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Abstract


In the context of global warming, rising sea levels are intensifying seawater intrusion in coastal areas. Due to the complex hydrodynamic conditions and increasing groundwater over-extraction in these regions, understanding the patterns of seawater intrusion is crucial for effective prevention and control. This study employed a sandbox model to investigate both vertical and horizontal seawater intrusion into a coastal unconfined aquifer with an impermeable dam under varying conditions of sea level rise, coastal slope, and groundwater pumping rate. Additionally, a two-dimensional SEAWAT model was developed to simulate seawater intrusion under these experimental conditions. The results indicate that sea level rise significantly increases the extent and intensity of seawater intrusion. When sea level rises by 3.5 cm, 4.5 cm, and 5.5 cm, the areas of the saline wedge reached 362 cm2, 852 cm2, and 1240 cm2, respectively, with both horizontal and vertical intrusion ranges expanding considerably. When groundwater extraction is superimposed, vertical seawater intrusion is notably intensified. At an extraction rate of 225 cm3/min, the vertical intrusion areas corresponding to sea level rises of 3.5 cm, 4.5 cm, and 5.5 cm were 495 cm2, 1035 cm2, and 1748 cm2, respectively, showing significant expansion, and this expansion becomes more pronounced as sea levels rise. In contrast, slope variations had a significant impact only on vertical seawater intrusion. As the slope decreased from tanα = 1/5 to tanα = 1/9, the upper saline wedge area expanded from 525 cm2 to 846 cm2, considerably increasing the vertical intrusion range. Finally, the combined effects of groundwater extraction and sea level rise exacerbate seawater intrusion more severely than either factor alone, presenting greater challenges for coastal water resource management.
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1. Introduction


In recent years, the over-extraction of groundwater, combined with global warming-induced sea level rise and frequent coastal flooding from storm surges, has disrupted the delicate balance between freshwater and saltwater in coastal aquifer systems. Consequently, saltwater has begun encroaching inland, resulting in seawater intrusion. This phenomenon has had detrimental effects on the natural environment and human livelihoods [1,2,3,4,5,6,7,8]. Seawater intrusion has long posed a significant challenge for coastal areas, severely impacting the quality and availability of freshwater resources [9,10]. Therefore, understanding and predicting the process of seawater intrusion is crucial for effective water resource management in coastal regions.



Typically, groundwater in coastal areas naturally flows from land towards the sea, forming a stable transition zone between the freshwater and denser seawater [9,11]. However, in recent years, rising global temperatures have caused sea levels to rise, and storm surges from tropical cyclones have led to frequent coastal flooding [12,13,14]. These conditions are particularly problematic in low-lying coastal regions, where vertical seawater intrusion becomes difficult to reverse, and horizontal seawater intrusion intensifies, contaminating freshwater resources [15,16,17,18,19]. Additionally, human activities such as groundwater pumping disrupt the balance between freshwater and saltwater, causing saltwater to move inland and exacerbating horizontal seawater intrusion [10,20]. Severe seawater intrusion not only threatens the freshwater resources of large coastal aquifers but also has serious consequences for coastal vegetation and agriculture [21,22,23]. Therefore, it is essential to understand the physical mechanisms that control both horizontal and vertical seawater intrusion.



Many researchers have utilized sandbox experiments to study seawater intrusion. For example, Kuan [24] used a sandbox model to simulate a sloping beach aquifer, finding that tidal effects significantly reduced the length of the seawater wedge toe. Vikas Sharma [25] used experimental methods to simulate seawater intrusion in stratified aquifers, showing that higher permeability accelerates intrusion and increases the toe length-to-height ratio, with intrusion expanding proportionally when encountering impervious layers. In addition, the numerical simulation method is also used to analyze seawater intrusion in coastal aquifers. For instance, Mansour [26] established a 3D SEAWAT model for Karaburun Island in Turkey, revealing that the local aquifer is highly sensitive to increasing pumping rates. Guo et al. [27] developed a 2D SEAWAT model to simulate the effects of tidal fluctuations and groundwater extraction, demonstrating that seawater wedge movement inland accelerated when recharge rates were low. Moreover, other researchers have used numerical simulation [28,29,30,31].



Numerous studies have examined the impacts of sea level rise and groundwater pumping on coastal aquifers [10]. For instance, Oude Essink [32] conducted numerical simulations along the southwestern coast of the Netherlands, finding that the impact of sea level rise was limited to areas within 10 km of the coastline and major rivers. Other researchers [33,34,35] have employed idealized models in sandbox experiments or numerical simulations to study seawater intrusion induced by sea level rise. Ketabchi [34] used numerical simulations to demonstrate that seawater intrusion volume is more sensitive to recharge rate, aquifer thickness, and hydraulic conductivity than to sea level rise. Additionally, Werner [36] and Abdelgawad [37] investigated how well depth and location affect seawater intrusion patterns. Other studies, such as those by Huang [38], and Lee [39], explored the long-term effects of continuous groundwater extraction. However, aside from the research by Oude Essink [32], most researchers have overlooked aquifer heterogeneity, which plays a critical role in driving all flow and transport phenomena, particularly under the influence of pumping wells, which can further complicate flow patterns in heterogeneous aquifers [40,41,42,43,44].



Previous research has primarily focused on the individual effect of sea level rise or groundwater pumping on seawater intrusion. However, fewer studies have examined the combined impact of these factors. Abd-Elhamid [45] analyzed three scenarios: sea level rise, groundwater extraction, and a combination of both, to assess their individual and combined effects on seawater intrusion. Given the predicted global mean sea level rise ranging from 0.10 to 0.90 m by the early 21st century due to increased average surface temperatures, Loaiciga [46] proposed a method to evaluate the impacts of 21st-century sea level rise and groundwater pumping on coastal aquifers. Their simulations of various combinations of groundwater pumping and sea level rise indicated that groundwater pumping is the primary driver of seawater intrusion in aquifers. Despite some research successes, the methods employed have often been singular and lacked sufficient data, limiting the feasibility of the results. Key factors influencing seawater intrusion include impermeable barriers, groundwater extraction, and coastal slope [47]. However, the specific mechanisms influenced by these factors under the condition of sea level rise require further in-depth study.



This study focuses on the combined effects of sea level rise, varying pumping conditions, impermeable barrier, and coastal slope on seawater intrusion. It aims to explore how these factors interact and influence the dynamics of the groundwater system and seawater intrusion. The research involves constructing a sandbox setup to simulate an impermeable barrier and groundwater system. By controlling sea level, varying extraction rates, and adjusting coastal slope, the process of seawater intrusion is observed and measured. Numerical simulations are then used to develop models of groundwater flow and seawater intrusion, simulating the effects of different sea level rise scenarios and pumping conditions. The results from these simulations are compared with the sandbox experiments. Finally, by integrating the experimental and simulation results, the study further examines the extent of different factors affecting seawater intrusion under conditions of rising sea levels.




2. Materials and Methods


2.1. Experimental Protocol


The experiment utilized a sandbox apparatus as shown in Figure 1. The main body of the sandbox was composed of three compartments: a saline water chamber, a medium chamber, and a freshwater chamber, all constructed from rectangular acrylic tanks. The medium chamber, measuring 200 cm in length, 25 cm in width, and 50 cm in height, was filled with quartz sand particles ranging from 0.5 mm to 1 mm to simulate an unconfined aquifer. A 1 cm × 1 cm grid was marked on the front surface to accurately capture the transient morphology of the saltwater–freshwater interface during the experiment. The saline water chamber on the left side of the medium chamber simulated the ocean boundary, while the freshwater chamber on the right side represented the land boundary. Both the saline and freshwater chambers measured 25 cm in length, 25 cm in width, and 80 cm in height. They were equipped with an upper water chamber and a lower water tank. The bottom of the upper water chamber was aligned with the bottom of the medium chamber. Structures for adjusting the water head were installed in both the saline and freshwater chambers, including height-adjustable partitions on the side walls of the upper water chambers. Water was pumped from the lower water tanks into the upper water chambers through inlet holes. Excess water overflowed from the top of the partitions back into the lower water tanks, thereby controlling the water head. Perforated acrylic plates lined with a geotextile separated the three compartments, allowing water to pass through while preventing sand migration. The pumping well was located 100 cm away from the saltwater chamber. This well fully penetrated the entire medium layer. Acrylic pipes wrapped in a geotextile were evenly perforated with 6 mm diameter holes spaced 18 mm apart. This geotextile surrounding the pipes served as a filter to separate water from sand. Rubber tubes connected to a peristaltic pump were placed within these pipes to simulate the pumping of water after the saltwater wedge had stabilized. A camera system was positioned one meter in front of the sandbox apparatus to record the movement of saltwater within the sandbox.



At the start of the experiment, all instruments were connected to the sandbox model as shown in Figure 1 and Figure 2. The seals at all interfaces were checked to ensure the experimental setup was leak-proof and fully functional. Standard sand with a particle size of 0.5 mm to 1.00 mm was cleaned and added to the medium chamber. The height of the sand near the saline water chamber was set to 40 cm, gradually increasing with a slope until it reached 50 cm, after which it was filled horizontally, maintaining the height at 50 cm. Salt and Brilliant Blue FCF were mixed at a ratio of 7:2500 to obtain blue-colored particles, which were used to prepare a saline solution with a concentration of 35 g/L [27]. Freshwater was added to the freshwater chamber, allowing it to flow through the medium chamber into the saline water chamber to ensure the sand layer was fully saturated. Once saturation was achieved, partition plates were inserted to separate the medium chamber, saline water chamber, and freshwater chamber, and the freshwater was drained from the saline water chamber. Next, the prepared saline solution was added to the saline water chamber. The baffles on both sides were adjusted to control the water head, setting the saline water head at h0 = 43.5 cm and the freshwater head at hf = 45 cm. The partition simulating the impermeable dam was 8.5 cm high and placed at a height of 35 cm in the medium chamber to prevent the saline water from overtopping the baffles. The partition plates on both sides were removed to observe the colored saline water infiltrating the sandbox. After some time, a stable saline wedge was formed. It was generally considered that the saline wedge reached a steady state when it moved no more than 1 cm in 10 min. Once a steady state was achieved, the saline water head was raised to hs (as specified in Table 1) and a peristaltic pump was inserted into the extraction well. The peristaltic pump was started and the extraction flow rate Q was adjusted (as specified in Table 1). Recording continued until the saline wedge stabilized or the bottom length reached 180 cm, and then the experiment was concluded. The above process was repeated under different variables to study the effects of various conditions on seawater intrusion in these experimental scenarios.



In this study, strict control conditions and protocols were implemented to ensure the reliability and reproducibility of the experimental results. All experiments were conducted in a controlled environment with a constant temperature of 22 °C ± 1 °C to eliminate the influence of temperature on seawater intrusion. The salinity of the seawater and freshwater was maintained at 35 g/L and 0 g/L, respectively, simulating the natural freshwater–saltwater interface found in coastal aquifers. Water head control was achieved through adjustable partitions, ensuring that the initial conditions for freshwater and seawater levels were set accurately (e.g., seawater head at h0 = 43.5 cm and freshwater head at hf = 45 cm). Salt and Brilliant Blue FCF were allocated in strict proportion to ensure that Brilliant Blue FCF had a good enough tracing effect on the salt [27]. During the experiments, when the sea level or pumping rates varied, other variables such as coastal slope and groundwater extraction rates were held constant to isolate the effects of the specific factor being studied. To ensure data reliability, all experiments were repeated three times, and the average values were used for analysis.



This study considered real-world conditions by initially stabilizing the saltwater–freshwater interface at the current sea level and then simulating rising sea levels by gradually increasing the water level. Additionally, groundwater pumping and coastal slope gradients were recognized as significant factors influencing seawater intrusion. This research, scaled to the experimental setup, investigated the effects of varying sea levels, groundwater pumping rates, and coastal slope gradients on the extent of seawater intrusion. The influence of these factors was systematically compared. The specific experimental design is outlined in Table 1. Group A experiments examined the impact of different sea level rise heights on seawater intrusion. Group B experiments analyzed the effects of varying sea level rise heights on seawater intrusion under conditions of groundwater extraction. Group C experiments explored the influence of different coastal slope gradients on seawater intrusion in the context of rising sea levels. Group D experiments investigated the combined effects of groundwater pumping and sea level rise on seawater intrusion, considering different coastal slope gradients. Group E experiments assessed the impact of varying groundwater pumping rates on seawater intrusion under rising sea level conditions. By conducting these experiments, the study aimed to provide a comprehensive understanding of how each factor and their combinations affect seawater intrusion, facilitating comparisons between the influences of different variables.




2.2. Numerical Simulation


This study used GMS 10.5.8 software for numerical simulations and compared the results with physical simulations (sandbox experiments) for validation. When establishing the conceptual model in GMS, in addition to the commonly used grid-based method, a conceptualization approach was adopted. The core of this conceptualization method involved using feature objects to describe crucial information such as model boundaries, source and sink terms, and various parameter zones. Through feature objects, the model’s characteristics and boundary conditions were more accurately expressed, thereby improving the precision and reliability of the simulation results.



In summary, incorporating the conceptualization approach and feature objects during the GMS simulation validation process allowed for a more accurate description of model characteristics and parameter ranges. This experiment addressed variable-density groundwater solute transport under isothermal conditions. In the GMS system, the MODFLOW, MT3DMS, and SEAWAT modules were used jointly to handle the simulations. Within the SEAWAT model framework, the flow and solute transport equations were constructed based on the assumption that aquifer flow follows Darcy’s law, and the storage equation for confined aquifers satisfied the standard definition of the model. Additionally, in the dispersion equation, the diffusion mode followed Fick’s law. In this model, it was assumed that the temperature remained constant, the medium in the pores was fully saturated, and the fluid was completely mixed and incompressible.



SEAWAT generally equated the saline water head to the freshwater head, converting the measured saline water head into a freshwater head for use in model calculations. The conversion formula is as follows:


    h   f   =    ρ     ρ   f      h −    ρ −   ρ   f       ρ   f       



(1)




where     h   f     represents the freshwater head; h represents the measured head;   ρ   represents the measured groundwater flow density; and     ρ   f     represents the freshwater density.



(1) Variable density groundwater flow model



Typically, the MODFLOW model constructs its conservation equations based on the principle of volume conservation. However, when dealing with variable-density groundwater flow, such as in cases of seawater intrusion, the volume conservation equation is no longer applicable. SEAWAT, instead, employs the law of mass conservation to establish the groundwater flow equations, disregarding the impact of groundwater temperature on density. The resulting variable-density groundwater flow model can be effectively used to simulate seawater intrusion:


        ∂   ∂ x      ρ   K   f x        ∂   h   f     ∂ x    +    ρ −   ρ   f       ρ   f         ∂ Z   ∂ x        +    ∂   ∂ y      ρ   K   f y   (    ∂   h   f     ∂ y    +    ρ −   ρ   f       ρ   f         ∂ Z   ∂ y                          +    ∂   ∂ z      ρ   K   f z        ∂   h   f     ∂ z    +    ρ −   ρ   f       ρ   f         ∂ Z   ∂ z        = ρ   S   f      ∂   h   f     ∂ t    + θ    ∂ ρ   ∂ C       ∂ C   ∂ t    −   ρ   s     q   s       



(2)




where   x ,   y ,   a n d   z   represent the directions of groundwater flow in the aquifer;     K   f x   ,     K   f y   ,   a n d     K   f z     represent the hydraulic conductivities in the three-dimensional directions; Z represents the elevation of the calculation point;     S   f     represents the storage coefficient converted to an equivalent freshwater head; θ represents the effective porosity;     ρ   s     represents the solute concentration; and     q   s     represents the volume of the solute.



(2) Solute transport model



In the variable-density groundwater flow equation, there is a partial differential term representing the concentration of water flow in the aquifer, which changes over time. Consequently, when the groundwater flow concentration changes, the flow field also changes accordingly. It is necessary to perform comprehensive coupled calculations to explore the changes in groundwater flow and water quality during seawater intrusion. Solute transport in groundwater encompasses various physical and chemical processes, including groundwater flow within the aquifer medium, solute diffusion, and sources and sinks. The formula is as follows:


     ∂ ( θ   C   k   )   ∂ t    =    ∂   ∂   x   i        θ   D   i j      ∂   C   k     ∂   x   j        −    ∂   ∂ x      θ   V   i     C   k     +   q   S     C   k   S   + Σ   R   n    



(3)




where     C   k     represents the solute concentration;     C   k   S     represents the solute concentration of the source/sink term;    ∑    R   n       represents the reaction term of the chemical substances in the aquifer; and     D   i j     represents the hydrodynamic dispersion coefficient.



Based on the aforementioned theory, the GMS gridding method was used to establish a three-dimensional hydrogeological model. The model dimensions for the unconfined aquifer were set to 202 cm in length, 25 cm in width, and 45 cm in height. The bottom of the model was designated as an impermeable boundary, with the left side as the constant head boundary for saline water and the right side as the constant head boundary for freshwater. The basic parameter values are provided in Table 2. The basic parameters for each experimental group (A–E) were kept consistent during the simulations. The final values for the saline water head, groundwater pumping rate, and coastal slope gradient are listed in Table 1.





3. Results and Discussion


To investigate the patterns of seawater intrusion in coastal aquifers caused by sea level rise under the influence of impermeable dams, we conducted experiments following the protocol outlined in Table 1. The experiments focused on the effects of groundwater pumping and sea level rise on seawater intrusion in an unconfined aquifer and were as follows:




	
Group A experiments examined the impact of different sea level rise heights on seawater intrusion.



	
Group B experiments explored the impact of varying sea level rise heights on seawater intrusion under conditions of groundwater pumping.



	
Group C experiments assessed the influence of different coastal slope gradients on seawater intrusion with rising sea levels.



	
Group D experiments studied the combined effect of groundwater pumping and sea level rise on seawater intrusion, considering different coastal slope gradients.



	
Group E experiments evaluated the impact of different groundwater pumping rates on seawater intrusion under rising sea level conditions.








Each set of experiments was analyzed and compared using numerical simulation methods. For each experiment, we compared the distribution lines of approximately 10% concentration, i.e., 3.5 g/L, from both the sand tank experiments and the numerical simulations to ensure accurate and comprehensive analysis.



3.1. Initial Conditions


Under natural conditions, a stable saline wedge typically exists in a coastal aquifer system due to density difference. However, excessive groundwater pumping or rising sea levels can disrupt the hydraulic balance between groundwater and seawater in coastal aquifer systems, leading to the inland migration of the freshwater–saltwater interface—a phenomenon known as seawater intrusion. This inland migration is further exacerbated by sea level rise caused by human activities and climate change [48]. Considering real-world scenarios, our experiments used an already stable saline wedge within the coastal aquifer system as the initial condition, then simulated the inland migration of the freshwater–saltwater interface triggered by groundwater pumping, along with rising saline water levels on the left side of the sandbox to simulate sea level rise.



Before starting the experiment, we set the saline water head on the left side of the sandbox to h0 = 43.5 cm, and the freshwater head on the right side to hf = 45 cm. This hydraulic balance under constant head boundary conditions resulted in a stable saline wedge, which served as the initial condition for all experimental groups. In the experiments, we considered the saline wedge to be stable when its movement was less than 1 cm over 30 min. Multiple steady-state experiments were conducted to determine the initial conditions, with the set of experiments closest to the average values selected as the initial conditions for the formal experiments. The distribution patterns of the saline wedge in the steady-state experiments were compared with the corresponding SEAWAT model simulations (Figure 3).



At the start of the experiment, the saline water marked with Brilliant Blue intruded rapidly into the unconfined aquifer, with the intrusion rate gradually decreasing until it approached zero at 150 min, indicating a stable saline wedge distribution. This moment was chosen as the initial condition for the formal experiments. The top edge length stabilized much earlier than the bottom edge length due to the rapid initial intrusion of saline water directly from the saline boundary, causing the maximum intrusion height of the saline wedge to increase rapidly. Subsequently, as the saline water further intruded into the aquifer, the intrusion rate gradually slowed until it was stabilized. At the end of the steady-state experiments, the bottom edge length (h1) stabilized at approximately 80.2 cm, the top edge length (h2) stabilized at approximately 18.3 cm, and the intrusion area (S1) of the saline wedge was about 1694 cm2 (Figure 4).




3.2. Numerical Simulation Results


In the GMS system, the combined use of the MODFLOW, MT3DMS, and SEAWAT modules was employed for simulation. The simulations included both qualitative comparisons (by comparing the shape of the saline wedge) and quantitative comparisons (by comparing transient toe length data and salinity).



Figure 5 compares the saline wedge shapes obtained from the simulations under different conditions, with the boundary defined at a salinity concentration of 5 g/L. The results of the sand tank experiments and the numerical simulations are compared. The findings indicate that the numerical simulations can effectively reproduce the overall shape of the saline wedge, especially the lower horizontal seawater intrusion wedge. The numerical model accurately predicts the evolution process, aligning well with the experimental results. Although there might be some minor differences at the boundaries, the overall trend and shape fit relatively well. The vertical seawater intrusion at the upper part of the saline wedge simulated by the numerical model is slightly smaller than the experimental results. This discrepancy arises because the sand tank experiment could not ensure absolutely uniform sand filling, leading to a comparatively higher permeability coefficient in the upper medium. As a result, the numerical simulation outcomes are relatively smaller than the experimental results.



Figure 5 shows the conductivity changes at four points in the unconfined aquifer under different experimental scenarios. In the two-dimensional profile of the model, the bottom left corner of the aquifer near the saline water is defined as point (0,0). The four monitoring points are located at (50,20), (50,40), (75,20), and (100,1). As shown in the figure, the conductivity at all points is initially zero at time zero. As seawater intrudes into these points, the conductivity sharply increases until it stabilizes at a certain value. The conductivity at point (50,40) changes first, followed by point (100,1), and point (75,20) changes last. As the difference between the saline and freshwater heads increases, the time corresponding to the inflection point in the conductivity curve decreases, and the slope increases. When the slope decreases, the horizontal and diagonal infiltration of seawater behind the dam intensifies, slowing the seawater intrusion process on the side of the aquifer close to the impermeable dam while intensifying intrusion on the side near the pumping well, forming an inverse S-shaped interface between saline and freshwater. Changes in slope have almost no effects on the central migration of the saline–freshwater interface. As groundwater pumping increases, the slope of the conductivity curve increases, and the time at which conductivity starts to increase decreases. Therefore, groundwater pumping mainly affects the rate and path of seawater intrusion in the central part of the aquifer, deepening the seawater intrusion into the central part of the unconfined aquifer. These phenomena are consistent with the patterns observed in the indoor sand tank experiments.




3.3. Experimental and Numerical Results


Using Experiment A1 as an example, based on the initial conditions described in Section 3.1, at T0 = 150 min, the saline water head was raised to h = 47 cm for simulating sea level rise. The experimental results are shown in Figure 6. As shown in Figure 6, the migration rate of saline water within the aquifer increased with depth. The migration rate in the lower layer was significantly faster than that of the upper layers. Due to the hydrodynamic influence of freshwater on saline water, the toe of the saline wedge appeared sharp. As the saline wedge expanded, its boundary became steeper. The concavity near the impermeable dam also increased. The interface between saline and freshwater was nearly a smooth straight line in front of and behind the dam, with a noticeable angle at the bottom near the dam. This indicated that the impermeable dam had a certain obstructive effect on the shallow seawater intrusion process. Before the rise in the saline water head, horizontal infiltration of saline water predominated, with vertical infiltration being less noticeable. However, as the saline water head rose and exceeded the height of the impermeable dam, the vertical infiltration of saline water became more pronounced behind the dam, though horizontal infiltration remained the dominant process overall.



Figure 7 shows the steady-state concentration color maps of the saline wedge at 30 min and 70 min (end) after the start of the experiment. Experiments A1, A2, and A3 illustrate the seawater intrusion patterns corresponding to sea level rises of 3.5 cm, 4.5 cm, and 5.5 cm, respectively. Experiments B1, B2, and B3 depict the intrusion patterns under a groundwater pumping rate of 225 cm3/min, with sea level rises of 3.5 cm, 4.5 cm, and 5.5 cm, respectively. Experiments C1, A1, and C3 represent the seawater intrusion patterns corresponding to a sea level rise of 3.5 cm with coastal slope tangents of 1/5, 1/7, and 1/9, respectively. Experiments D1, B1, and D3 show intrusion patterns under a pumping rate of 225 cm3/min, with sea level rises of 3.5 cm, 4.5 cm, and 5.5 cm. Experiments A1, E2, B1, and E4 illustrate the seawater intrusion patterns corresponding to a sea level rise of 3.5 cm with groundwater pumping rates of 0 cm3/min, 150 cm3/min, 225 cm3/min, and 300 cm3/min, respectively.



The first column (A1)–(E4) and the third column (A1)–(E4) display the experimental images at 30 min and 70 min, respectively. The second column (A1)–(E4) shows the numerical simulation results corresponding to 30 min for each experiment. In these figures, the white wall represents the impermeable dam, and the black line indicates the distribution line at approximately 10% concentration (3.5 g/L). The experimental results include various saline water heads, coastal slope gradients, and groundwater pumping rates. The numerical simulation results align well with the laboratory sand tank experimental results, indicating that both approaches effectively model seawater intrusion.



Sea level rise is one of the primary factors influencing vertical seawater intrusion. Under constant conditions, the extent of seawater intrusion is positively correlated with the degree of sea level rise (Figure 7, A1, A2, A3, B1, B2, B3).



Without groundwater extraction: In experiments without groundwater pumping (Figure 7, A1, A2, A3), the saline water head was raised by 3.5 cm, 4.5 cm, and 5.5 cm from the initial head h0 for the three scenarios, respectively, as shown in Table 3. After 30 min, the areas of the upper saline wedge (S1, S2, and S3) were 277 cm2, 407 cm2, and 583 cm2, respectively, with growth rates (V1, V2, and V3) of 9.23 cm2/min, 13.57 cm2/min, and 19.43 cm2/min. After 70 min, the areas of the upper saline wedge (S1′, S2′, and S3′) were 362 cm2, 852 cm2, and 1240 cm2, respectively, with growth rates (V1′, V2′, and V3′) of 2.13 cm2/min, 11.13 cm2/min, and 16.43 cm2/min. As the difference between the saline head and freshwater head increased, the range of saline water expansion also increased. As shown in Figure 8, with the rise in the saline water head, the slope of the curve representing the length of the bottom saline wedge over time also increased. This indicates that the migration rate of the saline wedge toe increased with the rise in the saline water head, shortening the time required for the saline wedge to expand to the same area and distance. The vertical intrusion of the upper saline wedge intensified significantly with the rise in sea level, with notable increases in both the depth and length of the upper saline wedge (Figure 7, A). Although the growth rate decreased over time, the simulation results indicate that the intrusion will not stabilize and will continue to increase.



With groundwater extraction: In experiments with groundwater pumping (Figure 7, B1, B2, B3), the saline water head was raised by 3.5 cm, 4.5 cm, and 5.5 cm from the initial head h0, with an extraction rate of 225 cm3/min. As shown in Table 3, after 30 min, the areas of the upper saline wedge (S1, S2, and S3) were 499 cm2, 787 cm2, and 1037 cm2, respectively, with growth rates (V1, V2, and V3) of 16.63 cm2/min, 26.23 cm2/min, and 34.57 cm2/min. After 70 min, the areas of the upper saline wedge (S1′, S2′, and S3′) were 1035 cm2, 1748 cm2, and 2207 cm2, respectively, with growth rates (V1′, V2′, and V3′) of 13.40 cm2/min, 24.03 cm2/min, and 29.25 cm2/min. The migration pattern showed that horizontal migration dominated, with the lower part migrating faster than the upper part. As the difference between the saline head and freshwater head gradually increased, an increase in the area and migration distance of the saline wedge occurred. At the bottom of the aquifer, the maximum distance of the saline wedge toe increased with the rise in the saline head. For vertical seawater intrusion, the distance of the upper saline wedge infiltration inland increased with the rise in the head, but the overall pattern of horizontal infiltration remained dominant. As shown in Figure 9, when groundwater pumping was introduced, the area and length of the saline wedge continued to increase with the rise in the saline head. The growth rate of the lower saline wedge length initially increased and then decreased, stabilizing around 120 cm (the position of the extraction well), reducing the impact of the saline head rise. It is evident that with the rise in the saline head, the area of the upper saline wedge increased, along with its growth rate. Although the growth rate slowed over time, the rate of slowing was less pronounced with a higher saline head. Therefore, the higher the rise in the saline head, the larger the area and range affected by saline intrusion, and the faster the saline wedge intruded into the aquifer.



Comparison between groups A and B: Comparing the results of groups A and B, under groundwater pumping conditions, the expansion range, area, and migration distance of the saline wedge toe at the same time were significantly enhanced compared to conditions without groundwater extraction. After the saline head rise, the vertical seawater intrusion rate, infiltration range, maximum horizontal migration distance of the upper saline wedge, and the area of the saline wedge were all much greater than those without groundwater extraction. The trend of saline expansion in the aquifer was more evident than without groundwater extraction, with a gentler inclination at the saline–freshwater interface, a steeper inclination at the toe of the saline wedge, and a more significant rightward shift of the saline–freshwater interface. The comparison of the migration curves of the saline wedge toe (Figure 8 and Figure 9) shows that the latter part of the curve was more stable under groundwater pumping than without it, with a gradually decreasing slope. When the saline wedge toe exceeded the extraction well (beyond 120 cm), groundwater pumping limited the migration trend of the lower saline wedge into the aquifer to some extent. Overall, groundwater pumping exacerbates the impact of sea level rise on vertical seawater intrusion while reducing its impact on horizontal intrusion, consistent with previous research findings [49]. Sea level rise significantly influences both vertical and horizontal seawater intrusion. This phenomenon aligns with real-world observations in low-lying coastal regions. Rising sea levels are progressively leading to freshwater depletion. Therefore, this study provides important insights for coastal managers, suggesting that mitigation measures, such as reducing groundwater extraction or constructing coastal protection structures, could help mitigate the effects of seawater intrusion.





4. Sensitivity Analysis


4.1. Impact of Coastal Slope and Groundwater Pumping on Seawater Intrusion


Changes in coastal slope can significantly affect the vertical intrusion of seawater. Under constant conditions, the tangent value of the slope’s toe is negatively correlated with the area of vertical seawater intrusion and the length of the vertical saline wedge. However, the height of the vertical seawater intrusion and the length of horizontal seawater intrusion are not significantly affected by changes in the slope’s toe (Figure 7, C, D).



Without groundwater extraction: In the absence of groundwater pumping (Figure 7, C1, A1, C3), the tangent values of the slope’s toe (tanα) are 1/5, 1/7, and 1/9 for C1, A1, and C3, respectively. The experimental results are shown in Figure 7. After 30 min, the areas of the upper saline wedge were 134 cm2, 277 cm2, and 363 cm2, respectively, and after 70 min, the areas were 154 cm2, 362 cm2, and 502 cm2, respectively. As the slope’s toe decreases, the area of the upper saline wedge gradually increases (Figure 10). After 30 min, the lengths of the upper saline wedge were 16.5 cm, 40.25 cm, and 59.5 cm, respectively, and the heights were 16.9 cm, 17.42 cm, and 17.15 cm, respectively. After 70 min, the lengths were 21.3 cm, 48.35 cm, and 64.78 cm, respectively, and the heights were 16.2 cm, 15.21 cm, and 16.01 cm, respectively. The length of the upper saline wedge increases steadily, while the height of the saline wedge remains stable (Figure 11). After 70 min, the height of the upper saline wedge is even slightly less than that at 30 min, indicating that the height has already stabilized and is not affected by the coastal slope. For the horizontal seawater intrusion forming the lower saline wedge, calculations show that the areas for the three conditions stabilize around 2180 cm2 after 30 min and 2595 cm2 after 70 min, unaffected by changes in the slope’s toe. The area of the vertical seawater intrusion forming the upper saline wedge is significantly affected by changes in the coastal slope (Figure 10). The smaller the slope’s toe, the larger the area of the vertical saline wedge.



With ground water extraction: When groundwater pumping is superimposed (Figure 7, D1, B1, D3), the tangent values of the slope’s toe (tanα) for D1, B1, and D3 are 1/5, 1/7, and 1/9, respectively. All scenarios have a pumping rate of 225 cm3/min. The experimental results are shown in Figure 7. After 30 min, the areas of the upper saline wedge were 134 cm2, 277 cm2, and 363 cm2, respectively, and after 70 min, the areas were 235 cm2, 499 cm2, and 833 cm2, respectively. The vertical seawater intrusion forming the upper saline wedge is significantly affected. As the slope’s toe decreases, the area of the upper saline wedge gradually increases (Figure 11). After 30 min, the lengths of the upper saline wedge were 26.9 cm, 47 cm, and 72.08 cm, respectively, and the heights were 18.4 cm, 19.13 cm, and 18.88 cm, respectively. After 70 min, the lengths were 30 cm, 68.62 cm, and 88.42 cm, respectively, and the heights were 23.21 cm, 27.97 cm, and 25.7 cm, respectively. The length of the upper saline wedge steadily increases, while the height of the saline wedge remains stable (Figure 12). As the slope behind the dam increases, the extent of vertical seawater intrusion decreases, and the direction changes, transitioning from primarily horizontal migration to predominantly vertical infiltration, and then to diagonal extension along the aquifer. For the lower saline wedge, after the head increases, the migration rate of the saline wedge bottom is higher when the wedge is less than 120 cm (the position of the extraction well) compared to scenarios without groundwater extraction. However, when the wedge exceeds 120 cm, the migration rate slows down and becomes less than that in the scenario without groundwater extraction. This makes the overall migration pattern less affected by changes in slope. The areas of the lower saline wedge formed by horizontal seawater intrusion are stable at approximately 2318 cm2 after 30 min and 2835 cm2 after 70 min, unaffected by the changes in slope.



Comparison of groups C and D: Compared to group C without groundwater extraction, group D shows a faster migration of the saline wedge and a larger saline wedge area with groundwater pumping. After the head increases, the horizontal seawater intrusion and migration trajectory of the saline wedge in both groups C and D are unaffected by changes in slope. The area of the upper saltwater wedge increased by 101 cm 2, 222 cm 2, and 470 cm 2, respectively, at 30 min, and by 200 cm 2, 673 cm 2, and 1243 cm 2, respectively, at 70 min. However, the vertical seawater intrusion is significantly impacted. In group D with groundwater extraction, the vertical seawater intrusion forming the saline wedge covers a larger area compared to the corresponding scenarios in group C. Despite this, the overall migration trajectory is similar to group C, with a more pronounced extension of the saline–freshwater interface into the aquifer. The vertical seawater intrusion in group D with groundwater pumping is significantly greater than that in the C group without groundwater extraction, and the impact of groundwater pumping on seawater intrusion becomes more severe as the tangent value of the coastal slope decreases (Figure 11). This is because a smaller tangent value of the slope results in a greater contact area between the saline water and the coastal surface, and closer proximity to the extraction well, leading to a more pronounced impact of the drawdown cone caused by groundwater extraction. These results are consistent with numerical simulations and previous research findings.




4.2. Impact of Groundwater Pumping Rates on Seawater Intrusion


The results under groundwater pumping conditions show a significant difference compared to scenarios without groundwater pumping (Figure 7, A1, E2, B1, E4). Experiment A1 serves as the control group with a pumping rate of 0 cm3/min, while the extraction rates Q for E2, B1, and E4 are 150 cm3/min, 225 cm3/min, and 300 cm3/min, respectively. As shown in Figure 7 and Figure 13, after 30 min, the areas of the upper saline wedge for the four groups are 277 cm2, 429 cm2, 583 cm2, and 674 cm2, respectively. After 70 min, the areas are 362 cm2, 702 cm2, 1035 cm2, and 1324 cm2, respectively. As the extraction rate Q increases, the enhancement of vertical seawater intrusion becomes very apparent. Within the observable range, the horizontal extension length, vertical extension height, and area of the vertical saline wedge all increase significantly with higher groundwater pumping rates. Moreover, the growth rate first increases and then decreases with increasing extraction rates, and reaches its peak when the saltwater wedge reaches 120 cm. This phenomenon is due to the formation of a drawdown cone by groundwater extraction. As the extraction rate increases, the influence range of the drawdown cone also expands. However, when the extraction rate reaches a certain level, the drawdown cone stabilizes, leading to a diminishing effect on the saline wedge. In contrast, the impact of groundwater pumping on horizontal seawater intrusion is relatively smaller. As shown in Figure 14, when the length of the saline wedge is less than 120 cm (the position of the extraction well), the intrusion speed of saline water increases with higher groundwater pumping rates. The maximum growth rates of the saltwater wedge area are 18.46 cm 2/min, 27.1 cm 2/min, 38.9 cm 2/min, and 44.9 cm 2/min, respectively. However, when the length of the saline wedge exceeds 120 cm, the intrusion speed of saline water behind the extraction well gradually slows down with increased extraction rates. Nonetheless, in front of the extraction well, the width and area of the saline wedge continue to expand. These observations are consistent with numerical simulations and previous research findings. This study demonstrates that groundwater extraction exacerbates seawater intrusion under the condition of sea level rising. Based on these findings, coastal water resource managers should prioritize reducing groundwater extraction, particularly in areas facing significant sea-level rise. Furthermore, the construction of coastal barriers could serve as an effective strategy to combat seawater intrusion, ensuring the long-term sustainability of freshwater resources in these regions.





5. Conclusions


To investigate the patterns of seawater intrusion in coastal aquifers due to sea level rise under the influence of impermeable dams, this study constructed a sand tank model to examine the vertical and horizontal intrusion of seawater into coastal unconfined aquifers under different conditions of sea level rise, coastal slope changes, and varying groundwater pumping rates. Additionally, numerical simulations were performed using GMS to compare and analyze the results with the sand tank experiments. The following conclusions were obtained:



5.1. Impact of Sea Level Rise


When the sea level rises by 3.5 cm, 4.5 cm, and 5.5 cm, the growth rates of the upper saline wedge (V1, V2, and V3) after 30 min are 9.23 cm2/min, 13.57 cm2/min, and 19.43 cm2/min, respectively. After 70 min, the growth rates (V1′, V2′, and V3′) are 2.13 cm2/min, 11.13 cm2/min, and 16.43 cm2/min, respectively. With the freshwater head constant, a higher saline water head results in a faster expansion of saline water into the aquifer, increased migration rates of the bottom saline wedge toe, and shorter times to reach the same area. Vertical seawater intrusion becomes more intense with increased saline water levels, significantly increasing both the length and depth of the upper saline wedge.



Under an extraction rate of Q = 225 cm3/min and sea level rises of 3.5 cm, 4.5 cm, and 5.5 cm, the growth rates of the upper saline wedge (V1, V2, and V3) after 30 min are 16.63 cm2/min, 26.23 cm2/min, and 34.57 cm2/min, respectively. After 70 min, the growth rates (V1′, V2′, and V3′) are 13.40 cm2/min, 24.03 cm2/min, and 29.25 cm2/min, respectively. The degree of seawater intrusion becomes more severe under groundwater extraction. Compared to scenarios without groundwater extraction, the vertical seawater intrusion forms a saline wedge that expands faster, with a larger area and longer migration distances of the toe over the same time period. As the saline water head increases, vertical intrusion speeds up, the infiltration range expands, and the saline wedge area increases. The trend of saline expansion into the aquifer is more pronounced with groundwater extraction, resulting in a gentler slope at the saline–freshwater interface, a steeper angle at the toe, and a greater rightward shift of the interface. Groundwater pumping exacerbates the impact of sea level rise on vertical seawater intrusion while reducing its impact on horizontal intrusion.




5.2. Impact of Coastal Slope


The sensitivity of seawater intrusion in unconfined aquifers to slope changes is much lower than to sea level rise. The area of the lower horizontal saline wedge remains unaffected by changes in the slope toe under different coastal slope conditions. However, when groundwater pumping is superimposed, the overall migration speed of the saline wedge increases, and the area expands. The vertical saline wedge is significantly affected, with areas of 134 cm2, 277 cm2, and 363 cm2 after 30 min, and 154 cm2, 362 cm2, and 502 cm2 after 70 min, for tanα values of 1/5, 1/7, and 1/9, respectively. The lengths of the upper saline wedge after 30 min are 16.5 cm, 40.25 cm, and 59.5 cm, and the heights are 16.9 cm, 17.42 cm, and 17.15 cm. After 70 min, the lengths increase to 21.3 cm, 48.35 cm, and 64.78 cm, while the heights remain 16.2 cm, 15.21 cm, and 16.01 cm. As the tangent value of the slope toe decreases, the area of vertical seawater intrusion increases, and the growth rate of the upper saline wedge accelerates, making it more difficult to stabilize over time. However, the height of the saline wedge does not change with the slope. Vertical seawater intrusion leads to longer horizontal and vertical migration distances and larger areas. Under groundwater extraction, the vertical seawater intrusion is much greater than without extraction, and the impact of extraction on seawater intrusion becomes more severe as the tangent value of the coastal slope toe decreases.




5.3. Impact of Groundwater Pumping Rates


The sensitivity of seawater intrusion in unconfined aquifers to groundwater pumping is lower than to sea level rise but higher than to slope changes. When the extraction rates (Q) are 0, 150 cm3/min, 225 cm3/min, and 300 cm3/min, the areas of the upper saline wedge after 30 min are 277 cm2, 429 cm2, 583 cm2, and 674 cm2, respectively. After 70 min, the areas increase to 362 cm2, 702 cm2, 1035 cm2, and 1324 cm2, respectively. As groundwater pumping rates increase, vertical seawater intrusion becomes more intense, with significant increases in the horizontal and vertical extension lengths and areas of the saline wedge. The growth rate initially increases and then decreases with increasing extraction rates. In contrast, the impact of groundwater pumping on horizontal seawater intrusion is smaller. Before the saline wedge passes the extraction well, the intrusion speed increases with higher extraction rates. After the saline wedge passes the extraction well, the intrusion speed behind the well slows down as extraction rates increase, but the width and area of the saline wedge continue to expand.



Future research should incorporate more field data and large-scale numerical simulations to further validate the findings from this study and optimize coastal management strategies. This will help address seawater intrusion challenges under varying geological and hydrological conditions across different global coastal areas, ensuring tailored adaptation strategies for each region.
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Figure 1. Schematic representation of seawater intrusion in sandbox model. 
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Figure 2. Real-life sandbox configuration for simulating seawater intrusion. 






Figure 2. Real-life sandbox configuration for simulating seawater intrusion.



[image: Water 16 03457 g002]







[image: Water 16 03457 g003] 





Figure 3. Experimental and simulated steady-state salinity distributions in the sand tank. 
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Figure 4. Temporal variation in saltwater wedge length in steady-state experiment. 
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Figure 5. Salinity variation at coordinate (50, 20) (50, 40) (75, 20) (100, 1) in numerical simulation. 
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Figure 6. Temporal variation in saltwater wedge length in steady-state experiment. 
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Figure 7. Temporal variation in saltwater wedge length in steady-state experiment. 
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Figure 8. Temporal variation in saltwater wedge length under different sea-level rise scenarios without groundwater extraction. Based on experiment group A in Figure 7. 
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Figure 9. Temporal variation of saltwater wedge length under different sea-level rise scenarios with groundwater extraction. Based on experiment group B in Figure 7. 
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Figure 10. Comparison of upper saltwater wedge area under different coastal slopes and pumping conditions over time, based on experiment groups C and D in Figure 7. 
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Figure 11. Comparison of upper saltwater wedge length and height under different coastal slopes over time without groundwater extraction, based on experiment group C in Figure 7. 
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Figure 12. Comparison of upper saltwater wedge length and height under different coastal slopes over time with groundwater extraction. Based on experiment group D in Figure 7. 
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Figure 13. Impact of pumping rates on vertical seawater intrusion area over time, based on experiment group D in Figure 7. 
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Figure 14. Temporal variation in horizontal seawater intrusion length under different pumping rates, based on experiment group D in Figure 7. 






Figure 14. Temporal variation in horizontal seawater intrusion length under different pumping rates, based on experiment group D in Figure 7.



[image: Water 16 03457 g014]







 





Table 1. Detailed experimental plan for simulating seawater intrusion in the sandbox.
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Experimental Groups

	
Experimental Plan Number

	
Initial Saline Head

h0 (cm)

	
Final Saline Head

hs (cm)

	
Tangent Value of the Left Slope Angle

tan α

	
Fresh water Head

hf (cm)

	
Pumping Flow Rate

Q (mm3/min)






	
A

	
A1

	
43.5

	
47

	
1/7

	
45

	
0




	
A2

	
48

	
1/7

	
0




	
A3

	
49

	
1/7

	
0




	
B

	
B1

	
43.5

	
47

	
1/7

	
45

	
225




	
B2

	
48

	
1/7

	
225




	
B3

	
49

	
1/7

	
225




	
C

	
C1

	
43.5

	
47

	
1/5

	
45

	
0




	
A1

	
47

	
1/7

	
0




	
C3

	
47

	
1/9

	
0




	
D

	
D1

	
43.5

	
47

	
1/5

	
45

	
225




	
B1

	
47

	
1/7

	
225




	
D3

	
47

	
1/9

	
225




	
E

	
E1

	
43.5

	
47

	
1/7

	
45

	
150




	
B1

	
47

	
1/7

	
225




	
E3

	
47

	
1/7

	
300











 





Table 2. Basic parameter values for numerical simulation of seawater intrusion in sandbox model.






Table 2. Basic parameter values for numerical simulation of seawater intrusion in sandbox model.





	
Name

	
Model Parameters

	
Parameters Value

	
Unit






	
Saltwater–Freshwater System

	
Initial Saline Water Head

	
43.5

	
cm




	
Initial Saline Concentration

	
35

	
g/L




	
Freshwater Head

	
45

	
cm




	
Initial Freshwater Concentration

	
0

	
g/L




	
Unconfined Aquifer

	
Length

	
200

	
cm




	
Width

	
25

	
cm




	
Thickness

	
48

	
cm




	
Hydraulic Conductivity

	
38

	
m/d




	
Longitudinal Dispersivity

	
10

	
cm




	
Transverse Dispersivity

	
0.5

	
cm




	
Pumping Well

	
Axial Position

	
(120, 0–48)

	
cm




	
Radius

	
2.5

	
cm











 





Table 3. Area and growth rate of saltwater wedge under various conditions.






Table 3. Area and growth rate of saltwater wedge under various conditions.












	
	30 min
	The Growth Rate During First 30 min (cm2·min−1)
	70 min
	The Growth Rate from 30 to 70 min (cm2·min−1)





	A1
	277
	9.233
	362
	2.125



	A2
	407
	13.567
	852
	11.125



	A3
	583
	19.433
	1240
	16.425



	B1
	499
	16.633
	1035
	13.4



	B2
	787
	26.233
	1748
	24.025



	B3
	1037
	34.567
	2207
	29.25
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