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Abstract 9 

In this study, after simulating five years of saltwater intrusion with SEAWAT package in 10 

Astaneh-Kouchesfahan coastal aquifer, Iran, 19 strategies, including managerial, structural, and 11 

combined strategies, were investigated to reduce the saltwater intrusion. Since managerial 12 

solutions cause users’ dissatisfaction and structural solutions increase the costs, two-player game 13 

theory was used to identify the most appropriate solution. According to the results obtained from 14 

game theory, the two strategies of artificial recharge and underground dam had the greatest impact 15 

on preventing the saltwater intrusion with the highest satisfaction of stakeholders, so that they 16 

decreased the saltwater intrusion from 740 m by 150 and 300 m, respectively, after five years. 17 

Therefore, the combined simulator-optimizer method presented in this study can evaluate various 18 

solutions, and the most appropriate solution can be proposed with the lowest cost and maximum 19 

satisfaction for the sustainable management of coastal aquifers.  20 

Keywords: Costal aquifer, Seawater intrusion, Groundwater management, Numerical simulation, 21 

Optimization. 22 

1. Introduction 23 

Today, seawater intrusion into aquifers has become a common phenomenon globally, 24 

especially in arid and semi-arid coastal areas due to relatively low precipitation, population growth, 25 

and consequently increased groundwater consumption (Petalas et al., 2009; Christelis and 26 

Mantoglou, 2019; Javadi et al., 2020). In recent years, in many coastal areas, excessive exploitation 27 

of aquifers has undesirably affected the balance of many of them (Werner et al., 2013). Even the 28 

results of some studies show that due to the complex geological connections, this over-exploitation 29 
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of groundwater near the coasts or even far from them can lead to saltwater intrusion from the 30 

exploitation wells into the aquifer (Knight et al., 2018; Yu and Micheal, 2019a). On the other hand, 31 

rising sea levels due to global warming have further caused the instability and salinization of 32 

aquifers (White et al., 2005; Woodworth et al., 2009; Sanford and Pope, 2010). Under these 33 

conditions, even pumping saline groundwater to desalinate the aquifer not only does not solve the 34 

problem but also causes a freshwater-saltwater interface to move towards the aquifer (Stein et al., 35 

2019). Therefore, it is necessary to determine the optimal pumping rate, especially in coastal areas, 36 

to conserve the strategic freshwater resources of coastal aquifers using a combination of simulation 37 

models and optimization techniques. On the other hand, rehabilitation of saline aquifers by 38 

biological, chemical, and physical techniques is very cost- and time-consuming, and sometimes 39 

impossible due to the degree of salinity intrusion (Hussain et al., 2019). In other words, the least 40 

costly way to stop or reduce the process of salinity intrusion is to determine the optimal amount of 41 

freshwater pumping so that farmers bear the lowest resulting damage. 42 

Since simulation models and optimization techniques alone cannot solve such problems, in 43 

many studies, the combination of simulators and optimizers has been used to determine the optimal 44 

pumping rate of coastal aquifers (Mantoglou, 2003; Zhou et al., 2003; Uddameri and Kuchanur, 45 

2007; Javadi et al., 2012; Singh, 2014; Malmir et al., 2021). 46 

Research on numerical models to simulate the interface limit and saltwater intrusion rate has 47 

increased over the past two decades. In these studies, in the first stage, the groundwater flow model 48 

is simulated, and in the next stage, the intrusion of saltwater is simulated by coupling the 49 

groundwater flow model to the salinity transfer model (Park & Aral, 2004; Narayan et al., 2007). 50 

Numerical models are highly effective in simulating saltwater intrusion, especially when the 51 

transition zone is very thick (Llopis-Albert & Pulido-Velazquez, 2014). In these models, in 52 

addition to simulating saltwater intrusion, scenarios such as reduced exploitation from pumping 53 

wells, climate change, and structural measures have been implemented to improve aquifer 54 

conditions (Luyun et al., 2011; Lu et al., 2013; Sherif et al., 2013; Qu et al., 2014; Filippis et al., 55 

2016; Abdoulhalik and Ahmed, 2017; Yu and Micheal, 2019b; Tang et al., 2020). 56 

Despite the widespread use of numerical models in simulating saltwater intrusion as well as 57 

various scenarios to reduce this intrusion, the issues related to saltwater intrusion management are 58 

still a problem for coastal aquifers. The most important limitation of the above-mentioned studies, 59 

which only rely on simulation, is facing many simulation scenarios and the lack of a managerial 60 



decision based on technical, economic, and social issues. Therefore, it seems essential to manage 61 

the saltwater intrusion into coastal aquifers by combining a large number of simulations by 62 

numerical models and identifying the most appropriate decision from the simulation scenarios by 63 

optimizing models (Singh, 2014). For example, when it is necessary to use various scenarios of 64 

exploitation reduction in exploitation wells (e.g., by 1%, 2%, 3%, etc.), an optimization model 65 

should determine the maximum possible exploitation volume from the aquifer to protect the 66 

aquifer from the intrusion of saltwater while maximizing the exploitation from wells. 67 

In this regard, according to the type of aquifer’s limitations and problems, many studies have 68 

been conducted with different objective functions, such as maximizing the exploitation pumping, 69 

minimizing the level drop, minimizing the volume of saltwater intrusion into the aquifer, and 70 

minimizing the pumping costs (Finney et al., 1992; Hallaji and Yazicigil, 1996; Emch and Yeh, 71 

1998; Das and Datta, 1999; Karterakis et al., 2007; Skiborowski et al., 2012).  72 

According to the literature review, optimal strategies to reduce saltwater infiltration into the 73 

aquifer can be divided into conventional methods, physical barriers, and hydraulic barriers 74 

(Hussain et al., 2019). Conventional methods are non-structural solutions, including pumping 75 

scenarios (Sherif et al., 2013) and relocating wells. Moreover, the optimal methods of the second 76 

and third categories, which are mainly structural, include a subsurface barrier, land reclamation, 77 

and artificial recharge (Hussain et al., 2019). 78 

Despite many studies on combined simulation-optimization methods to reduce saltwater 79 

intrusion into coastal aquifers and introduce an optimal strategy, the research still suffers from two 80 

main limitations. The first limitation is that all the proposed strategies are presented regardless of 81 

the satisfaction of the stakeholders or farmers of the region. In other words, the proposed strategies 82 

are top-down and solid and can cause dissatisfaction among farmers, which will ultimately reduce 83 

their success rate. The second limitation is that the economy of the proposed strategies has not 84 

been analyzed by optimization models, and they impose a heavy financial burden on the farmer or 85 

the government in many cases. 86 

Therefore, in this study, for the first time, the most appropriate scenario or strategy is 87 

identified using cooperative game theory (considering government and farmers as the players) 88 

based on economic and social indices. To do this, a combination of the simulation model with 89 

SEAWAT and game theory optimization model has been used in Astaneh-Kouchesfahan, as one 90 



of the coastal aquifers in Iran and the center of tourism and agriculture (rice crop). Finally, the 91 

proposed strategies will be investigated by analyzing economic and social indices. 92 

2. Materials and methods  93 

2.1. Methodology 94 

One of the fundamental challenges in coastal aquifers is the reduction of groundwater level 95 

due to increased exploitation and the consequent reduction of the hydraulic gradient of the flow in 96 

part leading to the sea. The result is the saltwater intrusion with greater density from the bottom 97 

of the aquifer to its center. This phenomenon gradually causes land reclamation and degradation 98 

of the quality of exploitation wells in these areas, and its continuation can even destroy essential 99 

parts of the aquifer. Therefore, developing appropriate treatment strategies to control this 100 

environmental problem requires the participation of all stakeholders using a cooperative game 101 

model. Figure 1 depicts the flowchart of this research. In the first step, after collecting statistics 102 

and information of the region, the quantitative and qualitative status of the aquifer was simulated 103 

using the MODFLOW and MT3D codes, respectively, in the GMS software environment. In the 104 

next step, using the SEAWAT numerical model, saltwater intrusion in the aquifer outlet was 105 

determined in three dimensions. To provide practical strategies, several indices were defined for 106 

the parties of a non-cooperative two-player game model. The economic and social satisfactions 107 

were considered as the indices of the farmers of the region. Moreover, the improvement of the 108 

qualitative conditions of the aquifer and the costs of implementing the strategies for water 109 

resources treatment were considered as the indices of the government. These indices were applied 110 

based on a weighting method in the game model, and finally, the appropriate strategies to reduce 111 

saltwater intrusion were evaluated in achieving the minimum cost and the highest level of social 112 

satisfaction.  113 

 114 

 Figure 1. Research flowchart  115 

2.2. Study area 116 

The southern region of the Caspian Sea in Iran has had the most significant potential in the 117 

agricultural sector and the tourism industry of this country. However, in recent years, due to 118 

excessive and unstable development, it has faced a remarkable increase in the exploitation of its 119 



groundwater resources. The Astaneh-Kouchesfahan aquifer (48°48’- 50°25’ N, 37°0’-39°50’) is 120 

located in a humid climate with an average precipitation of 1500 mm. Most of the groundwater 121 

and surface water resources in this area are utilized in agriculture, and more specifically, rice 122 

cultivation. With an area of 1300 km2, it is an alluvial aquifer that is confined in the southwestern 123 

parts. This aquifer extends from Sefidroud alluvial fan to the sea, and except for the younger 124 

alluviums, which are located in the surface part of the alluvial fan, the alternation of fine-coarse 125 

grained elements or all fine-grained elements are seen in other parts of the plain. On the other hand, 126 

heavy precipitation in this area, which even reaches 1600 mm in some places, is an essential factor 127 

in aquifer recharge. However, in most parts of the Astaneh plain, despite the high volume of 128 

alluvial areas, groundwater exploitation is not easy due to the presence of fine-grained deposits. 129 

The geological formations that outcrop from Precambrian to Quaternary include various 130 

rocks and deposits such as limestone, shale, sandstone, conglomerate, and inner and outer igneous 131 

rocks, as well as various types of destructive deposits such as sand, gravel, and coastal deposits 132 

(Figure 2). The Astaneh-Kouchesfahan aquifer is not structurally integrated and includes changes 133 

according to the geological structure and stratification. According to geophysical studies 134 

conducted in the region, the minimum and maximum alluvial thicknesses are 100 and 250 m, 135 

respectively. The bedrock of the plain is a lake deposit, the thickness of which reaches up to 1000 136 

m according to the available information. During exploratory studies, including drilling eight 137 

exploratory wells, the transmissivity in this plain is estimated between 100 to 6000 m2/day, and 138 

the average storage coefficient is 2%. The water level in this plain generally varies between 1 to 4 139 

m. The water resources balance in this area shows that more than 41 MCM are extracted annually 140 

through wells in the region, which has caused a drop in groundwater level in the outlet sections of 141 

the aquifer that leads to the sea. This drop in the aquifer in the outlet section has changed the 142 

hydraulic gradient and reduced the volume of groundwater outflows. This has caused the saltwater 143 

intrusion from the sea to the coastal areas due to the higher density of the seawater in the outlet 144 

section. 145 

Figure 2. Study area  146 

 147 

2.3. Simulation of saltwater intrusion 148 



In this study, to simulate saltwater intrusion, it was first necessary to simulate groundwater 149 

flow using MODFLOW and then simulate concentration changes using MT3D, and finally, 150 

simulate saltwater intrusion due to changes in water density. To simulate water flow under the 151 

influence of density changes, the SEAWAT model was used to analyze the density changes. 152 

According to Eq. (1), the flow is simulated under the influence of density change 153 

(1) 

𝜕𝜕𝑥 [𝜌𝐾𝑥(𝜕ℎ𝑓𝜕𝑥 + 𝜌 − 𝜌𝑓𝜌𝑓 𝜕𝑍𝜕𝑥] + 𝜕𝜕𝑦 [𝜌𝐾𝑦(𝜕ℎ𝑓𝜕𝑦 + 𝜌 − 𝜌𝑓𝜌𝑓 𝜕𝑍𝜕𝑦] + 𝜕𝜕𝑧 [𝜌𝐾𝑓(𝜕ℎ𝑓𝜕𝑧 + 𝜌 − 𝜌𝑓𝜌𝑓 𝜕𝑍𝜕𝑧]
= 𝜌𝑆𝑓 𝜕ℎ𝑓𝜕𝑡 + 𝜃 𝜕𝜌𝜕𝐶 𝜕𝐶𝜕𝑡 − 𝑝𝑠𝑞𝑠 

where x, y, and z are flow directions, Kx, Ky, and Kz are hydraulic conductivity in flow directions 154 

(LT-1), Sf is storage coefficient in the freshwater aquifer (L-1), hf is equivalent of water level in the 155 

freshwater aquifer, θ is effective porosity, ρ is the density of the saltwater, ρf is the density of the 156 

freshwater, ρs is the density of inlet water from a source, qs is the volumetric velocity rate per unit 157 

volume of the aquifer (T-1), C is the concentration of saltwater (LT-3), and t is time.  158 

After simulating the flow and concentration using MODFLOW and MT3D models, the 159 

saltwater intrusion simulation from a saltwater resource (such as the sea) to a freshwater resource 160 

was performed simultaneously based on hydraulic gradients of the water density changes. This 161 

simulation was performed using the SEAWAT model and defining the aquifer outlet boundary in 162 

the coastal strip based on changes in concentration and density. Eq. (2) shows the numerical 163 

analysis of the simulation due to changes in concentration and density in the coastal aquifer 164 

simultaneously 165 

(2) [1 + 𝜌𝑏𝐾𝑑𝜃 ] 𝜕(𝜃𝐶𝑘)𝜃𝑡 = 𝜕𝜕𝑥𝑖 [𝜃𝐷𝑖𝑗 𝜕𝑐𝑘𝜕𝑥𝑗  ] − 𝜕𝜕𝑥𝑖 [𝜃𝑣𝑖𝑐𝑘 ] + 𝑞𝑠𝑐𝑠𝑘  + ∑ 𝑅𝑛 

where ρb is apparent density (ρb=Ms/Vt), Kd is linear absorption coefficient (distribution 166 

coefficient), θ is porosity (dimensionless), ck is the concentration of solution k, T is time, xi,j is the 167 

distance along with the Cartesian coordinates, Dij is the tensor of hydrodynamic diffusion 168 

coefficient, vi is water velocity in a porous medium or Darcy flow velocity, qs is the volumetric 169 

velocity rate per unit volume of the aquifer, and ∑Rn, is the unit of the chemical reaction. 170 

According to Eq. (2) and figure 3, several variables, such as saltwater density, freshwater 171 

density in the coastal strip, hydraulic conductivity in the coastal strip, chloride (Cl-) concentration, 172 

and the slope of concentration change gradient, were required to simulate the interface limit of 173 



saltwater and freshwater along the length and depth of the coastal strip and the intrusion of 174 

saltwater. 175 

 176 

Figure 3. A schematic figure shows the conception of the saltwater intrusion approach with density and 177 

initial concentration of Chloride (mg/l) conceptual model of the aquifer  178 

2.3.1. Conceptual model 179 

The first step to simulate the saltwater intrusion into the groundwater aquifer was to prepare 180 

a conceptual model of the aquifer, including boundary conditions, surface grids, depth and limit 181 

of the interface, and its geological structure. Since the SEAWAT model structure considers the 182 

nature of saltwater intrusion from the sea in three dimensions, the third dimension in the depth of 183 

the aquifer was designed in five layers according to the thickness of the aquifer in the aquifer outlet 184 

(coastal strip). Since stratification is essential in high depths, the size of each grid cell was 185 

considered 1000 by 1000 m on the surface and 2.5 m in depth. The number of cells and layers 186 

considered in the aquifer depth was according to the aquifer thickness in the coastal area. A 187 

quantitative model (i.e., MODFLOW) and a qualitative model (i.e., MT3D) of the aquifer were 188 

prepared to simulate saltwater intrusion by the SEAWAT package. The period of quantitative and 189 

qualitative modeling was considered five years from 2012 to 2017. Modules considered in the 190 

MODFLOW code included inlet and outlet groundwater fronts of GHB type, aquifer recharge 191 

(from return water and infiltration of precipitation and runoff), and discharge (from exploitation 192 

wells). In the next step, the coastal strip (Figure 4) was simulated using MT3D and SEAWAT 193 

qualitative models in order to investigate the intrusion of saltwater fronts in the aquifer outlet. 194 

Advection and dispersion processes were used to simulate the transfer of solutes during the 195 

simulation with the MT3D model. For qualitative simulation according to the intrusion of 196 

saltwater, the chloride (Cl-) was selected as a qualitative variable. After determining the boundary 197 

conditions in quantitative modeling, the boundary conditions of the qualitative conceptual model 198 

of the aquifer were defined based on the fronts of chloride concentration entering the aquifer. 199 

According to Figure 4, three inlet fronts, including the aquifer surface (recharge from the return 200 

water, I1), the concentration of saltwater entering from the coastal strip (GHB boundary layer at 201 

the end of the aquifer, I2), and the concentration entering from the inlet boundary of groundwater 202 



flow (GHB boundary layer at the beginning of aquifer, I3), were considered in the qualitative 203 

conceptual model. 204 

After qualitative simulation using the MT3D model and determining the changes in chloride 205 

concentration and how it enters the aquifer, the SEAWAT model was used to determine the amount 206 

of intrusion into the aquifer as a measure of freshwater and saltwater interface limit. In this model, 207 

the boundary of saltwater fronts versus the boundary of freshwater fronts was defined as GHB 208 

based on the MT3D model’s results. The VDF package was used In the SEAWAT model to 209 

determine the initial concentration of chloride in the aquifer (freshwater) and the concentration of 210 

chloride in saltwater, as well as the density of saltwater and freshwater. According to the available 211 

information, the average density of saltwater in the outlet of the aquifer is 1025 kg/m3, while the 212 

salt concentration is 33 kg/m3. Therefore, the change in density/concentration slope, which is 213 

introduced as DRHODC, was obtained using Eq. (3). 214 

(3) Density consentration⁄ . slop(DRHODG): 1025(kg/m ) − 1000(kg/m3 )33(kg/m3 ) − 0(kg/m3 ) = 0.75 

Similar to the MODFLOW quantitative and MT3D qualitative models, the simulation period was 215 

considered three years to determine the advancement of saltwater.  216 

 217 

Figure 4. Study area and the conceptual model of the aquifer  218 

2.4. Developing a conflict resolution model  219 

One of the essential aspects of groundwater resources management is decision making and 220 

providing solutions with a view to sustainable development. In other words, water supply and 221 

maintaining the quantity and quality of the aquifer at the lowest cost and the highest level of social 222 

satisfaction is one of the most important goals of groundwater resources management (Thomann 223 

et al., 2020). On the other hand, these goals are feasible when all stakeholders and government are 224 

involved in the decision-making process. Of course, this makes the decision-making conditions 225 

very difficult due to the multiplicity of decision-makers and their views and even causes conflicts. 226 

Therefore, in such circumstances, all the desirability, disagreements, and relative power of 227 

decision-makers should be considered in providing the final solution. There are several methods 228 

to develop conflict resolution models. The Nash conflict resolution theory is one of the methods 229 

of game theory that involves disagreements and the risk of the presence of the participants or 230 



players. Nash proves that if H is a convex, closed, and finite function, there will be only one 231 

solution (φ(H,d)) for the conflict resolution, which is obtained by solving the optimization problem 232 

of Eq. (4) 233 

(4) 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒: ∏(𝑓𝑖 − 𝑑𝑖)𝑐𝑖𝑁
𝑖=1               ;   𝑐𝑖 > 0 

𝑠. 𝑡:           𝑑𝑖 ≤ 𝑓𝑖 ≤ 𝑓𝑖  (𝑖 = 1,2, … , 𝑁) (𝑓1, … , 𝑓𝑛) ∈ 𝐻 

Where f-
i is the maximum desirability that can be involved with the player i, and c1, c2, …, ci 234 

represent the relative weight of the stakeholders and the relative power of the decision-makers. In 235 

the case of implementing a cooperative game between the parties, all these coefficients will be 236 

equal to 1. In contrast, in non-cooperative game models and having relative power, these 237 

coefficients will have different values, and their sum equals 1. 238 

One of the essential parts of game model development is defining indices for evaluations 239 

and final decision-making. These indices are defined based on the goals and desires of the game 240 

parties. As a party to the game, the stakeholders of the region generally use the exploited 241 

groundwater resources for agricultural purposes. If the groundwater exploitation is reduced by the 242 

other side of the game, the farmers’ economy will face critical problems, and social conflicts such 243 

as unemployment or rebellion will occur. Therefore, the most important index to assess the 244 

evaluation of the farmer as a player in the game model is socio-economic satisfaction. On the other 245 

hand, over-exploitation reduces the groundwater level in the aquifer and decreases the quality of 246 

the aquifer due to saltwater intrusion. Therefore, to balance the aquifer, an index can be considered 247 

for the governmental custodians of water supply as the player of the other side of the game: 248 

improving the qualitative condition of the aquifer. Moreover, as the custodian of the water supply, 249 

the government should spend money to maintain the sustainable use of the aquifer. Therefore, an 250 

economic index can also be considered as an index of the cost of aquifer sustainability for the 251 

government. Therefore, in total, an index (socio-economic satisfaction) for the stakeholders in the 252 

region and two indices (improving the qualitative status of the aquifer and the cost of aquifer 253 

sustainability) for the government were defined in this study. 254 

2.4.1. Socio-economic satisfaction.  255 



Satisfaction is a concept derived from economic development, and this development occurs when 256 

poverty and its symptoms are removed from society. This is seen when the fair distribution of 257 

resources is conducted to increase the welfare of society (Keane et al., 2008). To define an index 258 

for measuring satisfaction, the real stakeholders should first be identified, and their satisfaction 259 

should then be evaluated. The social satisfaction index defines as stakeholders’ participation in 260 

groundwater management, education and information, law, equitable allocation, and social justice. 261 

The PI combined index is used to develop an appropriate socio-economic index in evaluating 262 

coastal aquifer treatment strategies (Castilla-Rho et al., 2019). This index is a combination of three 263 

scores: economic, institutional, and social. The economic score is directly proportional to the gross 264 

margin of crop production and includes costs related to the area under cultivation and pumping. 265 

The institutional score is defined as the percentage of satisfaction (0-100%) in implementing 266 

treatment strategies. Social score involves evaluating the rate of exit from the project by the 267 

stakeholders. This score measures the degree of non-cooperation with the governmental custodians 268 

to implement the treatment strategies (non-acceptance of the rules). Accordingly, this index is 269 

defined as Eq. (5) (Castilla-Rho et al., 2019). 270 

(5) PI=E×I×S  

2.4.2. Aquifer qualitative sustainability. 271 

 Since the aquifer outlet in the coastal area is affected by the influence of saline seawater, the 272 

aquifer qualitative sustainability index was used to assess the aquifer quality. This index is based 273 

on the length of the saltwater intrusion (Eq. 6) 274 

(6) 100 ( )
Int qs

L

Int

L L

L



   

Where Lqs is the length of saltwater intrusion after applying the scenario (m/km), LInt is the length 275 

of saltwater intrusion in the initial conditions (without applying the scenario) (m/km), and αL is the 276 

qualitative sustainability index (%). The range of changes of this index is between +1 to -∞. The 277 

closer the value of this index is to +1, the better the aquifer quality in terms of saltwater intrusion 278 

and causes saltwater recession. The intrusion of saltwater reduces this index, and the intrusion 279 

length in the initial conditions and after applying the scenarios is obtained based on the simulation 280 

results of the SEAWAT model. 281 

2.4.3. Aquifer sustainability cost. 282 



Implementing various scenarios to improve the poor quality of the aquifer in a region by the 283 

government requires costs. On the other hand, the amount of money spent along with the 284 

participation and satisfaction of farmers will achieve maximum efficiency. In order to estimate 285 

this index, the costs of implementing the scenarios for the aquifer sustainability were estimated 286 

and normalized using Eq. (7) to be applied in economic calculations 287 

(7)  𝐶 = 𝐶𝑚𝑎𝑥−𝐶𝑖𝐶𝑚𝑎𝑥  

Where Cmax is the maximum cost of implementing the scenarios and Ci is the cost of each scenario. 288 

C has a value between 0 (for a solution with the highest implementation cost) and 1 (for a solution 289 

with the lowest implementation cost). 290 

2.5. Scenarios 291 

In this study, to reduce saltwater intrusion, scenarios with managerial and structural 292 

objectives were developed. The managerial scenario was more focused on the aquifer outlet and 293 

included exploitation reduction from wells in the area. Moreover, the structural scenario included 294 

artificial recharge and constructing an underground dam. Besides, to further improve the 295 

quantitative and qualitative condition of the aquifer, combinations of these scenarios were also 296 

considered. Based on this, 19 strategies were considered in this study to improve the aquifer 297 

condition (Table 1). According to the table, exploitation reduction was considered at four levels of 298 

5, 10, 15, and 20%. 299 

3. Results and discussion 300 

3.1. Simulation results of saltwater intrusion 301 

In this study, the saltwater intrusion was simulated using SEAWAT numerical model. After 302 

the calibration of the model in quantitative mode by MODFLOW to simulate the flow, the solute 303 

transfer model of MT3DMs was performed based on chloride concentration changes for qualitative 304 

simulation. Calibration in the qualitative model was performed by trial and error method, and 305 

longitudinal dispersion was analyzed and calibrated. Due to the lack of data related to the pollution 306 

transfer, the calibration of the longitudinal dispersion coefficient was performed using the 307 

hydraulic conductivity, the type of geological formations in the area, the slope of the aquifer outlet, 308 

land use, and qualitative samplings. Figure 5 depicts the changes in chloride concentration in the 309 

aquifer at the end of the simulation period. The results of a 5-year simulation period in the aquifer 310 



outlet showed that the chloride concentration in the western part increased more than in other parts. 311 

The western part of the aquifer has been affected by the intrusion of seawater up to a distance of 312 

more than 1 km, and the chloride concentration has reached more than 280 mg/l. The study of 313 

groundwater exploitation networks shows that the volume of exploitation of groundwater 314 

resources in the western part is higher than that in the eastern part. This is the most crucial reason 315 

for the increase of saltwater intrusion in western parts. On the other hand, the eastern part of the 316 

aquifer is affected by surface water flows. The Sefidroud river is the largest source of surface water 317 

in this region, so the rate of increase in chloride concentration is lower than that in the western 318 

part. 319 

 320 

Figure 5. Simulation of the MT3DMs model in the aquifer outlet section  321 

After simulating the chloride concentration changes in the aquifer using the MT3DMs 322 

model, the saltwater intrusion was performed using the SEAWAT model. In this model, by 323 

introducing the parameters of the VDF package in the model, the initial concentration of chloride 324 

in the aquifer, the concentration of salt in the saltwater, and the density of saltwater and freshwater 325 

were considered as the initial and boundary conditions. Figure 6 depicts the simulation results at 326 

the aquifer depth and saltwater intrusion into the deep layers. The simulation results in the aquifer 327 

depth showed that saltwater intrusion was 740 m during the 5-years study period from 2012 to 328 

2017. This intrusion is mostly due to groundwater exploitation and hydraulic gradient reduction. 329 

 330 

Figure 6. Three-dimensional view of SEAWAT model in the aquifer outlet  331 

3.2. Evaluating the indices of the conflict resolution model  332 

In the proposed game model, three indices of aquifer qualitative sustainability, aquifer 333 

sustainability cost, and socio-economic satisfaction of stakeholders in the region were considered. 334 

Stakeholders in the region include farmers in the aquifer outlet who use the exploited water. The 335 

other side is the water sector managers as the representatives of the government, which involve 336 

the two indices of aquifer qualitative sustainability and aquifer sustainability cost in the conflict 337 

resolution model.  338 



After applying the treatment strategies in the SEAWAT model, the saltwater intrusion and 339 

the aquifer qualitative sustainability index were calculated using Eq. (6). Each treatment strategy 340 

was economically analyzed, and based on this, the cost of implementing the solutions was 341 

calculated. The highest implementation cost belonged to the construction of the underground dam, 342 

while the lowest cost was related to the aquifer exploitation reduction. After the normalization of 343 

economic values, the aquifer sustainability cost was calculated (Table 1). A total of 40 344 

questionnaires was distributed among the farmers in the west, east, and center of the region to 345 

estimate the socio-economic satisfaction index in the region. The number and method of 346 

completing the questionnaires were determined using the Delphi method. Socio-economic 347 

satisfaction was assigned a score between 0 and 1 with a Likert scale for each strategy. A score of 348 

0 indicated dissatisfaction, and a score of 1 indicated the maximum level of satisfaction. 349 

Due to the non-cooperative game approach for the conflict resolution model, each side of 350 

the game should be determined by one index. Therefore, for the government player in this study, 351 

the two indices of aquifer qualitative sustainability and aquifer sustainability cost were combined 352 

by weighting using analytic hierarchy process (AHP), the resulting index was then called the 353 

government index (Table 1). In order to weigh by AHP, 30 questionnaires were distributed among 354 

and water experts and managers in the region. Based on the results, the weights of the aquifer 355 

qualitative sustainability and sustainability cost indices were obtained to be 0.6 and 0.4, 356 

respectively. 357 

Table 1 shows that by increasing the amount of aquifer qualitative sustainability, social 358 

satisfaction decreases sharply. Increasing the aquifer quality index has a direct relationship with 359 

decreasing water exploitation or increasing aquifer recharge. Therefore, due to the important role 360 

of agriculture in their livelihood, farmers strongly opposed reducing the level of water exploitation. 361 

 362 

Table 1. Indices of conflict resolution parties in the game model  363 

3.3. Determining the optimal minimum (F*) 364 

Given the game model approach using the asymmetric Nash equation in this study, 365 

determining the optimal minimum for each index and each player is essential. The concept of 366 

optimal minimum in the Nash equation indicates the entry of a strategy into the game model. 367 

Strategies in which the index value of each player is less than the optimal minimum do not enter 368 



the game model. Determining the optimal minimum was conducted based on the purpose of this 369 

study and the comments from experts. According to the condition of the Astaneh-Kouchesfahan 370 

aquifer and the importance of saltwater intrusion, the optimal minimum for the qualitative 371 

sustainability index was considered to be 0.5. This value means a 370-m recession of the saltwater. 372 

The minimum aquifer sustainability cost was considered zero due to the importance of lowering 373 

the costs by the government. This means that the maximum cost to recover the aquifer is borne by 374 

the governmental management of water resources. Therefore, according to the weight of 0.6 and 375 

0.4 considered for the two indices of qualitative sustainability and sustainability cost, the optimal 376 

minimum for the government index was calculated to be 0.3. To determine the optimal minimum 377 

for socio-economic satisfaction based on the decision-making in a democratic environment, 50% 378 

was considered for the optimal minimum of this index. 379 

3.4. Prioritizing the selected strategies  380 

After calculating the indices of the two parties of the game, the final value of the game model 381 

index for each player was calculated based on the asymmetric Nash equation. Based on the results, 382 

only 12 treatment strategies were entered the game model, and the rest, which had index values 383 

less than the optimal minimum, omitted. The strategies that entered the game model were 384 

prioritized based on the maximum Nash index. Table 2 shows the prioritization of the best five 385 

strategies along with their calculated Nash index values. According to the table 2, despite of 386 

decreasing in the high rate of saltwater intrusion in the fourth priority (410 meter) compared to the 387 

continuation of the business as usual (740 meter), but taking into account social, economic 388 

indicators and finally the output of game theory the artificial recharge in the aquifer outlet section 389 

has been selected as the first priority agreed between the parties to the game. The technical analysis 390 

of this strategy in the SEAWAT model shows that the control of saltwater intrusion and a water 391 

recession equal to 150 m occurred during a 5-year simulation period. After this strategy, in terms 392 

of increasing the qualitative sustainability index of the aquifer, the combined strategy of 393 

constructing the underground dam and artificial recharge resulted in a qualitative sustainability 394 

index of 0.55 and a 410 m recession of saltwater in the aquifer outlet. Figure 7 shows the simulation 395 

results of the first and second priority strategies for the aquifer qualitative sustainability index. 396 

Table 2 indicates that all the selected strategies had socio-economic satisfaction indices higher 397 



than 70%. Therefore, sensitivity analysis of the indices of this game model was necessary to 398 

analyze the results. 399 

 400 

Table 2. Prioritization of the selected strategies  401 

 402 

Figure 7. Results of saltwater intrusion by SEAWAT model from the sea for the all strategies: a) Business 403 

as usual b) Artificial recharge c) Underground dam d) 5% Exploitation reduction e) Underground dam + Artificial 404 

recharge f) 5% Exploitation reduction + artificial recharge 405 

3.5. Sensitivity analysis of the game model  406 

Given the results obtained from the prioritization of treatment strategies, a sensitivity 407 

analysis of the game model indices was necessary. According to the use of the asymmetric Nash 408 

model, the sensitivity of the two weights of the government player indices and relative power 409 

coefficient (α) of players were analyzed. The values of the two indices of aquifer qualitative 410 

sustainability and aquifer sustainability cost varied between 0.2 and 0.8 for sensitivity analysis 411 

(Figure 8). The results showed that by increasing the weight of the aquifer qualitative sustainability 412 

index, the combined strategy of artificial recharge and construction of the underground dam was 413 

the first priority. This strategy had the maximum socio-economic satisfaction with high qualitative 414 

sustainability. By reducing the weight of the aquifer qualitative sustainability index, artificial 415 

recharge was selected as the strategy with high priority. This strategy also provided maximum 416 

socio-economic satisfaction. 417 

 418 

Figure 8. Sensitivity analysis of the weight of qualitative sustainability and sustainability cost indices  419 

The second technique to analyze the sensitivity of the game model is to change the relative 420 

power between the two players. This coefficient varied between 0.3 and 0.7, and the results were 421 

analyzed. By increasing the relative power of the parties to the game, an attempt was made to 422 

determine a range for changing the prioritization of treatment strategies. Figure 9 shows the 423 

changes in the relative power of the government player due to the various strategies that have 424 

entered the game model. The results indicate that by increasing the relative power of the 425 

stakeholders, the artificial recharge strategy had more priority. In contrast, the exploitation 426 

reduction equal to 5% was chosen as the first priority by increasing the relative power of the 427 

government. 428 



 429 

Figure 9. The sensitivity analysis of the relative power of the government in the conflict resolution model  430 

4. Conclusion  431 

Using a combination of managerial and structural scenarios, strategies for coastal aquifer 432 

management against saltwater intrusion were presented in this study. In the first step, by simulating 433 

the saltwater intrusion into the coastal aquifer using the SEAWAT package, it was determined that 434 

the saltwater advanced up to 740 m from the coastal area to the aquifer after a 5-year period. 435 

Therefore, a set of management strategies was proposed to reduce this environmental damage. In 436 

previous studies, several structural strategies were evaluated, some of which, such as surface and 437 

subsurface physical barriers, had high construction costs despite their high efficiency (Hussain et 438 

al., 2019). In other studies, using non-structural and managerial approaches and using optimization 439 

models (Singh, 2014), the optimal pumping was determined to reduce the aquifer exploitation and 440 

saltwater intrusion. On the other hand, it has been observed in many studies that the use of non-441 

structural strategies such as reducing aquifer exploitation can result in the dissatisfaction of 442 

stakeholders and many social conflicts (Ghafouri et al., 2020). The literature review shows that 443 

structural and non-structural strategies can lead to failure in terms of cost imposition and social 444 

dissatisfaction. Therefore, in this research, a combined simulator-optimizer, i.e., the SEAWAT-445 

game theory model, was used to prioritize the proposed strategies for each region.  446 

The results obtained for the study area showed that the exploitation from the Astaneh-447 

Kouchesfahan coastal aquifer in northern Iran, despite abundant surface water resources, has led 448 

to the advancement and intrusion of saltwater. The results of the SEAWAT package showed that 449 

if the exploitation from the aquifer continues in its current form, the saltwater will advance by 740 450 

m in the next five years. This intrusion in the near future will degrade the quality of a significant 451 

portion of the aquifer. Therefore, in this study, 19 structural and non-structural strategies were 452 

proposed to reduce saltwater intrusion. Since previous studies have shown that structural and non-453 

structural strategies have their own advantages and disadvantages, the selected strategies were 454 

prioritized using an optimization model. According to the results of a model based on game theory, 455 

out of 19 strategies, five strategies had priority in terms of socio-economic satisfaction. The results 456 

of prioritization showed that the two strategies of artificial recharge and underground dam were 457 

the most effective solutions in reducing the saltwater intrusion, so that the implementation of these 458 



strategies reduces the saltwater intrusion from 740 m by 150 and 300 m, respectively. Therefore, 459 

by using the combined simulator-optimizer method presented in this study, various solutions can 460 

be evaluated to propose the most appropriate solution with the lowest cost and maximum 461 

satisfaction for the sustainable management of coastal aquifers. 462 
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Figures

Figure 1

Research �owchart



Figure 2

Study area



Figure 3

A schematic �gure shows the conception of the saltwater intrusion approach with density and initial
concentration of Chloride (mg/l) conceptual model of the aquifer



Figure 4

Study area and the conceptual model of the aquifer



Figure 5

Simulation of the MT3DMs model in the aquifer outlet section



Figure 6

Three-dimensional view of saltwater and freshwater interface model in the aquifer outlet

Figure 7

Results of saltwater intrusion by SEAWAT model from the sea for the all strategies: a) Business as usual
b) Arti�cial recharge c) Underground dam d) 5% Exploitation reduction e) Underground dam + Arti�cial
recharge f) 5% Exploitation reduction + arti�cial recharge



Figure 8

Sensitivity analysis of the weight of qualitative sustainability and sustainability cost indices

Figure 9



The sensitivity analysis of the relative power of the government in the con�ict resolution model
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