1, 3 and 4 with PRQ of 
0.85, 2.5 and 1.7, respectively, representing different 
rates of recharge well are shown in Fig. 3 (d), (e) and 
(f). These figures demonstrate that the increase of 

 
Fig. 5: (a) steady state SWI before ADR, (b), (c) respectively after 10 and 20 years of transient ADR 
modeling of scenario 8, (d) and (e) respectively after 10 and 25 years of transient ADR modeling of 
scenario 15. Solid black and white rectangular indicate recharge and abstraction wells respectively 

 

Fig. 5. (a) steady state SWI before ADR, (b), (c) respectively after 10 and 20 years of transient ADR modeling of scenario 8, (d) and (e) 
respectively after 10 and 25 years of transient ADR modeling of scenario 15. Solid black and white rectangular indicate recharge and 

abstraction wells respectively
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recharge rate causes significant improvement of 
SWI repulsion (i.e. the Vrs values obtained are 36%, 
59% and 72% respectively for scenarios 1, 3 and 4). 
The injected freshwater elevates the groundwater 
level in the inland site. More injected freshwater 
leads to higher groundwater level and consequently 
means higher hydraulic gradient towards the sea. 
For instance, the head value was 30.86 m at land 
boundary under steady-state condition. After 50 
years of transient simulation of applying ADR, the land 
boundary head changed to 31.04, 31.46 and 31.24 m 
for 1, 3 and 4 scenarios, respectively. Higher hydraulic 
gradient at scenario 3 leads to better performance of 
ADR method in combating SWI. 

Depth of abstraction and recharge well
Fig. 4 (a), (b) and (c) show the effect of different 

abstraction well’s depth on ADR performance. For 
scenarios 12 and 13, the PAH values obtained equal 
to 1.0 and 0.5 respectively. It is shown that better 
result is observed when the well is placed deeper into 
aquifer. This could be attributed to shorter distance to 
toe position and more access to seawater according 
to Re for deep abstraction scenarios. The sensitivity 
of ADR efficiency to different recharge well depth is 
presented in Fig. 4 (d), (e) and (f). The graphs are the 
results of modelling scenarios 11, 14 and 15 with PRH 
values of 1.0, 0.5 and 0.17 respectively. It is found 
that inserting the recharge well close to the aquifer 
bottom has slightly improved the ADR performance. 
An unstable condition occurs when freshwater is 
recharged deep into aquifer because freshwater with 
lower density is overlaid by the denser seawater. 
This unbalanced condition immediately converts to 
a stable condition as freshwater moves upward to 
upper layers.

Among Vrs, Xr and Wt that are presented in Figs. 2, 
3 and 4, Wt values showed sharp variations especially 
for scenario 8 and 15 presented in Fig. 2 (f) and 4 (e), 
respectively. It is found that dilution of saline water 
with recharged freshwater tends to widen the mixing 
zone, at least at initial times. Simultaneously, salt 
wedge recedes toward the sea and gradually fades. 
These two phenomena have direct impact on mixing 
zone area (At) and its length (Lt), which makes Wt to 
behave irregularly. In cases where recharge well is 
placed at the inside of the salt wedge, the irregularity 
and scattered shape of mixing zone is more obvious 
as freshwater divided the salt wedge into two parts, 

land and seaside parts, and it is infeasible to compute 
Wt as a unique shape. To clarify the concept, SWI is 
depicted for two consecutive times of scenarios 8 
and 15 in Fig. 5. The final extent of Wt under steady-
state condition before ADR implementation was 6.1 
m. According to Fig. 5 (b), after 10 years of scenario 
8 modelling, wide mixing zone is formed around 
the recharge well while the mixing zone is narrower 
around the salt wedge toe. The measured Wt was 
11.0 m at this time. Then while the thick mixing zone 
is gradually damped, the salt wedge is divided into 
two pieces, the Lt (i.e. the sum of two individual 
lengths) is reduced and consequently the magnitude 
of Wt increases to 13.9 m (Fig. 5 (c)). For scenario 15, 
after 10 years of simulation, the mixing zone had long 
Lt but gradually the length is shortening (Fig. 5 (e)) 
because Xt is receded. That led to the increase of Wt 
from 6.0 m to 7.1 m.

CONCLUSION

Encroachment of seawater into coastal aquifers 
has become a critical issue for regions where 
groundwater constitutes the main source of water 
supply. In this study, the mechanism of ADR method 
(i.e. Abstraction, Desalination and Recharge) to 
control seawater intrusion (SWI) is investigated. To 
understand the influence of involved parameters 
(i.e. abstraction and recharge rate, abstraction and 
recharge well distance from shoreline, abstraction 
and recharge well depth) on transient volume of 
freshwater, mixing zone thickness and salt wedge toe 
retreat, a hypothetical large-scale unconfined aquifer 
is selected. Simulations are carried out in transient 
mode by SEAWAT dispersive code. It is found that 
the change in depth of abstraction and recharge 
well when they are not in proximity of salt wedge 
toe has a minimum effect on the ADR efficiency. 
That is due to upward movement of freshwater with 
lower density. It is shown that increasing abstraction 
well’s distance from the shoreline increased the 
ADR efficiency. However, the distance is subjected 
to some limitations (e.g. the higher cost for water 
conveyance). Abstraction well should not be too 
close to recharge well and could not be out of 
the salt wedge. For effective seawater repulsion, 
recharge well should be drilled at the outside of the 
saltwater wedge and close to its toe position. It is 
finally demonstrated that broad and irregular mixing 
zone may form after freshwater recharge in scenarios 
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where recharge well is situated inside the salt wedge 
or the recession progress occurs rapidly. Further 
researches are required for real aquifers about the 
needed time for ADR method to be effective. Cost 
analysis should also be undertaken to ascertain the 
competitiveness of the method in comparison to 
other available techniques.
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ABBREVIATIONS

ADR Abstraction, desalination and recharge

At [L
2] Mixing zone area

C [M/L3] Saline water concentration

C0 [M/L3] Seawater concentration

DA [L] Abstraction well depth

DR [L] Recharge well depth

H Aquifer height

hs0 Seawater initial head

K (L/T) Hydraulic conductivity

L Length scale

LA[L] Abstraction well distance from shoreline

Laq Aquifer length

LR [L] Recharge well distance from shoreline

Lt [L] Mixing zone length

M Mass scale

n Porosity

PAH Dimensionless parameter of abstraction 
well depth

PAL Dimensionless parameter of abstraction 
well distance 

PAQ Dimensionless parameter of abstraction 
rate

Pe Peclet number 

PRH Dimensionless parameter of recharge 
well depth 

PRL Dimensionless parameter of recharge 
well distance

PRQ Dimensionless parameter of recharge rate 

QA [L3/T] Abstraction rate

Qin (L
3/T) Freshwater inflow

QR [L3/T] Recharge rate

R (L/T) Rainfall recharge

Re [L] Radius of influence

Ss [L
-1] Specific storage

Sy Specific yield 

SWI Seawater intrusion

T Time scale

TW Treated wastewater

Vrs Dimensionless parameter of saline water 
volume

Vs [L
3] Saline water volume 

Vs0 [L
3] Steady-state saline volume extent

Wt [L] Average mixing zone thickness 

Xr Dimensionless parameter of toe position

Xt [L] Salt wedge toe position

Xt0 [L] Steady-state salt wedge toe position

αL (L) Longitudinal dispersivity

αT (L) Transverse dispersivity

Δx (L) Cell size in x direction

Δz (L) Cell size in z direction

ρf (M/L3) Freshwater density

ρs (M/L3) Seawater density
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