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Introduction

Coastal karst aquifers face the risk of seawater intrusion due to groundwater development. Based on the conceptualization of Woodville Karst Plain (WKP), this study investigates the effect of karst conduit and pumping conditions on the aquifer vulnerability and pumping security.





Methods

According to the purposes of this study, two cases are considered: one with conduit and one without. Salinization levels are compared between two cases, considering pumping rates ranging from 50 to 200 m3/day and various pumping locations throughout the on-shore region.





Results

The results reveal that the aquifer with conduit is more susceptible to seawater intrusion at low pumping rates, whereas both scenarios experience significant salinization at high pumping rates. Specifically, in the non-conduit case, contamination is most prevalent when wells are located in the middle of the aquifer, while in the conduit case, pumping from inland areas poses high vulnerability. Moreover, conduit case and non-conduit case display different regions for pumping clean water. At low pumping rates, both cases show saline water being pumped from wells near the shore, and clean water is obtained from inland wells. At high pumping rates, the non-conduit case allows for clean water extraction from wells situated further inland, while in the conduit case, no wells within the entire aquifer are deemed safe.





Discussion

The analysis and findings of this study offer valuable insights for the management of groundwater in coastal karst aquifers, encompassing vulnerability assessment, selection of pumping locations, and determination of pumping rates.
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1 Introduction

In coastal regions, interactions of seawater and freshwater bring about unique groundwater environment, numerous endeavors have investigated chemical releasing and accumulations, biological environmental problems, and different coastal carbon budgets (e.g. Luo et al., 2022; Xiao et al., 2022; Zhang et al., 2022; Wang et al., 2023). Furthermore, in coastal karst aquifers, the seawater-freshwater interactions may be amplified since the existence of interconnected conduit systems (Arthur et al., 2007; Fleury et al., 2007). Saltwater can quickly move through these conduits, extending from submarine springs to inland areas (Beddows, 2004; Fleury et al., 2007). Furthermore, water exchange between conduits and the carbonate matrix allows for the expansion of saltwater within the freshwater system (Hu, 2010). During the last decade, researchers have given significant attention to this issue (e.g., Bakalowicz, 2018; Acikel and Ekmekci, 2021; Fleury et al., 2023; Schuler et al., 2019), conducting numerous numerical simulations, lab and field experiments to understand the process of seawater-fresh water interactions, assess aquifer vulnerability, and further apply to the geochemical and nutrient investigations (e.g. Faulkner et al., 2009; Xu et al., 2015; Oehler et al., 2019; Bejannin et al., 2020; Pétré et al., 2020; Shokri et al., 2022).

Due to the large uncertainty in the karst hydrogeological investigation, numerical modeling becomes a useful tool to evaluate local water resources and quantify contaminant migration (Kalhor et al., 2019). Numerical simulations of seawater intrusion in conduit-matrix systems offer good insights into understanding the susceptibility of coastal karst aquifers. Popular conceptualizations for evaluating seepage flow and contaminant transport in karst aquifers are the dual-porosity and discrete-continuum models, such as MODFLOW-CFP (Shoemaker et al., 2008; Reimann et al., 2011). For considering the density effect in the seawater-fresh water interaction, SEAWAT (Langevin et al., 2007) was applied by ignoring the non-Darcy flow in karst conduits (Xu et al., 2019a). Xu and Hu (2017) developed the VDFST-CFP code to simulate seawater-fresh water interaction in coastal karst aquifers, which incorporates both density-driven Darcy flow in porous media and non-Darcy flow in the conduit. Xu et al. (2019b) enhanced the VDFST-CFP model by achieving simulations of double conduits and accounting for conduit wall roughness, highlighting the importance of conduit spatial distribution in evaluating seawater intrusion. Though many efforts have been made, large challenges still existed in coupling non-Darcy flow and density-driven flow in groundwater simulations, especially for a big 3D model.

The significance of connected conduits in simulating seawater intrusion has been established. Arfib et al. (2007) demonstrated the preferential flow in karst conduits influences the saline water fluctuations in the aquifer. Sebben et al. (2015) and Koohbor et al. (2019) established the influence of directions and locations of conduits/fractures on salinity distribution, emphasizing that simulating an equivalent porous medium for a conduit system is inadequate for assessing aquifer vulnerability. Kresic and Panday (2021) compared the seawater intrusion and submarine groundwater discharge in a coastal aquifer with and without a karst conduit by MODFLOW-USG simulations (Panday et al., 2013). Their findings demonstrated that conduits contribute to additional seawater intrusion, extending beyond the conduit’s physical presence. In another study, Xu et al. (2018) investigated the sensitivity of different parameters on the distribution of seawater and freshwater in 2D synthetic models using the SEAWAT code (Langevin et al., 2007). The findings highlighted that the porosity of the conduit region, effective hydraulic conductivity of karst conduits, and salinity at submarine springs play crucial roles in the process of seawater intrusion. Kreyns et al. (2020) demonstrated that the salinity distribution in connected conduit systems differs significantly from multi-Gaussian and homogeneous models. Geng and Michael (2020) highlighted that the presence of high-permeability channels, specifically lava tubes, within the aquifer can lead to significant seawater intrusion, as well as introduce large uncertainty in predicting the distribution of salinity.

The intrusion of saline water induced by coastal pumping has been a subject of study for several decades (Houben and Post, 2017). Groundwater pumping serves as a vital source of freshwater for coastal regions, and it has been a key driver to influence the vulnerability of coastal aquifers (Ferguson and Gleeson, 2012). Excessive pumping can lead to severe aquifer salinization, resulting in unsustainable aquifers and even surface water contamination (Werner et al., 2013; Michael et al., 2017; Peters et al., 2022). Many studies have investigated chemical and discharge variations in the interaction between seawater and freshwater, and the phenomenon of upcoming under pumping effects through diverse methods such as analytical models (e.g., Fahs et al., 2016; Strack et al., 2016; Shao et al., 2018), laboratory experiments (e.g. Goswami and Clement, 2007; de Franco et al., 2009), and numerical modeling (e.g. Sherif et al., 2013; de Filippis et al., 2016; Yu et al., 2022). Recent studies have revealed that geologic heterogeneity and pumping conditions strongly influence the vulnerability of onshore freshwater resources (Knight et al., 2018; Yu and Michael, 2019a) and can even contribute to the large area of land subsidence (Yu and Michael, 2019b).

Previous studies have presented significant findings regarding seawater intrusion in karst regions and the impact of coastal pumping. However, the majority of current research on the environment of coastal karst aquifers has primarily focused on investigating seawater intrusion. The compound effect of karst conduits and groundwater pumping has not been fully investigated, including pumping locations, rates, and flow behaviors in conduits. In order to explore the impact of karst conduits and different pumping scenarios on seawater intrusion, this study employs SEAWAT numerical models based on the conceptualization of the Woodville Karst Plain (WKP) in northern Florida. The recharge boundary is assigned variable values based on local precipitation data. Two cases are examined: a conduit model featuring a single karst conduit and a non-conduit model. Multiple pumping rates and locations are applied to both models.




2 Methods

To investigate the issue of seawater intrusion, a 2D synthetic SEAWAT model was constructed for this study. The governing equation and code implementation of SEAWAT are detailed illustrated in Langevin et al. (2007). This code combines the flow simulation in MODFLOW (Harbaugh, 2005) and transport simulation in MT3DMS (Zheng and Wang, 1999) to depict variable-density groundwater behavior. In this study, Darcy’s law was employed to simulate groundwater flow in either porous media or karst conduit, the possible non-Darcian flow behavior in conduit systems was simplified as Darcy flow. Similar 2D synthetic SEAWAT models were designed in previous works to investigate coastal karst contaminations, such as those by Xu et al. (2018) and Wu et al. (2022).



2.1 Model setup and discretization

The framework of this synthetic model is based on the WKP in Florida, as shown in Figure 1A (Davis et al., 2010). WKP is a research hotspot for groundwater protection in coastal karst aquifers, and previous studies have provided abundant details on this topic (e.g., Davis and Verdi, 2014; Xu et al., 2016; Xu and Hu, 2021). Researchers have confirmed the existence of a large conduit system, spanning 18 km, connecting the ocean (Gulf of Mexico) and inland karst spring (Wakulla Spring), through tracer tests as well as cave diving explorations (Kernagis et al., 2008; Kincaid and Werner, 2008). It has been observed that seawater intrusion through this karst system has affected the water quality in Wakulla Spring (Xu et al., 2016). Therefore, in this study, a 2D synthetic model was developed to represent the region between the Gulf of Mexico and the Wakulla Spring, with a single main conduit connecting the two places. The actual coastal karst plain could be a complex mixture of multiple conduits, inlets, outlets (Hendrick and Renard, 2016), a single-conduit simplification may not accurately reflect this complexity. While it is a useful tool for studying seawater intrusion behavior in a coastal karst aquifer theoretically (Xu and Hu, 2017; Xu et al., 2018), and the findings are universality and generalizability.




Figure 1 | Study site and boundary conditions of the model. (A) The karst distribution map and surface river map of Woodville Karst Plain; (B) boundary conditions of the numerical model.



The size of the model was arranged to fit the region between Wakulla Spring and the ocean. The model has a length of 20 km, with 1 km offshore region (Figure 1B). The vertical size of the model is 120 m, representing the Upper Floridan Aquifer. We only considered one cell in the model width, which is 50 m. In the single-conduit model, the submarine spring in the ocean was located at a depth of 89 m (Davis et al., 2010; Xu et al., 2016). The conduit extended from the submarine spring 18 km inland and then vertically connected with Wakulla Spring (shown in red in Figure 1B). The size of each cell was 50 m × 50 m and 3 m in depth, which was proved to be fine enough for simulating seawater intrusion (Xu et al., 2018; Yu and Michael, 2019a). The cell size of the vertical conduit under Wakulla Spring (shown in Figure 1B) was set as 10 m in length and 3 m in depth to avoid an unacceptably large conduit. The non-conduit model has the same discretization as the single-conduit model in porous media but lacks the main karst conduit.




2.2 Aquifer parameters

The non-conduit model represents a homogeneous field, while the single-conduit model is a dual-permeability system in which the karst conduit and karst matrix (porous media) have been allocated different values (Table 1). The properties of the porous media in both models are the same. Aquifer parameters were modified from previous studies (Davis et al., 2010; Xu et al., 2018; Wu et al., 2022). The hydraulic conductivity and porosity of the porous media (shown in yellow in Figure 1B) are 86.0 m/d and 0.001, respectively, while those of the karst conduit (shown in red in Figure 1B) are 3.5e4 m/d and 0.005 (Ford and Williams, 2007). Dispersivity and specific storage in porous media were assumed to be 0.3 m and 5.0e-7, while they are 10 m and 0.05 in the conduit (Xu et al., 2018). These values have been calibrated and well-used in prior research (Davis et al., 2010; Xu et al., 2016; Wu et al., 2022).


Table 1 | Aquifer parameters of karst matrix and conduit (Ford and Williams, 2007; Xu et al., 2018).






2.3 Initial and boundary conditions

The model was assumed as a confined aquifer, with an impermeable boundary at the bottom that represents the low-permeability Clayton Formation (Davis et al., 2010) (Figure 1B). The top of the inland aquifer (blue in Figure 1B) is a recharge boundary with variable recharge conditions, which is detailed presented in the next section. The hydraulic head and water density of the sea boundary are constant values (orange in Figure 1B), where the head is 0.0 m and the density is 35.0 g/L. The inland boundary (green in Figure 1B) represents a constant flow boundary. The inland flow rate was calculated based on the head difference between the Wakulla Spring and Ames Sink (Figure 1A). The hydraulic head values for the Wakulla Spring and Ames Sink are 1.52 m and 2.43 m, respectively, and their distance is 11 km. Applying Darcy’s law between them with a geometric mean of hydraulic conductivity of 100.3 m/d, the calculated inland recharge is approximately 50 m3/d. The Wakulla Spring was assigned as DRAIN package which only receive water from surrounding cells (Harbaugh, 2005). The initial head and salinity distribution of the model is the steady-state simulation results under the average rainfall recharge and no-pumping conditions.




2.4 Recharge conditions

The model was subjected to variable rainfall conditions based on monthly precipitation data collected from the WKP, as shown in Figure 2. These data were gathered from monitoring sites operated by the United States Geological Survey (USGS) and National Oceanic and Atmospheric Administration (NOAA) from 2015 to 2020. Similar to the conceptual model outlined in Davis and Verdi (2014), precipitation variation can be classified into 3 periods based on rainfall intensity: the low-rainfall period, which occurs between October and March and has an average precipitation of 2.8 mm/d; the high-rainfall period, which occurs between June and August and has precipitation greater than 5.0 mm/d; April, May, and September are transition period with precipitation of 4.2 mm/d, bridging the low- and high-rainfall periods. As a result, precipitation values of 2.8, 4.2, and 7.5 mm/d were used in this modeling work for the low-rainfall, transition, and high-rainfall months, respectively (Figure 2B). The net recharge applied in the simulation was then calculated based on precipitation, evaporation, and infiltration rate in Equation (1):




Figure 2 | (A) Monthly precipitation from 2015 to 2020. (B) The average monthly precipitation was calculated from each year in (A). The blue line represents the monthly precipitation of each rainfall period that was utilized in the numerical model.





where R is the net recharge applied in the numerical simulation (LT-1); M is the monthly precipitation in Figure 2B (LT-1); Ma is the annual precipitation (LT-1), equals to ~1557 mm/year; Ta is the annual evapotranspiration (LT-1) of ~1377 mm/year (Xu et al., 2015; Xu and Hu, 2021); F is the infiltration rate of rainwater transport to the groundwater, which equals to 0.4 (Li et al., 2011).




2.5 Pumping scenarios

At the WKP, approximately 95,000 to 100,000 m3 of groundwater is extracted daily from the Upper Floridan Aquifer for domestic and industrial use, as reported by the City of Tallahassee (2016; 2017; 2018). These withdrawals are from a contributing area of roughly 800 km2 (Davis and Katz, 2007). As a result, the computed pumping rate for the model domain in Figure 1B (the area is 0.9 km2) is 105-115 m3/day. Therefore, four different pumping rates were designed in the simulation based on the above calculated pumping rate: 50 m3/day, 100 m3/day, 150 m3/day, and 200 m3/day. Additionally, the pumping location was shifted from the near-shore region to the inland boundary, specifically within the coordinates 1.5< x< 20 km and -120< y< 0 m, for each grid cell (Figure 1B). Simulations were conducted for each pumping rate and pumping location.




2.6 Seawater intrusion assessment

Five evaluation metrics were used to delineate aquifer vulnerability and pumping safety: average salinized area, variance of salinized area, throughout time at well, difference of salinized area, and difference of throughout time at pumping well. Salinized area measures the fraction of the area whose salinity is greater than 0.5 g/L EPA (2009), it is a time-dependent indicator in this study due to the rainfall variations. Therefore, we calculated the average salinized area and variance of salinized area based on simulated salinized area in the time span of 10 years. Salinity at well is another time-dependent indicator varying over 10 years, which illustrates the fluctuation in salinity at the pumping well. We calculated the throughout time at well, which is the fraction of the time span at a well pumping saline water (salinity ≥ 0.5 g/L). For emphasizing the effect of karst conduit in the seawater intrusion process, the average salinized area and throughout time at well in the single-conduit case was compared with the corresponding metrics in the non-conduit case, and the resulting differences were calculated. Difference of salinized area was calculated by the average salinized area of conduit case subtract it of non-conduit case at same locations. Similarly, difference of throughout time represent the difference of throughout time at well between two cases. All the above assessment metrics were computed for each pumping scenario (different pumping rates and locations) and then plotted at their respective pumping locations, as detailed in Section 3.





3 Results

This study aims to investigate the effect of karst conduit on seawater intrusion under dynamic recharge conditions. Examples of the simulation results and salinity distribution for conduit and non-conduit cases are displayed in Figure 3. The metrics of each pumping scenario are plotted at the pumping location in Figures 4–8.




Figure 3 | Examples of simulation results. (A–D) are the final salinity distribution of conduit case, final salinity distribution of non-conduit case, salinized area in 10 years, and salinity at well in 10 years, with pumping rate of 150 m3/day at 11 km onshore and 60 m depth; (E–H) are the final salinity distribution of conduit case, final salinity distribution of non-conduit case, salinized area in 10 years, and salinity at well in 10 years, with pumping rate of 150 m3/day at 15 km onshore and 60 m depth.






Figure 4 | The average salinized area of multiple pumping scenarios under different pumping rates. The average salinized area was calculated in each pumping process and then plotted in the domain at its well location. (A) Conduit case with pumping rate 50 m3/d; (B) Non-onduit case with pumping rate 50 m3/d; (C) Conduit case with pumping rate 100 m3/d; (D) Non-conduit case with pumping rate 100 m3/d; (E) Conduit case with pumping rate 150 m3/d; (F) Non-conduit case with pumping rate 150 m3/d; (G) Conduit case with pumping rate 200 m3/d; (H) Non-conduit case with pumping rate 200 m3/d.






Figure 5 | The variance of salinized area of multiple pumping scenarios under different pumping rates. (A) Conduit case with pumping rate 50 m3/d; (B) Non-conduit case with pumping rate 50 m3/d; (C) Conduit case with pumping rate 100 m3/d; (D) Non-conduit case with pumping rate 100 m3/d; (E) Conduit case with pumping rate 150 m3/d; (F) Non-conduit case with pumping rate 150 m3/d; (G) Conduit case with pumping rate 200 m3/d; (H) Non-conduit case with pumping rate 200 m3/d.






Figure 6 | The difference of salinized area between conduit case and non-conduit case under different pumping rates. The value was calculated by the Average salinized area of conduit case subtracted by non-conduit case. (A) Pumping rate = 50 m3/d; (B) Pumping rate = 100 m3/d; (C) Pumping rate = 150 m3/d; (D) Pumping rate = 200 m3/d.






Figure 7 | The throughout time at well of multiple pumping scenarios under different pumping rates. (A) Conduit case with pumping rate 50 m3/d; (B) Non-conduit case with pumping rate 50 m3/d; (C) Conduit case with pumping rate 100 m3/d; (D) Non-conduit case with pumping rate 100 m3/d; (E) Conduit case with pumping rate 150 m3/d; (F) Non-conduit case with pumping rate 150 m3/d; (G) Conduit case with pumping rate 200 m3/d; (H) Non-conduit case with pumping rate 200 m3/d.






Figure 8 | The difference of throughout time at well between conduit case and non-conduit case under different pumping rates. The value was calculated by the throughout time at well of conduit case subtracted by non-conduit case. (A) Pumping rate = 50 m3/d; (B) Pumping rate = 100 m3/d; (C) Pumping rate = 150 m3/d; (D) Pumping rate = 200 m3/d.





3.1 The aquifer vulnerability

The increasing pumping rates lead to more average salinized area (Figure 4) and higher variance of salinized area (Figure 5). In most pumping scenarios with low pumping rates (50-100 m3/d), the average salinized area is typically less than 0.2, and its variation is not significant across different pumping locations (Figures 4A, B, E, F). This indicates that low-rate pumping has a limited impact on the aquifer system, which the freshwater discharge to the ocean is larger than the freshwater pumping amounts. However, when higher pumping rates are employed (150-200 m3/d), the average salinized area exceeds 0.2 in most scenarios (Figures 4C, D, G, H). Notably, in the case of conduits, pumping water near the karst conduit leads to a smaller average salinized area (e.g., Figure 4D). This outcome is likely due to the fast transport of seawater through the karst conduit, allowing the salinity to reach the pumping well quickly without extensively spreading through the porous media. Furthermore, pumping scenarios further inland in the conduit case result in a higher salinized area compared to near-shore pumping scenarios (Figures 4C, D). Conversely, in non-conduit models, wells located in very inland areas exhibit a smaller average salinized area (Figures 4G, H). This observation indicates that these wells primarily extract water from the inland boundary, thus not promoting seawater intrusion.

The variance of the salinized area indicates the fluctuation of aquifer salinization over time under dynamic recharge conditions. Higher pumping rates contribute to increased variability as they facilitate the intrusion of more seawater during periods of low rainfall and its displacement during periods of high rainfall (Figure 5). The presence of a karst conduit leads to a faster movement of water during this dynamic process, resulting in a relatively higher variance of the salinized area in the conduit case compared to the non-conduit case under high pumping rates (Figures 5C, D, G, H). Furthermore, similar to the average salinized area, the effect of conduit amplifies the variability of inland pumping in the conduit case compared to the non-conduit case.

The karst conduit establishes a connection between the inland freshwater system and the submarine spring, resulting in distinct aquifer salinization patterns compared to the non-conduit case, especially for wells in the innermost areas of simulated aquifer (Figure 4). The quantitative difference of salinized area clearly demonstrates the disparity between these two cases (Figure 6). It indicates that aquifer salinization is more severe in the conduit case, whereas the non-conduit case may be more vulnerable at certain pumping wells in the middle of domain (Figures 6B–D). This illustrates that the karst conduit promotes aquifer refresh since the karst conduit increases saline water moveout in the monsoon season, especially the saline water were pumped to the middle of the aquifer. Overall, as pumping rates increase, the non-conduit case exhibits greater vulnerability relative to the conduit case, indicating stronger freshwater-saline water interchange processes due to precipitation variation are conducted by the karst conduit. Approximately 97% of pumping scenarios show higher levels of aquifer salinization in the conduit case at a pumping rate of 50 m3/d (Figure 6A). This ratio decreases to 74% at a pumping rate of 100 m3/d, with pumping wells located 5-10 km from the domain boundary exhibiting a negative difference of salinized area (Figure 6B). Under high pumping rates (150 and 200 m3/d), around 35% of pumping scenarios in the central area of the domain demonstrate a larger salinized area in the non-conduit case (Figures 6C, D).




3.2 The pumping safety

The throughout time at well serves as an indicator of pumping safety, whereas a lower throughout time signifies a higher level of water pumping security. Pumping safety increases with the distance to the shoreline and decreases with pumping rate (Figure 7). The black line in Figure 7 represents a throughout time of 0.0, indicating that wells to the right of this line consistently pump freshwater over a period of 5 years. Wells positioned between the black line and the blue line may experience seawater intrusion during approximately half of the pumping time. As pumping rates increase, these two lines gradually shift further inland. In low pumping scenarios (Figures 7A, B, E, F), they are approximately 5 km from the shoreline, but this distance extends to around 10 km at a pumping rate of 150 m3/d (Figures 7C, G). Under a pumping rate of 200 m3/d, only the most inland region in the non-conduit case can provide safe water (Figure 7H), while pumping water from the entire aquifer is unsafe in the conduit case (Figure 7D).

The impact of the karst conduit on pumping safety was measured by difference of throughout time at pumping well in different pumping locations. In Figure 8, the dark green color represents cases where the conduit model pumps saline water for a longer duration than the non-conduit model at the same pumping location. Figure 8A presents the results for pumping scenarios with a pumping rate of 50 m3/d. It shows that 9% of pumping wells in the non-conduit case pump saline water for a longer period than the corresponding wells in the conduit case. Most of these wells are located above the karst conduit. Additionally, 10% of pumping wells in the conduit case, which are situated below the karst conduit, experience a longer duration of saline water pumping. The difference of throughout time of 81% pumping wells is 0 since most area is not affected by the seawater intrusion for both cases. A similar trend is observed for a pumping rate of 100 m3/d (Figure 8B), where 13% of pumping wells in the non-conduit case and 14% in the conduit case experience a longer duration of saline water pumping. Simulations conducted at higher pumping rates demonstrate greater vulnerability in water pumping from non-conduit models. The results for a pumping rate of 150 m3/d reveal that 29% of wells in the non-conduit case experience a longer duration of saline water pumping, while only 15% of scenarios in the conduit case exhibit longer throughout times (Figure 8C). Under a pumping rate of 200 m3/d, the percentage of wells with longer salinized pumping periods is 49% for the non-conduit case and 42% for the conduit case (Figure 8D). Due to the connectivity of the karst conduit, inland wells located more than 14 km away are more vulnerable in the conduit case under a pumping rate of 200 m3/d.





4 Discussion

This study explores the impacts of the karst conduit on seawater intrusion under various pumping scenarios in dynamic precipitation conditions. We examine different pumping locations across the entire domain to provide a comprehensive evaluation of the effects of pumping location. The results reveal that the karst conduit, pumping rates and locations exert significant influence on aquifer vulnerability and pumping safety. Based on these findings, this work offers valuable perspectives on the development of groundwater in coastal karst aquifers.

Karst conduit provides a rapid pathway for seawater intrusion, while this does not necessarily mean that the aquifer in the conduit case is more vulnerable than non-conduit case due to water pumping. Under low pumping rates, the aquifer with a conduit exhibits a larger salinized area and longer throughout time at well, as the seawater intrusion process is predominantly influenced by the karst conduit. However, under high pumping rates, the volume of pumped water becomes a significant factor in controlling seawater intrusion. The aquifer without a conduit also experiences substantial contamination, with more wells exhibiting long throughout times, particularly those situated in the middle of the aquifer. The impact of the karst conduit under high pumping rates primarily manifests in the variance of seawater intrusion and the distance of intrusion. Due to the rapid water movement within the conduit, salinity changes quickly under dynamic recharge conditions in the conduit case. This leads to a significant variation in the salinized area and higher uncertainty when predicting seawater intrusion in different seasons. Additionally, the karst conduit connects the inland freshwater system and the ocean, potentially facilitating long-distance seawater intrusion if pumping occurs in the far inland regions. Therefore, groundwater managers should thoroughly investigate karst development before determining pumping rates and locations for coastal karst aquifers. In aquifers without a large and connected conduit system, managers may consider avoiding high-rate pumping in the intermediate distance to the shoreline, instead focusing on inland pumping to ensure a long-term supply of clean water. For aquifers with a connected conduit system, it is advisable to avoid large-scale pumping in the far inland regions.

In this study, we have simplified the karst aquifer by considering it as a single-conduit model, despite the fact that karst aquifers typically consist of multiple karst conduits within the system. This simplification stems from two primary reasons. Firstly, the limited availability of robust data makes it challenging to precisely identify the accurate conduits connecting between Wakulla Spring and Gulf of Mexico (Figure 1). Earlier investigations have provided valuable insights into the hydraulic connections from the ocean to the karst spring, the depth of the possible underground river, and the major orientation of karst development expansion (Davis et al., 2010; Kincaid and Werner, 2008; Xu et al., 2016). Based on the above limitation and information, we have opted to represent the aquifer as a simplified single-conduit model. Secondly, the objective of this research is to examine the typical characteristics of coastal karst aquifers under multiple pumping scenarios. Utilizing a single-conduit model simplifies the analysis and enhances the generalizability of the findings, it has also been employed in previous studies (Xu and Hu, 2017; Xu et al., 2018) to investigate the overall seawater-freshwater interactions of coastal karst aquifers. Additionally, the 2D conceptualization of the model may bring potential bias in the result evaluations. Without considering the third dimension ignores the effect of along-shore movement of groundwater, potential connectivity and preferential flow, and fully matrix-conduit water exchange (Geng and Michael, 2021). The future work may focus on the multiple conduit system and 3D conceptualization.





Conclusion

This study conducts simulations to analyze seawater intrusion in a coastal aquifer with karst conduit system under varying pumping conditions. The investigation considers aquifers both with and without a conduit to examine the influence of connected conduits on seawater intrusion. Time-dependent metrics are developed to assess aquifer vulnerability and pumping safety. The results indicate that seawater intrusion is influenced by the combined effects of pumping conditions, connected conduits, and rainfall variations. The major conclusions of this study are summarized below.

The pumping settings and the presence of a karst conduit contribute to distinct levels of aquifer vulnerability. At low pumping rates, most pumping scenarios demonstrate a larger salinized area in conduit models compared to non-conduit models. In this scenario, seawater intrusion is primarily influenced by the karst conduit. However, under high pumping rates, pumping from the central region leads to a greater salinized area in the non-conduit case compared to the conduit case. The high connectivity of the karst conduit results in substantial salinized areas, variations in salinization for inland pumping, and fast replacement of saline water by freshwater in the high-precipitation season.

Pumping safety is also influenced by pumping conditions and the presence of a karst conduit. As pumping rates increase, safe pumping regions gradually shift toward the landward direction. Eventually, under a pumping rate of 200 m3/d, all wells in the conduit case pump saline water for more than half of the time. When comparing the conduit case to the non-conduit case, the same pumping locations exhibit different throughout times. Under low pumping rates, wells below the karst conduit experience longer periods of saline water pumping in the conduit case, whereas in the non-conduit case, wells situated above the conduit have longer throughout times. However, under high pumping rates, wells located in the middle of the aquifer in the non-conduit case and wells in the inland region in the conduit case demonstrate lower pumping safety.
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