
This is the accepted manuscript version of the contribution published as: 
 
Chang, Q., Zheng, T., Chen, Y., Zheng, X., Walther, M. (2020): 
Investigation of the elevation of saltwater wedge due to subsurface dams 
Hydrol. Process. 34 (22), 4251 – 4261 
 
The publisher's version is available at: 
 
http://dx.doi.org/10.1002/hyp.13863 



This article has been accepted for publication and undergone full peer review but has not been through 
the copyediting, typesetting, pagination and proofreading process which may lead to differences 
between this version and the Version of Record. Please cite this article as doi: 10.1002/hyp.13863 

 

Investigation of the elevation of saltwater wedge due to subsurface 

dams 

Qinpeng Chang1,2, Tianyuan Zheng3*, Youyuan Chen1,2*, Xilai Zheng1,2, Marc Walther4,5 

1. College of Environmental Science and Engineering, Ocean University of China, Qingdao 266100, 

China 

2. Key Laboratory of Marine Environment and Ecological Education, Ocean University of China, 

Qingdao 266100, China 

3. College of Engineering, Ocean University of China, Qingdao 266100, China 

4. Technische Universität Dresden, Faculty of Environmental Sciences, Department of Hydrosciences, 

Institute for Groundwater Management, Professorship for Contaminant Hydrology, 01062 Dresden, 

Germany 

5. Helmholtz-Centre for Environmental Research–UFZ Leipzig, Department of Environmental 

Informatics, 04318 Leipzig, Germany 

Abstract: Subsurface dams are rather effective and used for the prevention of saltwater intrusion 

(SWI) in coastal regions around the world. We carried out the laboratory experiments to investigate 

the elevation of saltwater wedge after the construction of subsurface dams. The elevation of saltwater 

wedge refers to the upward movement of the downstream saltwater wedge because the subsurface 

dams obstruct the regional groundwater flow and reduce the freshwater discharge. Consequently, the 

saltwater wedge cannot further extend in the longitudinal direction but rises in the vertical profile 
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resulting in significant downstream aquifer salinization. In order to quantitatively address this issue, 

field-scale numerical simulations were conducted to explore the influence of various dam heights, 

distances, and hydraulic gradients on the elevation of saltwater wedge. Our investigation shows that 

the upward movement of the saltwater wedge and its areal extension in the vertical domain of the 

downstream aquifer become more severe with a higher dam and performed a great dependence on the 

freshwater discharge. Furthermore, the increase of the hydraulic gradient and the dam distance from 

the sea boundary leads to a more pronounced wedge elevation. This phenomenon comes from the 

variation of the freshwater discharge due to the modification of dam height, location, and hydraulic 

gradient. Large freshwater discharge can generate greater repulsive force to restrain the elevation of 

saltwater wedge. These conclusions provide theoretical references for the behavior of the freshwater-

seawater interface after the construction of subsurface dams and help optimize the design strategy to 

better utilize the coastal groundwater resources. 

Keywords: field-scale numerical model; seawater intrusion; subsurface dam; hydraulic gradient; 

freshwater discharge; saltwater contaminated area; elevation of saltwater wedge; groundwater 

resources. 

 

1. Introduction 

Seawater intrusion (SWI) is a critical challenge for water management in coastal areas all over 

the world (Llopis-Albert & Pulido-Velazquez, 2014; Post & Werner, 2017; Kim & Yang, 2018; Zhang 

et al., 2019). Subsurface physical barrier and hydraulic barrier are the most effective countermeasures 

to prevent seawater from intruding into subsurface aquifers (Anwar, 1983; Abarca et al., 2006; Luyun 
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et al. 2011; Werner et al., 2013; Botero-Acosta & Donado, 2015). The long term usage of hydraulic 

barriers always faces the problem of clogging and water shortage in many regions (Allow, 2012). Thus, 

a series of impervious physical barriers are constructed to prevent SWI in Japan, Korea, China, India, 

the USA, the Middle East, South American, and Africa (Nawa & Miyazaki, 2009; Senthilkumar & 

Elango, 2011; Raju et al., 2013; Luiz et al., 2018). Physical barriers normally include subsurface dams, 

cutoff walls, and semi-pervious subsurface barriers (Hasan Basri, 2001; Kaleris & Ziogas, 2013; Zheng 

et al., 2020). Among the physical barriers, the subsurface dam is the major form in practical 

applications (Ishida et al., 2011). The dam height is normally set to be equal or higher than the sea 

level (Jamali et al., 2018; Kang & Xu, 2017; Sun et al., 2019). However, too high dams increase the 

construction costs, and dramatically reduce the freshwater discharge, which can lead to the 

accumulation of inland pollutants. Chang et al., (2019) proposed the concept of the minimum effective 

height to minimize the design height of the dams and enhance the freshwater discharge. 

In previous studies, Sugio et al. (1987) showed that under the limiting conditions of drought and 

continuous groundwater mining, the cutoff wall could delay the time of SWI and inland groundwater 

salinization. Luyun et al. (2009) conducted experiments with subsurface dams of different heights and 

showed that the shorter the subsurface dam height, the faster the desalination rate of inland retained 

saltwater. Abdoulhalik et al. (2017) proposed a new mixed physical barrier (MPB) including a cutoff 

wall and a semi-permeable subsurface dam. It indicated that this combination can reduce the toe length 

of the saltwater wedge. Meanwhile, they investigated the effectiveness of cutoff walls for preventing 

SWI in layered heterogeneous aquifers (Abdoulhalik & Ahmed, 2017a). Most of the previous 

researches were only associated with the efficiency of preventing SWI, however, the environmental 

effect concerning the aquifer salinization was still insufficient. Ginkel et al., (2016) focused on 

This article is protected by copyright. All rights reserved.



      
 

improving the recovery efficiency of the aquifer storage recovery system (ASR) with flow barriers. 

Their research showed that flow barriers increase recovery efficiency by preventing the stored 

freshwater volume from expanding sideways. But, in the long run, the upstream groundwater salinity 

will gradually increase and lead to soil salinization due to the interception effects of the underground 

dam (Cantalice et al., 2016). Abdoulhalik & Ahmed (2017b) studied the ability of subsurface dams to 

clean up the upstream residual saltwater, while they ignored the severe salinization of downstream 

aquifers after the construction of subsurface dams. Houben et al., (2018) used a flux-controlled system 

to study the influence of flow barriers (dykes) on groundwater flow. Their results showed the dispersive 

entrainment of the upstream residual saltwater generated the widening of the mixing zone, resulting in 

the pollution of downstream groundwater. Different from the salinization induced by the upstream 

residual saltwater, our research showed that the elevation of the downstream saltwater wedge after the 

construction of subsurface dams aggravated the aquifer salinization which can significantly influence 

the coastal environments.  

 The elevation of the freshwater-saltwater interface caused by the pumping wells (upconing) has 

been widely studied by researchers (Werner et al., 2013; Jakovovic et al., 2016; Abdoulhalik and 

Ahmed, 2018). However, the elevation of saltwater wedge induced by the subsurface dam has not been 

recognized and characterized, despite its importance for groundwater management in coastal areas. In 

this work, we explored the downstream saltwater behavior and proposed the elevation of saltwater 

wedge due to subsurface dams (Fig. 1). The elevation of saltwater wedge refers to the upward 

movement of the downstream saltwater wedge after the construction of subsurface dams. The 

subsurface dams obstruct the regional groundwater flow and decrease the freshwater discharge. Then 

the saltwater wedge cannot advance in the longitudinal direction due to the block of the dam but rises 
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in the vertical profile because of the reduced freshwater discharge, which eventually increases the 

saltwater contaminated area of the downstream aquifer. A series of tank-scale experiments and 

numerical simulations were conducted to prove this phenomenon and investigate the internal 

mechanism. The experimental results were validated very well with numerical simulations. Finally, 

we carried out field-scale models to understand the dependency of the elevation of saltwater wedge on 

the dam height, dam distance, and hydraulic gradient. According to the results of our research, the 

decision makers can optimize the design strategy considering the environmental influence in the 

coastal area. 

2. Materials and methods 

2.1. Experimental setup 

The laboratory experiments were carried out in a flow tank with internal dimensions of 100 cm 

(length) × 35 cm (height) × 5 cm (width) (Fig. 2). In order to represent a coastal aquifer, the tank with 

porous plates was divided into three zones in the horizontal directions, a freshwater reservoir (5 cm), 

a saltwater reservoir (5 cm), as well as the porous media chamber (90 cm). Glass beads with a uniform 

diameter of 0.7 mm were filled into the tank layer-by-layer to avoid air bubbles residing in the pores. 

The freshwater and saltwater reservoirs were placed at the left and right sides of the flow tank, 

respectively. The freshwater was pumped into the freshwater reservoir and flowed above the saltwater 

wedge in the porous media chamber, then overflowed through the outlet pipe in the saltwater reservoir. 

The constant heads of the reservoirs were controlled by drainage overflow pipes. The saltwater head 

was fixed at 26 cm and the freshwater head was fixed at 26.9 cm. NaCl solution with a concentration 

of 36 g/L was prepared as seawater. A densitometer (AlfaMirage SD-200L) was used to measure the 
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saltwater density ρs = 1025 kg/m3, and the freshwater density ρf = 1000 kg/m3. Cochineal dyes (red 

food color, Sinopharm Chemical Reagent Co., Ltd) were injected into the NaCl solution to show the 

movement of saltwater (Goswami & Clement, 2007). The red area in the flow tank can be recognized 

as the range of the saltwater wedge. The average hydraulic conductivity (Kf) of the porous media was 

determined by Darcy's experiment to be Kf = 5.8 E-3 m/s, and the porosity measured by the volume 

method was 0.4 (Oostrtom et al., 1992). The longitudinal dispersivity was determined by fitting the 

breakthrough curves with a one-dimensional column test, αL = 0.13 cm. The transverse dispersivity 

(αT) was assumed to be 1/10 of αL in numerical simulations (Shoemaker, 2004; Lu et al, 2013). All the 

symbols are shown in Table 1. 

A subsurface dam with a height of 16.5 cm was installed in the tank. The subsurface dam was 

made of impermeable plasticine, and the dam width was 1 cm for the tank-scale model. The saltwater 

wedge gradually formed from the sea boundary and began to invade the aquifer. The region of the 

saltwater wedge was recorded every 10 min using a digital camera (Canon IXUS 285 HS). When the 

saltwater wedge reached the subsurface dam, it continued to rise along the dam. We considered the 

setup achieved a dynamic equilibrium when the saltwater wedge remains stagnant for more than 10 

minutes. 

2.2 Numerical models of tank- and field-scale cases 

SEAWAT was used to simulate the process of saltwater intrusion (Guo & Langevin, 2002). The 

tank-scale model setup and related parameters were consistent with the experiment. In addition to the 

tank-scale models, field-scale simulations were implemented to verify that the laboratory observations 

are not caused by the small tank scale and to further study quantitatively the elevation of saltwater 

wedge (Fig. 3). The field-scale simulation domain was 300 × 30 m2. A Neumann no-flow boundary 
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condition was defined at the top and bottom of the domain. The left-side freshwater boundary was set 

to be a constant head boundary, and the constant head boundary varied in a range of 28.8-30.0 m to 

generate the different hydraulic gradients in numerical simulations. A constant head of 28.5 m was 

assigned to the right-side saltwater boundary. The concentration and density of the freshwater and 

saltwater were the same with those in the tank-scale model. The aquifer was assumed isotropic with 

an effective porosity of 0.4. The molecular diffusion coefficient (D) was set to 1E-9 m2/s. The 

longitudinal dispersivity (αL) for the field-scale model was set to 1 m, and the transverse dispersivity 

(αT) was 1/10 of the longitudinal dispersion (Shoemaker, 2004; Lu et al, 2013). The hydraulic 

conductivity (Kf) of the aquifer and the dam was set to 6E-4 m/s and 1E-9 m/s, respectively. The dam 

width was 2 m for the field-scale model. Table 2 summarizes the parameter values of the field-scale 

models. 

The tank-scale model domain was discretized into 180 × 54 quadratic elements with a grid size 

of 0.5 cm × 0.5 cm. The grid size and dispersivity satisfied the Péclet number criterion to ensure 

numerical stability (Voss & Souza, 1987):  

                              𝑃𝑃𝑃𝑃 = 𝑣𝑣∆𝐿𝐿
𝐷𝐷+∝𝐿𝐿𝑣𝑣

≈ ∆𝐿𝐿
∝𝐿𝐿
≤ 4                           (1) 

where ΔL [L] is the grid size, and D [L2/T] is the molecular diffusion coefficient. The resulting Pe = 

3.8 fulfills the reporting requirements for a stable simulation. The time step was set to 60 s and the 

whole simulation time was set to 5 h for the tank-scale model being adequate to reach the dynamic 

equilibrium state. The field-scale model domain was discretized into 300 × 30 quadratic elements with 

a grid size of 1 m × 1 m (Pe = 1). The time step was chosen to be 1 d. The whole simulation time was 

set to 5000 d being adequate to reach equilibrium for all testing scenarios.  
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 Various dam heights, distances, and hydraulic gradients were set to analyze the corresponding 

dependency of the saltwater wedge elevation in the different scenarios of field-scale models. All the 

no-dam cases were set as the reference cases. The scenarios for various dam heights and distances have 

the same reference case whose hydraulic gradient was 3‰. The scenarios for various hydraulic 

gradients each have their own reference cases because various hydraulic gradients generated different 

saltwater wedges. All the test cases are summarized in Table 3. 

2.4 Evaluation parameters 

We defined ΔH, ΔA, and ΔM as the change rate of the saltwater wedge height at the dam location, 

the area of the downstream saltwater wedge, and the total salt mass of the downstream aquifer. These 

indicators were used to describe different aspects of the magnitude of the elevation of saltwater wedge. 

ΔQ was defined as the change of freshwater discharge induced by the construction of dams. 

 Δ𝐻𝐻 = 𝐻𝐻𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆
𝐻𝐻𝑆𝑆𝑆𝑆𝑆𝑆

  (2) 

 Δ𝐴𝐴 = 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆
𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆

  (3) 

 Δ𝑀𝑀 = 𝑀𝑀𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆
𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆

 (4) 

 Δ𝑄𝑄 = 𝑄𝑄𝑆𝑆𝑆𝑆𝑆𝑆 − 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (5) 

where Hsalt, Asalt, and Msalt respectively represent the saltwater wedge height at the dam location, the 

area of the downstream saltwater wedge, and the total salt mass of the downstream aquifer in 

subsurface dam cases; HSWI, ASWI, and MSWI are the saltwater wedge height at the dam location, the area 

of the downstream saltwater wedge, and the total salt mass of the downstream aquifer (between the 

sea boundary and the dam location) in reference cases, respectively. 
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3 Results and discussion  

3.1. Results of tank-scale laboratory experiments and models 

Fig. 4 shows the comparison of the transient toe length (50% concentration isoline) between the 

laboratory and numerical results. 50% concentration isoline is commonly used to describe the saltwater 

wedge in the aquifer with low dispersivity (Goswami & Clement, 2007). The validation is generally 

well with the maximum relative difference between laboratory and numerical data 4% and 2% for the 

dam case and reference case. The minor discrepancies may come from the heterogeneity of glass beads. 

Fig. 5e provides the steady-state saltwater wedges in laboratory results showing an overall good 

agreement with that in numerical simulations. 

Fig. 5a and 5b are photographs of laboratory experiments. We can see that the saltwater wedge 

height after the installation of a subsurface dam is higher than that in the reference case in Fig. 5e. This 

phenomenon exhibits that the saltwater wedge rises in the vertical direction due to the installed dam. 

The numerical simulations of the scenarios with and without dams are shown in Fig. 5c and 5d. In the 

reference case, the salt water advances and mixes with the fresh water in the dispersion zone. The 

highest freshwater velocity (5.4E-4 m/s) occurs at the outflow zone inducing by the smallest discharge 

area. For the dam case, the advancing seawater is obstructed at the dam location, then pushed upward 

in the vertical direction and mixes with the fresh water (Fig. 5d). The blockage of the dam shrinks the 

freshwater discharge area, and the freshwater flow above the dam speeds up significantly. The 

maximum freshwater velocity locates at the dam top (4.6E-4 m/s) and outflow zone (5.3E-4 m/s). The 

freshwater discharge in the dam case is 0.47 ml/s, and smaller than that in the reference case (0.5 ml/s). 
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The reduced freshwater discharge provides a less repulsive force to repel the elevation of saltwater 

wedge in the vertical section. 

3.2. Results of field-scale models 

Field-scale simulations were used to find out the influencing factors controlling the elevation of 

saltwater wedge in reality. The impacts of dam heights, dam distances, and hydraulic gradients were 

discussed.  

3.2.1 Various dam heights 

 Fig. 6 illustrates the steady-state results of the saltwater wedge for different dam heights. We 

proposed the minimum effective dam height to control SWI in our previous research (Chang et al., 

2019). When the dam height is lower than it, the saltwater will flow beyond the dam and form a new 

wedge across the dam. When the dam height is equal to or larger than it, the installed dam is able to 

prevent the intruding saltwater wedge. The minimum effective dam height is influenced by the dam 

distance from the sea and the hydraulic gradient. In this work, a series of numerical simulations were 

conducted to determine the minimum effective height with a given dam distance and hydraulic gradient. 

For the dam height of 8m, the installation of the dam cannot prevent the saltwater intrusion. The 

saltwater wedge extends across the dam and finally reaches a point close to the toe of the reference 

case. For the case of 12m dam height, the so-called minimum effective height, the dam can exactly 

prevent the saltwater intrusion. The saltwater wedge is slightly lower than that in the reference case. 

In the case that the dam is much higher (Fig. 6d), the saltwater completely occupies the downstream 

aquifer. It can be concluded that the minimum effective dam height achieves the lowest downstream 

saltwater wedge and a higher subsurface dam will result in a significant elevation of saltwater wedge 

leading to a large contaminated area. 
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In order to analyze the dependency of the dam height and the elevation of saltwater wedge, 

multiple simulations were conducted (Fig. 7). We found that with the increase of the dam height, the 

freshwater discharge first rises and then decreases (Fig. 7d). The freshwater discharge reaches the peak 

at the minimum effective dam height. The non-linear behavior of the relationship can be explained by 

the effective discharge area beyond the dispersion zone because the freshwater discharge through the 

effective discharge area accounts for more than 80% of the total freshwater flux in both the reference 

and dam cases. The vertical profile between the 10% and 90% isoline closing to the dam (vertical 

dispersion zone) for the reference case is 8 m, shrinks to 7.2 m for the dam height of 8 m, and reaches 

the smallest value of 3.6 m at the minimum effective dam height (Hdam = 12 m). Concurrently, the size 

of the effective discharge area (the vertical profile between the 10% concentration isoline and the top 

boundary) is 12.4 m, 13.1m, and 16.6m, respectively. A high dam decreases the area of the dispersion 

zone by reducing the saltwater flow velocity. Smaller dispersion zone contributes to a larger effective 

discharge area which consequently leads to a larger freshwater discharge flux. For the cases that the 

dam height is larger than the minimum effective height, the high dam height is the main factor to 

decrease the effective discharge area resulting in the reduction of freshwater discharge. 

 From Fig. 7a, b, and c, We can find a general inverse ratio between Qsalt, and Hsalt, Asalt, and Msalt. 

For the cases that dam heights are shorter than 12 m (lower than the minimum effective height), the 

saltwater wedge cannot be limited within the downstream aquifer. Hsalt, Asalt, and Msalt slightly decrease 

with the increase of dam height. This comes from the increase of Qsalt. For the cases that dam heights 

are 12 m - 28.5 m, Hsalt, Asalt, and Msalt increase slowly with the increase of dam height, corresponding 

to the reduction of Qsalt. If the dam is built higher than 28.5m, these three indicators grow rapidly. This 
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is because the drainage path of groundwater to the sea is completely blocked. The freshwater discharge 

Qsalt is close to zero, then the downstream aquifer is occupied by the saltwater.  

3.2.2 Various dam distances 

Fig. 8 represents the results of the salinity distribution after the installation of dams at different 

locations. Fig. 8a shows the reference case. In Fig. 8b, c, d, the dam is constructed 10m, 50m, 90m 

from the sea boundary respectively. The detailed comparison of the saltwater wedge at different 

locations can be found in Fig. 8e. Compared with the reference case, the saltwater wedges in various 

dam distance cases are all raised. The elevation of saltwater wedge gradually increases with the dam 

distance to the sea boundary. This result clearly indicates that a farther distance of the dam leads to a 

more significant elevation. Meanwhile, a farther dam results in a longer saltwater wedge. The vertical 

rise and the longitudinal extension of the saltwater wedge together contribute to the increase of the 

saltwater contaminated area. 

To clarify the influence of the dam distance on the elevation of saltwater wedge, multiple 

simulations were implemented with different distances to the sea boundary. Fig. 9 shows the influence 

of the dam distance on the elevation of saltwater wedge, considering the parameters of Hsalt, Asalt, Msalt, 

and Qsalt. In Fig. 9 a, b and c, the respective curves of various dam distance cases lie all above that of 

the reference case, indicating that the establishment of subsurface dams induces the increase of Hsalt, 

Asalt, and Msalt. All the freshwater discharge in dam cases is lower than that in the reference case (2.69 

m3/d). Furthermore, the freshwater discharge decreases gradually with the increase of the dam distance 

to the sea boundary (Fig. 9 d). The blue bars in Fig. 9 show the relative values of Hsalt, Asalt, Msalt, and 

Qsalt in contrast with the reference case. It reveals that the increase of ΔQ gradually enlarges ΔH, ΔA, 

and ΔM. The prolonged dam distance generates a decrease in freshwater discharge. The reduced 
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freshwater discharge cannot push back the saltwater effectively, thus the elevation of saltwater wedge 

is more obvious.  

3.2.3 Various hydraulic gradients 

It needs to be noticed that different hydraulic gradients produce different reference cases. Larger 

hydraulic gradient results in a shorter and lower saltwater wedge (Fig. 10a1, b1, c1). Meanwhile, the 

saltwater wedge of the dam case with a larger hydraulic gradient is generally lower than that with a 

smaller hydraulic gradient (Fig. 10a2, b2, c2). This is because a large hydraulic gradient significantly 

rebels the saltwater intrusion regardless of the installation of dams. By comparing Fig. 10a1, a2, b1, b2, 

and c1, c2, we can also find a significant elevation of the downstream saltwater wedge after the 

construction of the dam. With the increase of the hydraulic gradient, the height difference of the 

saltwater wedge between the dam case and the reference case gradually exaggerates (Fig. 10d). This 

demonstrates that the same dam design with an enhanced hydraulic gradient can provoke a greater 

wedge elevation relative to the reference case.  

Then we implemented a series of numerical tests to quantitatively explore the impact of hydraulic 

gradients on the elevation of saltwater wedge (see Fig. 11). From Fig. 11a, b, and c, we can find that 

the lines of the subsurface dam cases are always above which of the reference cases giving us the hint 

that the construction of subsurface dams leads to the increase of Hsalt, Asalt, and Msalt. The blue bars in 

Fig. 11d show that the freshwater discharge of the reference cases increases much more significant 

than that of the dam cases with the growth of hydraulic gradient. ΔQ increases gradually and tends to 

have an increase of ΔH, ΔA, and ΔM. This is because less freshwater discharge cannot push back the 

same amount of salt water. This phenomenon displays that the enhanced elevation of saltwater wedge 

is attributed to the increase in ΔQ. 
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4. Summary and conclusions 

The elevation of saltwater wedge after the installation of subsurface dams has been neglected for 

a long time, although it can lead to severe aquifer salinization. In this work, we investigated the 

elevation of saltwater wedge after the construction of subsurface dams through experimental and 

numerical methods. Our novelty and conclusions can be summarized as follows:  

 (1) Our investigation shows that the variation of dam height alters the freshwater effective 

discharge area and finally determines the freshwater flux. Large freshwater discharge can provide a 

greater repulsive force to restrain the elevation of the downstream saltwater wedge. The dam with the 

minimum effective height achieves the lowest saltwater wedge, while a higher subsurface dam results 

in a more significant elevation of saltwater wedge and a larger saltwater contaminated area. 

 (2) A farther dam leads to a greater elevation of saltwater wedge and a larger saltwater 

contaminated area at the same time. The elevation of saltwater wedge becomes more obvious because 

the increase of the dam distance leads to a reduction of freshwater discharge, and the diminished 

freshwater discharge is not strong enough to push back the invaded seawater. Meanwhile, a farther 

dam results in a longer saltwater wedge. The increase in the saltwater contaminated area is attributed 

to the vertical rise and the longitudinal extension of the saltwater wedge. 

(3) With a larger hydraulic gradient, the elevation of saltwater wedge due to the subsurface dam 

is more obvious while the absolute saltwater wedge height and contaminated area after the wedge 

elevation were still smaller than that of the low hydraulic gradient case. Meanwhile, the freshwater 

discharge of the reference case increases faster than that of the dam case with the increase of the 

hydraulic gradient. The larger freshwater discharge difference between the reference case and the dam 
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case results in a more significant wedge elevation. Thus, the large hydraulic gradient is still the key to 

reducing the saltwater contaminated area, although it leads to a more severe elevation after the 

construction of subsurface dams. 

 To conclude, the more severe elevation of saltwater wedge is attributed to higher dams, farther 

dam distances, and larger hydraulic gradients, while the larger saltwater contaminated area results from 

higher dams, farther dam distances, and smaller hydraulic gradients. These conclusions provide 

theoretical references for the management of groundwater resources in the context of subsurface dams. 

This study firstly focused on a constant sea boundary out of simplicity. However, our empirical 

experience with these setups hints on the fact that temporal fluctuations of seawater levels due to tides 

and waves may have a significant impact on the elevation of saltwater wedge. We will investigate it in 

future work. 
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Fig. 1. Schematic diagram of the elevation of saltwater wedge. The arrows represent the upward 

movement of the downstream saltwater wedge due to a higher subsurface dam (dash line). 

Fig. 2. Schematic diagram of the experimental setup. 

Fig. 3. Conceptual model for the numerical simulations. 

Fig. 4. Comparison between the transient experimental and numerical toe length of the saltwater wedge. 

(a) Reference case; (b) dam case. 

Fig. 5. Model validation with photographs of the (a) reference case; (b) dam case, numerical results of 

the (c) reference case; (d) dam case, and (e) the comparison of the saltwater wedges. 

Fig. 6. Spatial salinity distribution. (a) Reference case; (b) dam case with Hdam = 8 m; (c) dam case 

with Hdam = 12 m; (d) dam case with Hdam = 29 m; (e) comparison of 50% concentration isolines. 

Fig. 7. Influence of dam heights on the downstream saltwater wedge. (a) Saltwater wedge heights at 

the dam location; (b) areas of the downstream saltwater wedge between the sea boundary and the dam; 

(c) total salt mass of the downstream aquifer between the sea boundary and the dam; (d) freshwater 

discharge. The lines represent Hsalt, Asalt, Msalt, and Qsalt, while the bars represent ΔH, ΔA, ΔM, and ΔQ, 

respectively. 

Fig. 8. Spatial salinity distribution. (a) Reference case; (b) dam case with Ldam = 10 m; (c) dam case 

with Ldam = 50 m; (d) dam case with Ldam = 90 m; (e) comparison of 50% concentration isolines. 

Fig. 9. Influence of dam distances on the downstream saltwater wedge. (a) Saltwater wedge heights at 
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the dam location; (b) areas of the down saltwater wedge between the sea boundary and the dam; (c) 

total salt mass of the downstream aquifer between the sea boundary and the dam; (d) freshwater 

discharge. The lines represent Hsalt, Asalt, Msalt, and Qsalt, while the bars represent ΔH, ΔA, ΔM, and ΔQ, 

respectively. 

Fig. 10. Spatial salinity distribution. (a1) Reference case with the hydraulic gradient of 2‰; (a2) dam 

case with hydraulic gradient of 2‰; (b1) reference case with hydraulic gradient of 3‰; (b2) dam case 

with the hydraulic gradient of 3‰; (c1) reference case with the hydraulic gradient of 4‰; (c2) dam 

case with the hydraulic gradient of 4‰; (d) comparison of 50% concentration isolines. 

Fig. 11. Influence of hydraulic gradients on the downstream saltwater wedge. (a) Saltwater wedge 

heights at the dam location; (b) areas of the downstream saltwater wedge between the sea boundary 

and the dam; (c) total salt mass of the downstream aquifer between the sea boundary and the dam; (d) 

freshwater discharge. The lines represent Hsalt, Asalt, Msalt, and Qsalt, while the bars represent ΔH, ΔA, 

ΔM, and ΔQ, respectively. 

Table 1. List of symbols.  

Table 2. Model parameters for field-scale models. 

Table 3. Simulated scenarios for field-scale models.  
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Table 1. List of symbols. 

Asalt area of downstream saltwater wedge (between the sea boundary and the 

dam location) in subsurface dam cases [L2] 

ASWI area of downstream saltwater wedge (between the sea boundary and the 

dam location) in reference cases [L2] 

ΔA change rate of area of downstream saltwater wedge between subsurface 

dam cases and reference cases [-] 

cf freshwater concentration [ML-3] 

cs saltwater concentration [ML-3] 

D molecular diffusion coefficient [L2T-1] 

dh hydraulic gradient [-] 

Hdam subsurface dam height [L] 

Hsalt saltwater wedge height closing to dam in subsurface dam cases [L] 

HSWI saltwater wedge height closing to dam in reference cases [L] 

ΔH change rate of saltwater wedge height closing to dam between subsurface 

dam cases and reference cases [-] 

hf freshwater level [L] 

hs saltwater level [L] 

Kf hydraulic conductivity [LT-1] 

Msalt total salt mass of downstream aquifer (between the sea boundary and the 

dam location) in subsurface dam cases [M] 

MSWI total salt mass of downstream aquifer (between the sea boundary and the 

dam location) in reference cases [M] 

ΔM change rate of total salt mass of downstream aquifer between subsurface 

dam cases and reference cases [-] 
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Qsalt freshwater discharge in subsurface dam cases [L3T-1] 

QSWI freshwater discharge in reference cases [L3T-1] 

ΔQ difference of freshwater discharge between reference cases and 

subsurface dam cases [L3T-1] 

αL longitudinal dispersivity [L] 

αT transverse dispersivity [L] 

ρf freshwater density [ML-3] 

ρs saltwater density [ML-3] 
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Table 2. Model parameters for field-scale models. 

Parameter Unit Value 

Domain length m 300 

Domain height m 30 

Freshwater level (hf) m 28.8 – 30.0 

Saltwater level (hs) m 28.5 

Freshwater concentration (cf) g L-1 0.0 

Saltwater concentration (cs) g L-1 36.0 

Freshwater density (ρf) kg m-3 1000.0 

Saltwater density (ρs) kg m-3 1025.0 

Hydraulic conductivity (Kf) m s-1 6E-4 

Effective porosity (𝜃) - 0.4 

Molecular diffusion coefficient (D) m2 s-1 1E-9 

Longitudinal dispersivity (αL) m 1.0 

Anisotropy ratio of dispersivity (αT /αL) - 0.1 
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Table 3. Simulated scenarios for field-scale models. 

Scenario dam height (m) dam distance (m) hydraulic gradient (-) 

References - - 1‰, 2‰, 3‰,  

4‰, 5‰ 

Various dam 

heights 

4, 8, 12, 16, 20,  

24, 28, 28.5, 29  

50 3‰ 

Various dam 

distances 

28.5 10, 30, 50, 70, 90 3‰ 

Various hydraulic 

gradients 

28.5 50 1‰, 2‰, 3‰,  

4‰, 5‰ 
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