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Abstract

:

A regional water supply system in Jeju Island, South Korea, comprising 23 wellfields with 5 to 10 groundwater extraction wells (20–100 m spacing), provides water to the residents of the island. Regular large-scale groundwater pumping and excessive extraction in these wellfields have resulted in a decrease in groundwater levels. Using a numerical model, we aimed to assess the effect of large-scale groundwater extraction at four wellfields in Namwon, located in the southeastern part of the island. The numerical model estimated an approximately 0.16–0.21 m decline in water levels, which is consistent with field observations. Minor declines are inherently influenced by the regional hydrogeological setting of the study area, which involves high precipitation rates and a groundwater flow system that facilitates rapid groundwater replenishment. However, the model also shows that the decrease in groundwater levels is expected to intensify to 0.20–0.77 m in cases of extreme drought periods and increasing rates of groundwater pumping. In addition, this study suggests that sufficient well and wellfield separation distances should be considered to prevent well interference effects in areas, such as the western part of the island, with increased decline in water levels due to groundwater extraction.






Keywords:


large-scale groundwater extraction; Jeju Island; regional water supply system; groundwater level changes; wellfields












1. Introduction


Groundwater is an essential resource for drinking, irrigation, and industrial water worldwide [1]. However, owing to the increase in water demand due to rapid population growth, agricultural activities, and industrial operations, groundwater depletion has become a global issue [2,3,4,5,6,7,8,9,10]. The global rate of groundwater withdrawal has increased from 312 km3/year in the 1960s to 959 km3/year in 2017 [8,11]. As a result, rapid rates of groundwater depletion (0.6–40.0 mm/year) have been estimated for major aquifers worldwide [12].



A declining trend in groundwater levels was also observed on Jeju Island, which is the largest island in Korea. In 2009, decreasing trends in water levels were estimated in 32% of the 94 monitoring wells [13]. However, in 2021, half of these wells showed a decreasing trend [14]. Recently, various factors, such as an increase in the number of residents and tourists, increased land use, and climate change, have negatively affected the groundwater levels in Jeju Island [15,16]. As the residents of Jeju Island rely on groundwater resources for approximately 96% of their total water use [15], ensuring groundwater sustainability even in the presence of these threats is of importance for the island.



To supply drinking water to residents in Jeju Island, the regional water supply system (RWSS) was first constructed in the eastern part in 1996. The total groundwater extraction rate at the 23 wellfields in Jeju Island was 2.40 × 108 m3/year in 2020 [15], with 29% of the total extraction rate coming from groundwater wells in the island (6.96 × 107 m3/year). Designed to withdraw a large amount of groundwater, each wellfield of the RWSS is composed of 5 to 10 pumping wells, with an average pumping rate of 2000 m3/day at each well and well separation distances of 20–100 m. When the wells are located close within the radius of influence of the pumping, a larger drawdown of the water level is expected due to hydraulic interference effects [17]. In addition, groundwater levels decreased up to 4 m due to a reduction in precipitation during drought periods [16], causing shortages in the drinking and irrigation water supply on the island. Therefore, in the circumstance that Jeju residents rely on the RWSSs for their water supply, establishing strategies for the sustainable management of the RWSSs based on a proper evaluation of groundwater level is necessary.



Pumping large amounts of groundwater can cause significant problems such as groundwater depletion, land subsidence, seawater intrusion in the case of coastal areas, and groundwater pollution [12,18,19,20]. Abundant previous studies have evaluated general groundwater flow fields and assessed the impact of hydrological stresses on the subsurface aquifer system using groundwater numerical models [20,21,22,23,24,25]. Nastev et al. [24] simulated the regional groundwater flow system of southwestern Quebec, Canada, and quantified a water budget for the regional aquifer using a numerical model. In order to maintain the sustainability of groundwater resources against groundwater extractions, Ebraheem et al. [21], Pétré et al. [25], Qian et al. [10], and Muñoz et al. [23] simulated various scenarios of groundwater extraction at wellfields and evaluated optimal groundwater exploitation scenarios. Furthermore, in terms of groundwater contamination at wellfields, Cousquer et al. [26], Janža [20], and Mercurio et al. [22] also evaluated the optimization of wellfield management plans through numerical modeling to ensure a safe drinking water supply. Under the concern of increasing abnormal climate, such as extreme droughts [27,28], negatively impacting on water resources [29], the establishment of groundwater management plans against the large-scale groundwater extractions are needed.



Under the circumstances of declining groundwater levels and climate change on Jeju Island, the impact of large-scale groundwater extraction at the RWSS on the aquifer system needs to be assessed to maintain groundwater resource. Therefore, this study aimed to evaluate changes in groundwater levels caused by the operation of the RWSS using numerical modeling approaches. The study examined the Sinheung and Uigwi RWSSs in the Namwon region, southeastern Jeju Island, which is characterized by large amounts of extracted groundwater (10,370–10,663 m3/day at each wellfield; according to the Water Resources Headquarters of Jeju Special Self-Governing Province). This study aimed to (1) develop a 3-D groundwater numerical model considering the operation of the RWSSs, (2) quantify the effect of groundwater extraction at RWSSs on groundwater level changes, and (3) predict changes in groundwater levels caused by various conditions, such as changes in groundwater extraction rates, drought conditions, and adjustment of separation distances between wells or wellfields. Our findings have implications for managing RWSSs to ensure groundwater sustainability in Jeju Island.




2. Materials and Methods


2.1. Study Area Description


Four RWSSs (Sinheung 1, SH1; Sinheung 2, SH2; Uigwi 1, UG1; and Uigwi 2, UG2) are situated 60–76 masl on Namwon, the southeastern part of Jeju Island (Figure 1 and Figure 2, Table 1). UG1, UG2, and SH2 were developed on the eastern side of the Namwon Watershed, whereas SH1 was constructed on the western boundary of the Pyoseon Watershed (Figure 1b). In addition, the distances between the RWSSs and corresponding coastlines range from 2.0–3.3 km, and influences of seawater intrusion due to groundwater extractions at the wellfields did not occur, showing a low level of Cl− (6.5–7.7 mg/L; [30]). A wellfield consisting of six pumping wells was developed at each RWSS.



A total of 24 wells were distributed in the study area with depths of 82–105 m (Table 1). As shown in Figure 1c, pumping wells for each wellfield were installed very close to each other, with an average well separation distance of 62 ± 22 m (35–122 m). To extract large amounts of groundwater, a maximum withdrawal rate of 60,000 m3/month is permitted for all extraction wells. The actual withdrawal rates recorded from 2010 to 2020 ranged from 40,963 to 51,209 m3/month, which is 69–85% of the permitted rates (Table 1; according to the Water Resources Headquarters of Jeju Special Self-Governing Province). Annually, 12.75 million m3 of groundwater is extracted at the four wellfields (3.11 million m3/year from SH1, 3.29 million m3/year from SH2, 3.14 million m3/year from UG1, and 3.20 million m3/year from UG2). There has been no distinct difference in the groundwater pumping rates among the four wellfields.



A geological map of the study area and a cross-section across the RWSS wells (UG2-2 through SH1-6) are shown in Figure 2. Surface soil, volcanic rocks, paleosols, and the Seogwipo Formation (SGF) are the main geological units underlying the study area. As Jeju Island was created by volcanic activities, the major geologic unit in the study area is volcanic rock. The volcanic rocks are hydrogeologically characterized by high- and low-permeability layers based on the development of clinkers, scorias, and fracture zones. The highly permeable layers in volcanic rocks may act as main channels of groundwater flow. Paleosols were created during the intermission periods of volcanic eruptions and consist mainly of clay, which has low permeability. Interbeds of permeable volcanic rocks and paleosols are observed in all extraction wells (Figure 2b). Underlying the volcanic rocks and paleosol layers, the SGF is composed of silt, sand, and shell fossils. The SGF also acts as a low-permeability layer, and it determines the type of groundwater in Jeju Island [31]. It is present at elevations of −30 to −10 m in UG2-2, UG2-3, and UG1-3. Groundwater levels in the wells in the cross-section vary from −1.8–7.2 masl, showing a possibility of higher water levels in UG2-2, UG2-3, and SH2-3 than those in the other wells (Figure 2b). Although UG1 and UG2 are located close (separation distance of ~0.7 km), the main causes for the different groundwater levels at these RWSSs are assumed to be (1) the confining condition controlled by the paleosol, and (2) the depth at which the SGF is present.



The average precipitation of the Tosan 1 weather station located near the RWSS in the study area (Figure 1b) was recorded as 2348.1 mm (1992–2020), which is higher than that of Jeju Island (1679.5 mm; average rate at Jeju, Seongsan, Seogwipo, and Gosan weather stations; [32]). The eastern and southern parts of the island usually receive greater amounts of precipitation than the other parts [33]. Since Korea is influenced by the monsoon climate, 71.2% of the annual precipitation amount is concentrated during the wet season (April–October), with the remaining 28.8% of precipitation occurring during the dry season (November–March). The precipitation rates also showed annual variations; in particular, only 60% and 80% of the average annual precipitation was recorded in the drought periods of 2013 and 2017, respectively. Groundwater recharge rates in the study area were estimated as 46.4% and 52.4% for the Namwon and Pyoseon watersheds [34], respectively. Similar to the spatial variation in precipitation, groundwater recharge rates in the study area also showed higher values than those of the entire Jeju Island (45.8%; [34]).




2.2. Numerical Model Construction


To quantify the effect of large-scale groundwater extraction at Namwon wellfields on the groundwater system, we constructed a three-dimensional (3-D) groundwater flow model using the modeling interface of HydroGeoSphere [35]. A combined watershed boundary of Namwon and Pyoseon, with a total area of 342 km2 (Figure 3), was used as the boundary of the model domain. A finite triangular mesh was created across the domain; the mesh size was refined to cover close separation distances between the extraction wells. The top elevation of the 3-D model domain was set using the digital elevation model data, whereas the bottom elevation was uniformly assigned as −300 masl. Although the hydrogeology of the study area has heterogeneous characteristics (Figure 2b), for the purpose of model efficiency, we simplified the hydrogelogical layers of the 3-D model consisting of top soil, volcanic, and SGF layers (Figure 3a), based on the geological logs [36,37]. The numbers of nodes and elements in our model were 48,912 and 88,815, respectively.



To analyze the characteristics of water level fluctuations caused by groundwater extraction at the RWSSs, a pseudo-steady-state flow condition was simulated. To execute the pseudo-steady-state flow model, temporal boundary conditions (BCs), such as recharge and pumping rates of the RWSSs, were applied. At the southern coastal boundary, a fixed-head BC was applied for a constant head of 0 m. Based on the determination of outer boundaries of the model domain as the watershed boundaries, no-flow BCs were assigned to the left and right sides of the model domain (Figure 3b). Since the modeled area was characterized by large variations in altitude (0–1268 masl), significant differences in precipitation were observed depending on the altitude. Hence, to simulate variations in the groundwater recharge amount according to the elevation differences in our model, an altitude-varying recharge rate BC was applied on the top surface by calculating the average precipitation amounts at every 200 m altitude based on the linear relationship between precipitations and altitudes (Figure S1). Then, an average groundwater recharge rate of 49.4% [34] was assigned for the recharge rate BC. At the pumping well nodes from the four RWSSs, constant pumping BCs were applied at the 24 withdrawal wells using the average pumping rate from 2010 to 2020 provided by the Water Resources Headquarters of Jeju Special Self-Governing Province. In addition, 39 groundwater wells for agricultural use were set by the pumping BC nodes by applying uniform pumping rates at each well (78.49–626.55 m3/day; according to the Jeju headquarters of Korea Rural Community Corporation).



The hydrogeological properties, such as porosity, hydraulic conductivity, and specific storage, of each geological layer used in our model are listed in Table 2. As heterogeneous hydrogeological features were not considered in our numerical model, the same values of model parameters were used for each geological layer. The model parameters were assigned based on a previous study [38,39], while the values for hydraulic conductivity were determined using model calibration processes. To obtain a reasonable match between the simulated and observed heads, the hydraulic conductivity of each geological layer was adjusted. For calibrating the steady-state flow model, a long-term groundwater level monitoring data from a total of 19 wells (Figure 1b) were used as observation head data by averaging the groundwater levels from 2010 to 2020.




2.3. Model Scenarios


2.3.1. Groundwater Extraction at the RWSS


To provide water to Jeju residents, a large amount of groundwater has been extracted at Namwon wellfields over the last two decades. The prolonged extraction of groundwater at the wellfields would alter groundwater levels and flow fields. Therefore, the present condition of RWSS operations was considered as the base case in assessing the effects of groundwater extraction, using numerical modeling approaches. The initial case prior to the operation of the RWSS was reversely simulated by removing pumping rate BCs at the wellfield nodes of the base case. Subsequently, the differences in the modeled flow fields between the two cases were evaluated. The spatial distribution of the water level drawdowns caused by groundwater extraction at the wellfields was analyzed. In addition, to consider future increases in water demand, we simulated increasing pumping cases by applying pumping rates that are 1.5 and 2.0 times of the current rates.




2.3.2. Drought Conditions


A previous study by Song et al. [40] predicted that droughts on Jeju Island would intensify in the future. In addition, the water demand on the RWSSs would increase during drought periods, along with decreases in the groundwater levels as the amount of groundwater recharge decreases [15]. Our study accounted for these conditions, assuming that the reduced recharge rate in 2013 would be consistent with the drought case simulation because the annual amount of precipitation in 2013 was only 60% of the average amount of precipitation in the study area. In addition, considering the increasing water demands during the drought periods, the groundwater pumping rates at the RWSSs was also increased by 1.5 and 2.0 times of the present rates to simulate the drought cases. Through the drought scenario, the increase in water demand due to drought and the resulting change in water level were predicted.




2.3.3. Adjustment of Well Separation Distances


According to the Jeju Special Self-Governing Province Groundwater Management Ordinance, Article 8 (Ordinance on Restrictions on Permission for Groundwater Development and Use) limits further operations in areas within a radius of 250 m from existing sites for groundwater development. However, when two or more groundwater development and utilization facilities are installed in the same place of business, groundwater development is allowed. Therefore, there is no restriction on the minimum separation distance between the extraction wells in a wellfield at the RWSS. Since the drawdown of water levels is expected to intensify for wells located close to each other [17], the separation distance between each extraction well was increased to 250 m in the simulation. We also modeled the increasing separation distance among the four wellfields (UG1, UG2, SH1, and SH2), owing to their close distance with each other.






3. Results


3.1. Groundwater Flow Model Results


The 3-D groundwater flow model was calibrated using a trial-and-error method to obtain high correlations between the simulated and observed heads. Figure 4a presents 1:1 plots of the observed and simulated heads for all 19 monitoring wells in the modeled area. The results of the calibrated model showed a high coefficient of determination (R2) of 0.92, indicating that our numerical model could considerably simulate the regional groundwater flow fields in the study area. In addition, around the wellfields (groundwater extraction and upstream monitoring wells), a high value of R2 (0.98) between the observed and simulated heads (Figure 4b) also indicated that our model sufficiently characterized the groundwater flow fields in the vicinity of the Namwon wellfields. A possibility of simulated heads being lower than the observed heads is shown in Figure 4a,b, implying that geologically heterogeneous features at the local scale would cause differences in the spatial distribution of water levels in the study area. Based on the regional distribution of groundwater heads (Figure 4c), groundwater flows from the western mountainous area (higher heads) towards the coastal area (lower heads).




3.2. Model Scenario Results


3.2.1. Operation of the RWSS


Due to the pumping of groundwater at the Namwon wellfields, decreases in the water levels at four extraction wells were estimated to range from 0.16 to 0.21 m (Figure 5). Although a large amount of groundwater was extracted from the wellfields, no significant decrease in the water level was computed in our numerical model. Even though six extraction wells were located at each wellfield, the changes in drawdown for only one extraction well are provided in Figure 5, as all extraction wells at each wellfield showed similar drawdown values (Table 3). The simulated drawdowns at the extraction wells from different wellfields show similar shapes (Figure 5), which is a limitation of our study involved by the simplification of hydrogeological settings in the model. Temporal variations and spatial distributions of groundwater level changes before and after the initiation of RWSS pumping events are shown in Figure 6a. With time, regions of the head drawdown have increased as the water level decreased. The boundary of 0.1 m water level decrease was simulated to a length of 5 km and a width of 2 km, with distances of 4.76 km north, 1.28 km west, and 516 m east of the wellfields (Figure 6b).



Figure 7 shows the results of the model for cases of increased groundwater extraction rate at 1.5 and 2 times of present extraction rates. Moreover, the water levels decreased by approximately 0.29–0.38 m upon increasing the pump rate 1.5 times. When the amount of pumped water was doubled, a maximum water level decrease (0.38–0.51 m) was observed at the extraction wells. Even though the groundwater extraction rates increased, the water levels at the extraction wells did not decrease significantly.




3.2.2. Drought Condition


Drought case models were performed to determine the possible extent of the decline of the groundwater table due to the operation of the RWSS during drought periods. In drought conditions (60% of the present recharge rate) with present pumping rates, the groundwater levels at the extraction wells drops to 1.63–2.33 m, showing a decline of water levels (0.47–0.54 m) against the present recharge conditions (Figure 8). A reduction in recharge amounts due to drought conditions would decrease the groundwater levels, deteriorating the supply of public water from the RWSS in the study area. In addition, if water demands on the RWSS would increase during the drought periods, increasing groundwater extraction would significantly decrease the water levels to 1.54–2.21 m and 1.44–2.08 m with 1.5- and 2-times increased pumping rates, respectively.




3.2.3. The Adjustment of the Separation Distances


In Figure 9, three simulation results are shown: (1) the present case (Figure 9a), (2) the separation distances between extraction wells increased to 250 m (Figure 9b), and (3) the distance among the four wellfields (UG1, UG2, SH1, and SH2) increased by 250 m with the same separation distances from the extraction wells as in the present case. Comparing the present operating conditions (Figure 9a), the intensity of the groundwater decline at the extraction wells was reduced only by increasing the separation distance between the pumping wells (Figure 9b) and wellfields (Figure 9c). In Figure 9b, water level declines were reduced by 0.03–0.04 m, which is 15.79–21.05% of the present case, and the declines ranged from 0.05 to 0.07 m (26.31–36.84% from the present case) for the latter case (Figure 9c). Based on the modeled results of increasing separation distances, well interference effects were expected to be lowered by 15.78–36.84% of the decline in water levels due to the current groundwater extraction rates at the wellfields.






4. Discussion


Despite the large amount of groundwater extracted at the Namwon wellfields, decreases in water levels at the 24 pumping wells were estimated and ranged from 0.16 m to 0.21 m in our numerical model. Table 3 compared the groundwater level drop in the actual RWSS measured in the groundwater impact survey report for the study area in 2005 and the groundwater level drop predicted through the model simulation in this study. In this table, the simulated water levels showed comparable results to the actual levels produced by the RWSS operation, except for several extraction wells that showed increased water level declines due to the heterogeneity of geological characteristics [41]. Even with large-scale groundwater extraction at the RWSSs in Namwon, the groundwater levels tend to decrease slightly. These minor responses to water levels may have been influenced by the hydrogeological features of the study site. The Namwon RWSSs are situated in the southeastern part of Jeju Island, which is characterized by abundant annual precipitation and high groundwater flow velocities [34]. These hydrogeological characteristics resulted in groundwater residence times of 18 years [42]. Based on the abovementioned reasons, groundwater tends to replenish easily in the aquifer system in the study area, which ensures minor declines in groundwater levels despite increased groundwater extraction amounts.



For the wellfields of RWSSs in the western part of the island, changes in groundwater levels due to groundwater extraction were evaluated using deep learning [43]. In contrast to the results from this study, declines in the water levels by groundwater pumping at the wellfields in the western part were estimated as a 20% decrease in water levels compared to those in the no-pumping cases. The western part of Jeju Island is characterized by low precipitation rates and deep layers of low-permeability SGF, which resulted in long groundwater residence times (average of 27 years; [42]). The circulation system of the aquifer in western Jeju resulted in increased responses of groundwater level changes to the operations of RWSS compared to those in Namwon, southeastern Jeju Island.



Under the circumstances showing overall tendencies of groundwater level declines across Jeju Island [14], proper management of the RWSSs is needed to prevent the acceleration of water level declines. Even though our numerical model results showed insignificant changes in water levels due to groundwater extractions at the Namwon wellfields, increasing the pumping rates and drought case simulation predicted intensified decreases in groundwater levels. Particularly for the western part of Jeju Island, which showed increased hydrologic responses to pumping events, lowering the groundwater extraction amounts at the RWSS by using alternative water resources should be considered. In addition, our study suggests that increasing the separation distances between each extraction wells at the wellfields of the newly developed RWSS can also minimize the interference effects.



As we simplified the complex hydrogeology around the wellfields of the study area to the numerical model, our model had a limitation in capturing locally variable responses of water level decline at well-scale. To fully capture the heterogeneous feature of changes in groundwater level at the wellfields in the numerical model, further studies on in-depth assessment of the hydrogeological heterogeneity at each extraction well is firstly needed, such as the studies by [44,45]. In addition, development of a 3-D geological model coupled with the groundwater flow model would improve the assessment of the groundwater system by simulating the heterogeneity in hydrogeological features [46,47].




5. Conclusions


This study evaluated the impact of large-scale groundwater extraction on the groundwater system at Namwon wellfields of the RWSS located in the southeastern part of Jeju Island. A 3-D groundwater flow model was used to quantitatively evaluate the water level declines due to groundwater usage at the wellfields. Model scenarios of (1) increasing extraction rates, (2) extreme drought conditions, and (3) adjustment of separation distances between wells and wellfields were simulated. The results of numerical modeling showed that minor declines in the water levels due to large-scale groundwater pumping were estimated as 0.16–0.21 m, which were similar to the observed ranges in the fields. The southeastern part of Jeju Island is characterized by high precipitation rates and a rapid groundwater flow system, which reduces the decline in water level even with the excessive amount of groundwater uses in the RWSSs. However, in cases of increasing water demands and extreme drought periods, intensified decreases in water levels to 0.56–0.79 m were expected based on the scenario modeling results. Extending well or wellfield separation distances to 250 m reduced the decrease in water level by 15.78–36.84% in the present condition, and this suggests that well interference effects would be relieved by adjusting well separation distances. Therefore, considering proper separation distances at wellfields will minimize well interference in newly developed wellfields with large-scale groundwater extraction, especially in western Jeju, which showed insufficient groundwater replenishment due to hydrogeological characteristics (e.g., lower precipitation rates and slow groundwater flow system). This study implies that the operation of RWSS in Namwon is sustainable under the present conditions; however, in the case of future increasing groundwater usage and abnormal climate conditions, continuous groundwater level monitoring around the wellfields and evaluation of the operation of RWSS in other regions of Jeju Island are needed. Also, this study can be applied to other countries that have suffered from groundwater depletion due to excessive extraction of groundwater.
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Figure 1. Location map of (a) Jeju Island, (b) the study area showing the Namwon wellfields (Uigwi 1–2 and Sinheung 1–2) of the regional water supply system, groundwater wells for water level monitoring and agricultural water use, and Tosan 1 weather station, and (c) the six extraction wells for each wellfield with the corresponding separation distances between wells. 






Figure 1. Location map of (a) Jeju Island, (b) the study area showing the Namwon wellfields (Uigwi 1–2 and Sinheung 1–2) of the regional water supply system, groundwater wells for water level monitoring and agricultural water use, and Tosan 1 weather station, and (c) the six extraction wells for each wellfield with the corresponding separation distances between wells.
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Figure 2. (a) Location map of the extraction wells of the regional water supply system (RWSS) and a geologic cross-section, and (b) the geologic cross-section. 
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Figure 3. Domain of the numerical model for the study area (a) with hydrogeological layers and (b) boundary conditions used for simulation. 
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Figure 4. Calibration results of the groundwater flow model. 1:1 plots of the observed and simulated heads at groundwater level monitoring wells (a) for the entire study area (R2 = 0.9165), (b) around the Namwon wellfields (R2 = 0.9861), and (c) the spatial distribution of the simulated head at z-axis (z = 0 masl). 
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Figure 5. Drawdowns of the water levels at Uigwi 1-1, Uigwi 2-1, Sinheung 1-1, and Sinheung 2-1 extraction wells, due to pumping of groundwater at wellfields of the regional water supply system, obtained from the numerical model. 
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Figure 6. Distribution of groundwater level drop due to groundwater pumping from RWSS (a) change in groundwater level drop over time and (b) contour map of 0.1 m drawdowns around the Namwon wellfields. 
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Figure 7. Distribution of the simulated head drawdowns around Namwon wellfields with increased groundwater extraction at (a) 1.5 and (b) 2.0 times of present extraction rates and (c,d) showing the cross-section of each wellfield (Uigwi 1-1, Uigwi 2-1, Sinheung 1-1, and Sinheung 2-1) for (a,b). 
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Figure 8. Simulated groundwater levels at the four extraction wells (UG1, UG2, SH1, and SH2) in the Namwon wellfields under model scenarios of different recharge (base condition: present recharge; drought condition: 60% of present recharge) and pumping rates (×1, ×1.5, and ×2 of current pumping rate Q). Numbers next to bars indicate groundwater levels. 
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Figure 9. Scenario modeling results of adjusting the separation distances of wells. The simulated head drawdowns around the Namwon wellfields with (a) the current separation distances, increasing the separation distances to 250 m between (b) each extraction well and (c) each wellfield, and (d–f) diagrams showing cross-sections in each wellfield for (a–c). 
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Table 1. Information on the regional water supply system wells in the study area.
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Wellfield ID

	
No. of Well

	
Elevation

	
Well Depth

	
Water Level

	
Withdrawal Permit Rate

	
Extraction Rate

(2010–2020)




	
(masl)

	
(m)

	
(masl)

	
(m3/Month)

	
(m3/Month)






	
Sinheung 1

(SH1)

	
1

	
61

	
82

	
1.53

	
60,000

	
47,392




	
2

	
60

	
82

	
1.21

	
60,000

	
40,963




	
3

	
60

	
82

	
1.22

	
60,000

	
44,692




	
4

	
61

	
82

	
1.22

	
60,000

	
48,138




	
5

	
62

	
82

	
1.34

	
60,000

	
46,324




	
6

	
61

	
82

	
1.81

	
60,000

	
45,872




	
Sinheung 2

(SH2)

	
1

	
65

	
90

	
0.99

	
60,000

	
48,545




	
2

	
65

	
90

	
1.46

	
60,000

	
46,837




	
3

	
65

	
90

	
1.47

	
60,000

	
50,274




	
4

	
61

	
90

	
1.51

	
60,000

	
49,907




	
5

	
63

	
90

	
1.29

	
60,000

	
47,083




	
6

	
65

	
90

	
0.80

	
60,000

	
45,062




	
Uigwi 1

(UG1)

	
1

	
68

	
101

	
1.10

	
60,000

	
45,190




	
2

	
68

	
103

	
1.66

	
60,000

	
48,494




	
3

	
71

	
105

	
1.35

	
60,000

	
43,781




	
4

	
69

	
105

	
1.48

	
60,000

	
51,209




	
5

	
69

	
104

	
1.19

	
60,000

	
42,703




	
6

	
67

	
102

	
1.45

	
60,000

	
42,291




	
Uigwi 2

(UG2)

	
1

	
75

	
90

	
5.88

	
60,000

	
45,598




	
2

	
73

	
95

	
5.67

	
60,000

	
46,789




	
3

	
73

	
95

	
5.38

	
60,000

	
48,121




	
4

	
76

	
99

	
5.29

	
60,000

	
48,528




	
5

	
75

	
93

	
5.40

	
60,000

	
49,219




	
6

	
74

	
90

	
5.84

	
60,000

	
45,678
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Table 2. Hydraulic properties of each hydrogeological layer in the numerical model.
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Geologic Layers

	
Porosity *

	
Hydraulic Conductivity † (m/s)

	
Specific Storage *




	

	

	
Kx

	
Ky

	
Kz

	
(1/m)






	
Top soil

	
0.2

	
2.0 × 10−5

	
2.0 × 10−5

	
4.0 × 10−6

	
5.0 × 10−4




	
Volcanic rocks

	
0.3

	
9.0 × 10−5

	
9.0 × 10−5

	
1.8 × 10−5

	
5.0 × 10−4




	
SGF

	
0.1

	
9.0 × 10−6

	
9.0 × 10−6

	
1.8 × 10−6

	
3.5 × 10−6








Note: † [38]; * [39].
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Table 3. Comparison between the drawdowns of the groundwater levels measured at the fields in 2005 and the simulated drawdowns in our numerical model.
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Wellfield ID

	
No. of Well

	
Drawdown of Groundwater Level

in the Survey

(2005)

	
Drawdown of Groundwater Level

in the Model




	
(m)

	
(m)






	
Sinheung 1

(SH1)

	
1

	
0.20

	
0.21




	
2

	
-

	
0.21




	
3

	
0.20

	
0.21




	
4

	
0.40

	
0.21




	
5

	
1.80

	
0.21




	
6

	
2.00

	
0.21




	
Sinheung 2

(SH2)

	
1

	
0.10

	
0.20




	
2

	
0.20

	
0.20




	
3

	
0.10

	
0.20




	
4

	
0.20

	
0.20




	
5

	
-

	
0.20




	
6

	
0.10

	
0.20




	
Uigwi 1

(UG1)

	
1

	
-

	
0.16




	
2

	
0.20

	
0.16




	
3

	
0.10

	
0.16




	
4

	
-

	
0.16




	
5

	
6.90

	
0.16




	
6

	
0.20

	
0.16




	
Uigwi 2

(UG2)

	
1

	
-

	
0.19




	
2

	
0.20

	
0.19




	
3

	
2.00

	
0.19




	
4

	
-

	
0.18




	
5

	
3.20

	
0.19




	
6

	
0.20

	
0.19
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