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Abstract

:

Understanding the basaltic aquifer system and seawater intrusion on the volcanic island of Jeju, Korea, has received significant attention over the years, and various methodologies have been suggested in the contributions. Nevertheless, it is still difficult to effectively characterize groundwater systems due to the long period of volcanic activity and the lithological variability of basalt. In this study, geophysical well logging in seawater intrusion monitoring boreholes detected a sudden decrease of electrical conductivity within the saltwater zone in the eastern part of Jeju Island. This anomalous condition cannot be explained by the Ghyben-Herzberg model, which has historically been considered as the basic groundwater model of Jeju Island. This paper focuses on fine-scale temporal and spatial variability of groundwater flow using electrical conductivity and temperature logs and borehole temperature monitoring by a thermal line sensor. On the basis of the results, we evaluate an alternative model to replace the traditional conceptual model in the eastern part of Jeju Island. It is revealed that the area consists of heterogeneous aquifer systems, and the behavior of freshwater and saltwater is understood by temperature monitoring over the entire depth of boreholes. Coastal aquifers flow through two or more independent channels with weak vertical connections. In addition, seawater intrusion does not occur continuously in the vertical direction from the bottom depth, but instead occurs through these multilayered aquifers. In particular, the multilayered aquifers that are responsible for flow pathway, as well as the freshwater–saltwater interface form mainly at lithological boundaries. Our preliminary conceptual model is expected to be improved and revised by various measurements of hydrodynamic parameters such as flowmeter or packer test.
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1. Introduction


Most volcanic islands, to a large extent, depend on coastal aquifers for their water supply because surface water is rarely available due to the high permeability of basalts. However, in coastal areas, the seawater intrusion phenomenon is becoming more serious due to the disruption of natural hydrological conditions by climate change, rising sea level, and intensive groundwater extraction [1]. Therefore, establishing appropriate strategies for groundwater utilization and sustainability has become a major concern on volcanic islands. Seawater intrusion and basaltic aquifers have received significant attention from many researchers around the world [2,3,4]. Various methodologies have been suggested in the contributions that use innovative hydrogeological, geophysical, and geochemical monitoring for field scale characterization [5,6,7]. Nevertheless, it is very difficult to effectively characterize groundwater systems because of the unique geological features of basalt on a volcanic island. Basalts are mostly composed of basaltic lava flows that are either permeable or have low permeable hydraulic conductivity, and this lithological variability makes hydrogeological characterization difficult [8,9]. Therefore, until recently, many studies have highlighted the need for high-resolution studies in volcanic aquifers. Lachassagne et al. [10] presented a high-resolution conceptual model for complex basaltic volcanic islands to solve applied geology and hydrogeology problems.



Geophysical well loggings were originally developed and extended in sedimentary environments, particularly for petroleum exploration, but their role has progressively expanded in oceanic and continental basalts with vast improvements in downhole instrumentation technology through the Deep Sea Drilling Project (DSDP) and its successor, the Ocean Drilling Program (ODP). Basalt stratigraphy has been the main issue in recent years because basalt sequences can host large aquifers. Helm-Clark et al. [11] reviewed the utility of borehole geophysical tools for determining stratigraphic features of continental basalts. Broglia and Ellis [12] attempted to distinguish and quantify the effects of hydrous alteration minerals on the responses of thermal neutron porosity logs recorded for basaltic rocks during the ODP. Boldreel [13] divided a column of subaerially extruded basalt into detailed lithological and stratigraphic units using various wireline loggings. These studies mainly dealt with establishing stratigraphic correlations in large-scale areas, such as basalt flows of the Deccan Traps, which extend over 100 km [14]. Some works have been devoted to deriving a valid set of interpretive rules for logging basalts. Calibrations and oxide-closure models have been devised for geochemical logging in oceanic basalts as well as other crystalline rocks [15]. Well logging techniques have contributed to the characterization and identification of the nuclear and electrical signatures of basalt formations [16]. A few studies have reported on groundwater flow and hydrodynamic flow systems in basalt areas. In groundwater studies, temperature has been used as a natural tracer in a wide array of applications, and temperature profiles measured in open boreholes have offered important information on groundwater flow and origin [17,18,19,20,21,22]. Until recently, various approaches were introduced to overcome small temperature differences for flow characterization [23,24]. Pehme et al. [25,26] combined high-temperature resolution data with active heating using active line sensor (ALS) to identify ambient flow through fractures. Wellbore and groundwater temperature could be used to identify and interpret important features of the basaltic aquifer, including thickness, flow direction, and potential geothermal anomalies [27,28]. In spite of the many efforts to apply wireline logging to basalt, its application is still limited, because most conventional geophysical tools were originally designed and calibrated for sedimentary rock conditions. Because the texture and composition of most basalts are fairly uniform, it is not easy to discriminate their variations. In addition, log responses of basalt vary depending on whether the logging conditions are saturated or unsaturated [29].



Jeju Island is a volcanic island located 140 km south of the Korean Peninsula. To improve the sustainable development and management of groundwater, much research has tried to identify the hydrogeological features of the island [30,31]. There have been many attempts to investigate the groundwater flow system using conventional methods. However, conventional pumping and packer tests cannot obtain sufficient information on the regional groundwater system of a volcanic island because the transmissivities are often too high to cause remarkable drawdown. Additionally, over the years, seawater intrusion has received much attention which has resulted in several studies [32,33,34,35]. Kim et al. [36] tried to observe the tidal effect on groundwater–seawater flow in a coastal aquifer using various field study techniques, including monitoring the fluctuations of groundwater and tide levels, electrical conductivity and temperature logging, and two-dimensional heat-pulse flowmeter tests. In addition, the transport of saltwater by tidal variations has been quantified based on temporal variations in electrical conductivity and temperature with depth [37]. In particular, Lee et al. [38] suggested the possibility of conduit flow through the estimation of tidal efficiency and hydraulic diffusivity in eastern areas.



The groundwater management model of Jeju Island has been defined following the Ghyben-Herzberg (G-H) principle. The spatial distribution of fresh and salt groundwater in a coastal aquifer basically comprises a freshwater body overlying a saltwater wedge on land and salt groundwater below the sea floor. Many prior studies have assumed that the system of coastal aquifers on a volcanic island took the form of a simple leaky aquifer or one-layered aquifer based on the G-H model [39,40,41]. However, the heterogeneity of geological structures on volcanic islands such as Jeju Island makes the groundwater system complex. Furthermore, in many coastal settings, aquifer systems consist of layered sequences with varying hydraulic properties, which are frequently caused by successive lava flows on volcanic islands. Repeated measurement of salinity profiles reported freshwater lens thickness and freshwater long-term changes in Hawaii, and the thickest was 262 m. Moreover, water level and the G-H principle may not be reliable indicators of the amount of freshwater in a coastal aquifer [42].



The monitoring of seawater intrusion in boreholes has been managed by Jeju Special Self-Governing Province, since it was established in 2001, and some interesting phenomena have been discovered in the eastern part of the island. From electrical conductivity logging, a sudden decrease of electrical conductivity was observed at the depth within the saltwater zone. This anomalous condition could not be explained by the G-H model, which has historically been considered as the basic groundwater model of Jeju Island. Accordingly, careful examination is needed to reconsider the existing seawater intrusion model of the island. This paper looks at fine-scale temporal and spatial variability of groundwater flow using electrical conductivity and temperature logs and borehole temperature monitoring by a thermal line sensor. The main aim is to estimate the behavior of the basaltic aquifer, and then to propose a conceptual model of seawater intrusion on the eastern coast of Jeju Island.




2. Materials and Methods


Jeju Island was formed by repeated volcanic eruptions, therefore, its geology has been controlled by lava features generally divided into pahoehoe and aa lava [43,44,45]. The basaltic rocks contain interflow structures (notably clinker layers) that are permeable with a high porosity [46]. The dominant features of basalt are primarily its texture and composition. Its internal stratigraphy, aquifer boundaries, and alteration features are critical, and basalt stratigraphy and aquifer behavior in particular have attracted attention as key parameters to characterize coastal aquifers. If appropriate well logging approaches are chosen to measure these properties, we can answer various questions relevant to groundwater management in basalt regions. Along with geophysical well logging, borehole temperature monitoring enhances our understanding of coastal aquifer characteristics. Nevertheless, during temperature monitoring in a basalt area, special consideration should be given to mounting sensors at proper depths, because the vertical distribution of temperature in a borehole is likely to change with the characteristics of the coastal aquifer, tidal fluctuation, and seasonal variation. Moreover, Shin et al. [47] revealed that, in the eastern coast area of Jeju, some freshwater–saltwater interfaces were thickly distributed, instead of having a sharp interface. This result indicates that temperature needs to be recorded simultaneously for the entire depth of a borehole in order to gain insight into how coastal aquifers behave in these environments. However, simultaneous measurement of temperature over the entire borehole has been limited by conventional methods that use only one or a few sensors. Although some attempts have been made to provide simultaneous temperature readings by binding multiple sensors together, restrictions on thickness have always been problematic, and it is difficult to technically control simultaneous measurements. In this study, we overcame these limitations to provide temperature measurements covering the full depth of boreholes.



2.1. Seawater Intrusion Monitoring System of Jeju Island


In order to understand the mechanisms of seawater intrusion, monitoring wells were installed around the coastal area of Jeju Island. The monitoring wells were drilled to a depth of approximately 150 m below sea level. All boreholes are cased with steel and grouted with cement to 50 m depth from ground, and fully screened until the bottom of drilling depth. Maintaining a regular distance between each well, generally four or five wells, but in some cases only two or three wells, were placed along a straight line in each district (Figure 1). Groundwater level, electrical conductivity, and temperature were measured by automatic equipment at one-hour intervals to investigate the temporal variation. The main objectives of a seawater intrusion monitoring system are to understand groundwater occurrence, the change of the freshwater–saltwater interface, and the influences of tidal fluctuations and seasonal rainfall.



On Jeju Island, four tide stations exist to measure ocean tidal fluctuations. Tide level data from Seongsanpo tide station were used for the analysis because the target boreholes were located on the eastern part of the island. The eastern part is divided into four districts (Handong (HD1-4), Jongdal (JD1-5), Susan (SS1-4), and Hacheon (HC1-4)), and the details of seawater intrusion monitoring boreholes are given in Table 1. Time-series data of tide level, groundwater level, electrical conductivity, and temperature at boreholes SS-1, SS-2, SS-3, and SS-4 are illustrated in Figure 2. For a period of one month, the data were measured at one-hour intervals. In coastal areas, the periodic rise and fall of ocean tides produces sinusoidal groundwater level fluctuations in adjacent aquifers [48]. The tide level fluctuates between 0 and 3 meters, and the groundwater level, electrical conductivity, and temperature are influenced by tidal fluctuation.



Boreholes located closer to the coast were more strongly influenced by tidal fluctuations. According to the time-series data observed at the four seawater intrusion monitoring wells, borehole SS-4, which was located 8.1 km from the coastline, was not influenced by the tides. In addition, electrical conductivity and temperature were more responsive to tidal fluctuation than to groundwater level. Similar results were observed in other districts. A relationship between tide level and the measured parameters was apparent at boreholes HD-1, JD-1, and HC-1, which were located near the coastline, and tended to weaken with increasing distance from the coastline. No relationship was observed at boreholes HD-4, JD-4, HC-3, and HC-4, implying that the tidal effect reached up to about 6 km from the east coast.




2.2. Geophysical Well Logging


Under natural conditions, the seaward movement of freshwater prevents saltwater from intruding into coastal aquifers, and the interface between freshwater and saltwater is maintained near the coast or far below the land surface because of the density difference. Depending on the degree of seawater intrusion and aquifer properties, this interface can be sharp or a transition zone in which freshwater and saltwater mix. Borehole temperature logs employ resistance thermometers and give continuous temperature readings. Temperature logging is the most widely used detection method for aquifer thickness in regions where deep exploration wells penetrate the effective base of the aquifer. These logs provide useful information about the large-scale horizontal and vertical movements of groundwater [49,50]. Fluid electrical conductivity logs are records of the capacity of the borehole fluid that enters the probe to transmit an electric current. These logs allow for the determination of the general quality of well water and evaluation of the hydrological properties of fractures, fracture zones, or other permeable layers intersecting a borehole. Furthermore, under a wide range of conditions, these logs are used to trace the movement of groundwater in permeable layers by injecting water of constant salinity that is different from that of the formation water [51]. In seawater intrusion monitoring wells, temperature and electrical conductivity logging enabled us to delineate the freshwater–saltwater interfaces and how they changed with depth. The classification of water quality of coastal groundwater, which is freshwater, mixed water, and saltwater, is expressed by total dissolved solid (TDS). It is known that freshwater has a TDS concentration of less than 1000 mg/L, implying the upper limit of freshwater for suitability for human consumption [52]. In our analysis, the standard for defining the freshwater–saltwater interface was followed using the Hwang’s relationship between the groundwater electrical conductivity and total dissolved solids from the hydrochemical analysis of groundwater samples [53]:


  Eq _ NaCl = 5935.3551 ×  R w     − 1.0993   ,  



(1)




where Eq_NaCl is the equivalent NaCl concentration (ppm) and Rw is the pore water resistivity (Ωm), at 25 °C.


  TDS = 0.721 × EC ,  



(2)




where TDS is total dissolved solid (ppm) and EC is electrical conductivity (μS/cm), at 25 °C.



The classification of coastal groundwater is expressed in Table 2.




2.3. Borehole Temperature Monitoring


To investigate the groundwater variation in monitoring wells, temperature monitoring was performed using a thermal line sensor (SOAM Consultant Co., Daejeon, Korea) which allowed for much finer spatial and temporal resolution. The key point of thermal line sensors is that temperature can be measured simultaneously at multiple depths and locations with only one cable. The thermal line sensor system is completely free from thickness limitations because the thickness of the cable is constant regardless of the number of sensors. Therefore, it can be used in small spaces such as boreholes. The thermal line sensor system consists of a weatherproof and lightweight monitoring device, the cable embedded with temperature sensors, and software for controlling measurement parameters. One of the advantages of the system is its user-oriented interface. The location (spacing) and number of sensors, as well as the length of cable were all variable, thus the cable was manufactured to the specifications suitable for each measuring environment. With no limit to the number of sensors, the diameter of the cable was less than 10 mm. The measurement range of the temperature sensors was from −55 to 125 °C, the accuracy was ± 0.5 °C, and the resolution was 0.0625 °C. This system showed outstanding performance as compared with conventional temperature logging tools. The detailed specifications of the monitoring system are listed in Table 3.



An additional advantage of the thermal line sensor is the ability to make continuous measurements in time and to simultaneously monitor fine-scale temporal and spatial variability of groundwater flow. As compared with existing single sensor-based equipment, the thermal line sensor measures temperature over long periods of time without the need for an onsite operator and does not alter groundwater levels or flow patterns. When temperature measurements are taken in a deep borehole, temperature sensors can malfunction due to high pressure. To prevent errors caused by high pressure, the sensors are protected by an aluminium or stainless steel case. Another problem with using multiple sensors is that the measurements can differ because the sensors differ in accuracy. This problem is very serious if it becomes necessary to measure fine-scale variation for detecting groundwater flow. Our thermal line sensor enhanced its accuracy by making a calibration based on measurements taken in a thermo-hygrostat. Recently, the system has been applied in a wide range of fields as a tool for rapid and accurate temperature measurement.





3. Results


3.1. Evaluation of Seawater Intrusion in the Eastern Part of Jeju Island


Under the ambient conditions, the distributions of coastal groundwater and freshwater–saltwater interfaces were delineated using electrical conductivity and temperature logging in monitoring wells on the eastern part of Jeju Island. Figure 3 shows electrical conductivity, core, and temperature log profiles for Susan district obtained during August and November. The subsurface lithology is mostly composed of acicular feldspar basalt, augite olivine basalt, a sedimentary layer, Seogwipo formation, tuff, and the U formation. Indices marked on the corelog for lithology identification are defined in Table 4. It was reported that main aquifers were identified as clinker and fracture zones existed in acicular feldspar basalt, augite olivine basalt, trachybasalt, and interfaces of lava flow, as well as hyaloclastite [54]. Hydrovolcanic tuffs of the Seogwipo formation underlying the basaltic rocks contain consolidated or semi-consolidated sedimentary rocks [55]. Borehole SS-1 showed a distinct tendency for the electrical conductivity of borehole fluid to increase with depth. The values of electrical conductivity were around 1000 μS/cm to a depth of −18 m amsl below groundwater level, and then started to increase drastically from the depth of −28 m amsl, and finally exceeded 40,000 μS/cm in the saltwater zone. The brackish water formed between −18 and −28 m amsl, and the transition zone was about 10 m thick. This transition zone became about 5 m thick in the dry season (November). Three outstanding variations of electrical conductivity were observed. One variation was a sharp increase at the depth of −28 m amsl, and the other variations were decreases at depths of −82 m amsl and −115 m amsl. These points lie on lithological boundaries (between augite olivine basalt and scoria and between tuff and the sedimentary layer).



Deep exploration wells, such as seawater intrusion monitoring wells on Jeju Island, that reach depths sufficient to completely penetrate the aquifer can provide information on aquifer thickness. The inflection point in the temperature gradient beneath the relatively isothermal section can be used to identify the effective of the aquifer, and the depth at which the regional conductive geothermal gradient is unaffected by the movement of cool aquifer waters. In temperature logs, the conductive gradient in the vadose zone was characterized by a linear increase in temperature between the average temperature at the surface and aquifer water at the groundwater table (identified as 1 on the temperature log in Figure 3a). The groundwater table formed at a depth of 1 m amsl (identified as 2 in Figure 3a), and a gradual decrease of temperature was observed at 3 on the temperature log in Figure 3a. The temperature gradually decreased in the freshwater zone and began to increase from the interface between freshwater and saltwater. There was an increase or decrease in temperature wherever the electrical conductivity changed (at 3, 5, and 8 in Figure 3a) and 4 and 6 (Figure 3a) indicate an isothermal temperature gradient zone. In this zone, the borehole fluids move vertically, and therefore they overcome the high geothermal gradient and control the temperature to depths at which borehole fluids cease to flow effectively. Analyzing changes in electrical conductivity and temperature logs, we estimate that aquifers exist at depths of −40 and −80 m amsl, repectively. Below the depth (at 7 in Figure 3a), conductive processes predominate and the ambient geothermal gradient is expressed (marked as 8 in Figure 3a). In general, the temperature profile corresponded well to the change of electrical conductivity; moreover, it represented the remarkable observed variation. Such dramatic variations in temperature mean that groundwater flow (or seawater intrusion) depends on many aquifers in this area. In addition, changes of temperature mostly occurred at lithological boundaries (arrows on the temperature logs).



At borehole SS-2, electrical conductivity increased slowly, and a thick transition zone formed between the depths of −20 and −40 m amsl (Figure 3b). Unlike borehole SS-1, the profiles presented step-like increases in electrical conductivity, indicating that this transition zone can have different hydraulic properties from the surrounding layers. It has been documented that step-like increases in electrical conductivity and temperature are observed with sudden changes over the boundaries of a fracture or aquifer zone [56]. There was little seasonal variation in electrical conductivity. Electrical conductivity of borehole SS-3 showed evidence of a sharp interface at the depth of −60 m amsl and reached up to 30,000 μS/cm in the saltwater zone (Figure 3c). Note that, as in borehole SS-1, there was a sudden decrease of electrical conductivity below the depth of −105 m amsl, which is thought to be part of the saltwater zone. No distinct variation of electrical conductivity was detected at borehole SS-4, thus, this area belongs to the freshwater zone according to the electrical conductivity values (Figure 3d). The vertical profiles of electrical conductivity represent patterns typical of a freshwater–saltwater interface. These patterns, generally, are divided into three classes: sharp interface, transition zone, and a combination of the two. In Susan district, the interface between freshwater and saltwater at boreholes SS-1 and SS-2 had a transition zone, and SS-3 had a sharp interface. The freshwater body gradually thickened in boreholes located farther inland. The transition zone thickened from SS-1 to SS-2, and finally to SS-3. Borehole SS-4 had a low electrical conductivity concentration of 150 μS/cm. On the basis of these findings, the toe of the freshwater–saltwater interface was placed between boreholes SS-3 and SS-4 in this district.




3.2. Characterization of the Behavior of Freshwater and Saltwater Using Borehole Temperature Monitoring


To further understand the freshwater and saltwater flow pattern in a heterogeneous coastal aquifer, temperature monitoring using thermal line sensors was undertaken based on variations in coastal aquifer temperature. Although electrical conductivity has been the most commonly used variable and provides valuable information for addressing seawater intrusion problems, temperature can also give a better understanding of the hydrological dynamics of a coastal aquifer. In addition, as reviewed above, layered sequences and heterogeneous aquifer systems in the eastern part of Jeju Island, probably caused by successive lava flows and sea level change, have led us to monitor the spatial and temporal variations of temperature over the entire depth. Groundwater temperature is usually controlled by depth, and groundwater in different aquifers has different temperatures [57]. Figure 4 gives temperature readings for boreholes SS-1, SS-2, and SS-3 based on electrical conductivity and temperature logs. It shows the variations of coastal aquifers that contain fresh, brackish, and saltwater. In boreholes located farther inland, the temperature in the freshwater zone showed a tendency to decrease, and the bottom depth of the freshwater zone was lowered. It is commonly observed that the low temperature of volcanic aquifers suggests a recharge at high elevation [58]. Therefore, freshwater is cooler than saltwater in the boreholes, creating the contrast required when using thermal line sensors, and therefore the temperature difference can be used as a natural tracer for characterizing coastal aquifers.



A schematic diagram of temperature monitoring using the thermal line sensor system is shown in Figure 5. Four systems were installed in boreholes SS-1, SS-2, SS-3, and SS-4. The cable was inserted down to the bottom of the boreholes so that measurements could be taken along the entire depth. A small weight was mounted to the thermal line sensor cable to keep the sensors in their target positions. The sensors were spaced 1 m apart, and temperature measurements were taken every 15 min over a period of one month. The measurement settings for the boreholes are summarized in Table 5. Tide level data for the same period were obtained from the Seongsanpo tide station (Figure 1). Figure 6a shows the tidal fluctuations, and the tide cycle for one day is divided into four periods. Period A indicates the flood stage from low tide to high tide, and Period B indicates the ebb from high tide to low tide. Periods C and D likewise indicate flood and ebb, respectively. The main purpose of this classification of the tide cycle is to identify short-term variations of heterogeneous aquifer systems.



The temporal variations of temperature associated with tidal fluctuations were profiled at borehole SS-1. Tide level fluctuations during the measurement period are displayed in Figure 6a, and the maximum difference from low tide to high tide was about 2.5 m. During Period A, the temperature was 16.7 °C at the water surface, decreasing with depth, reaching 15.8 °C at −30 m amsl (Figure 6b). Beginning at the freshwater–saltwater interface, the temperature started to increase up to 18 °C. This temperature reading given by the thermal line sensor corresponded well with that of geophysical well logs, as displayed in Figure 3a. The freshwater temperatures were 1.5 to 2.5 °C cooler than the saltwater temperatures during the measurement period. Therefore, there were sudden temperature increases at the freshwater–saltwater interface. Several abrupt variations in temperature were evident in the upper and lower zones of the monitoring well. The initial temperature gradually dropped with depth from 0 to −20 m amsl (identified as 1) at flood stage (time goes by from Low tide1 to High tide2). It is thought that the freshwater flows toward the coast at this stage, because the temperature of inland freshwater is much lower than that of freshwater near the coast. Although the variation range is not wide, a similar phenomenon was observed from −80 to −100 m amsl (identified as 3). Meanwhile, as reviewed in the temperature logs, isothermal temperature sections were also investigated at depths from −40 to −80 m amsl. This depth serves as the main aquifers, and seawater intrusion occurs especially in the aquifer considering the high electrical conductivity concentration in this area (Figure 6f).



During Period B, the same situations appeared inversely (Figure 6c). In Zone 1, the temperature gradually started to increase after 90 min during ebb tide (Figure 6d). This monitored temporal increase of temperature implied that freshwater flow inland was taking place. The temperature profile in all four periods showed no significant change of the freshwater–saltwater interface due to tidal fluctuations (Figure 6e). In addition, the absolute values of temperature at the two high tides (or low tides) clearly demonstrated the influence of tidal fluctuations on vertically heterogeneous coastal aquifers. Consequently, it was verified that the freshwater and saltwater moved alternately in opposite directions of tidal fluctuations through the main aquifers.



For borehole SS-2 (Figure 7a–c), the freshwater and saltwater zones did not show temperature variations caused by tidal fluctuations. However, there was a small but detectable variation in the transition zone, located at depths from −32 to −62 m amsl. Temperature variations indicated that the flow was directed inland during high tide (Period A) and toward the coast during low tide (Period B). At boreholes SS-3 and SS-4, there were no temporal variations of temperature caused by tidal effects. Increased temperature was found exactly in the interface between freshwater and saltwater (Figure 7d–i).




3.3. Conceptual Model of Heterogeneous Coastal Aquifer System


The conceptual model of the heterogeneous coastal aquifer system was suggested by interpreting the data resulting from geophysical well logging and borehole temperature monitoring at the seawater intrusion monitoring wells (Figure 8). At borehole SS-1, the closest borehole to the coast, interfaces between freshwater and saltwater form at –18 and −28 m amsl, and the transition zone is about 10 m thick. These interfaces occur at the boundaries of augite olivine basalt and scoria. Although the interface is governed by seasonal variation, there is no noticeable change with tidal fluctuation. At borehole SS-2, a thick transition zone forms between −20 and −40 m amsl. There is little variation in the saltwater–freshwater interface due to seasonal variation. At borehole SS-3, a sharp interface appears at the depth of −60 m amsl. Borehole SS-4 is located within the freshwater zone. The freshwater body gradually thickens as it moves inland, and the transition zone thickens up to 3.2 km inland from the coast, and finally disappears at less than 5.4 km inland from the coast. The toe of the freshwater–saltwater interface is located between 5.4 and 8.1 km inland from the coast. A low electrical conductivity zone exists below the depths of −82 m amsl (SS-1) and −105 m amsl (SS-3). Multilayered aquifers are expressed by solid yellow lines in each borehole. The behavior of freshwater and saltwater under flood conditions is denoted by arrows. As the sea level rises, seawater tends to move inland and flow through the main aquifer between −40 to −82 m amsl beneath the transition zone. As seawater intrudes farther inland, freshwater in the upper part of the borehole moves in the opposite direction. Consequently, freshwater–saltwater interfaces and aquifers mostly form the geological boundaries, implying that coastal aquifers flow through the boundaries between volcanic formations.





4. Discussion


There have been many attempts to identify groundwater flow systems and seawater intrusion for Jeju Island. These efforts have usually been based on the G-H model, which is accepted as the groundwater management model of the island. However, decreased electrical conductivity has been observed at the bottom depths of boreholes in the coastal area. This phenomenon could not be explained by the traditional conceptual model. The reduction in electrical conductivity implies that seawater intrusion does not occur continuously in the vertical direction. In addition, according to the G-H principle, the vertical thickness of the freshwater body below sea level is 40 times the height of the groundwater level above sea level. However, in the eastern parts of Jeju Island, the thickness ratio of the groundwater level and the freshwater body was approximately 1:29 at borehole SS-1 (with height of groundwater level above sea level of 0.96 m and thickness of the freshwater body below sea level of 28 m, including the transition zone, as shown in Figure 3a and Figure 8). The thickness of the freshwater body appeared to be thinner than theory would predict.



Figure 9 shows the electrical conductivity logs obtained by the Institute of Environmental Resource Research, Jeju Special Self-Governing Province, between 2002 and 2004. All boreholes except SS-4 exhibited decreased electrical conductivity at certain depths, and as time went on, these low electrical conductivity values gradually increased again. Drilling boreholes in the coastal area can break the natural hydrological balance such that seawater flows down through the boreholes due to the density difference between freshwater and saltwater. However, the recent electrical conductivity logs show that decreased electrical conductivity at the bottom depths remains in some areas. This result indicates that some flows exist to prevent dense saltwater from flowing down.



Considering these phenomena, a conceptual model of seawater intrusion was proposed based on the interpretation of geophysical well logging and borehole temperature monitoring data (Figure 10). Seawater intrusion occurs through multilayered aquifers, such as the boundaries between volcanic formations, and it presents a possibility that the groundwater in relatively high-altitude areas flows through the channel at deeper depth and discharges into the ocean. This interpretation closely parallels the results concerning submarine groundwater discharge (SGD) in Jeju Island reviewed by many researchers [59,60,61]. We particularly emphasize the fact that in the current conditions of ambient monitoring, natural vertical flows can occur in the wells and alter the real natural thermal and electrical conductivity of the aquifers. Our preliminary conceptual model is expected to be improved and revised by various measurements of hydrodynamic parameters, such as flowmeter test during pumping or packer test.




5. Conclusions


A wide array of methodological approaches has been devoted to optimizing groundwater management strategies in coastal aquifers of Jeju Island. However, careful consideration should be given to issues of relationships between volcanic aquifer and lithological characteristics. This paper deals with borehole geophysical methods involving the distribution and behavior of freshwater and saltwater. Physical properties such as electrical conductivity and temperature are more responsive to tidal fluctuation than to groundwater level from automatic equipment at seawater intrusion monitoring wells. Geophysical well logging, especially electrical conductivity and temperature logs, delineated freshwater–saltwater interfaces with depth and effectively distinguished between the zones of freshwater and saltwater. Variations in electrical conductivity and temperature were found at the lithological boundary, implying that well logs are a very effective method to understand the complicated subsurface systems caused by successive lava flows. Moreover, based on the dramatic variations in temperature observed, groundwater flow or seawater intrusion can depend on many aquifers in this area.



The sudden decrease of electrical conductivity at the bottom depths created the need for an alternative model to replace the traditional conceptual model. Temperature monitoring using a thermal line sensor system enabled us to characterize the variability of coastal aquifers at high temporal and spatial resolution. After the measurement stage was divided into four periods based on tide level fluctuations, variations in temperature were monitored over the entire depth. The area consisted of heterogeneous aquifer systems, and the behaviors of freshwater and saltwater were identified by temperature monitoring during four periods. On the basis of the interpretation of geophysical well logging and temperature monitoring data, a conceptual model of seawater intrusion was proposed. Coastal aquifers flow through two or more channels with weak vertical connections. In addition, seawater intrusion does not occur continuously in the vertical direction from the bottom depth, but instead occurs through these aquifers, in particular, the multilayered channels that are responsible for the main aquifer as well as the freshwater–saltwater interface formed mainly at lithological boundaries. This finding indicates that the characteristics of coastal aquifers depend on the geological structures present in basalt areas.



Consequently, geophysical well logging and borehole temperature monitoring could enhance our knowledge of subsurface structures of basalt and interactions of freshwater and saltwater in coastal areas. This approach is expected to contribute to a much wider range of investigations of volcanic islands.
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Figure 1. Locations of seawater intrusion monitoring wells, tide stations, and automatic weather systems on Jeju Island. 
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Figure 2. Temporal variation of ocean tide level, groundwater level, electrical conductivity, and temperature in seawater intrusion monitoring wells. Boreholes (a) SS-1; (b) SS-2; (c) SS-3; and (d) SS-4. 
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Figure 3. Profiles of electrical conductivity, geology, and temperature at boreholes for Susan district. (a) SS-1; (b) SS-2; (c) SS-3; and (d) SS-4. The red circle expresses monitoring sensor’s location in each borehole. Red and black arrows indicate the variation of electrical conductivity and temperature, respectively. 
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Figure 4. Temperature variations of coastal aquifers in Susan district. 
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Figure 5. Schematic diagram of temperature monitoring using thermal line sensor system. 
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Figure 6. Temperature monitoring results with thermal line sensor in borehole SS-1. (a) Tide level; (b) temperature during Period A; (c) temperature during Period B; (d) temperature in Zone 1 during Period B; (e) temperature profiles at high and low tides; (f) electrical conductivity logs. 
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Figure 7. Temperature monitoring results with thermal line sensor in boreholes SS-2, 3, and 4. (a) SS-2 temperature during Period A; (b) SS-2 temperature during Period B; (c) SS-2 temperature at high and low tides; (d) SS-3 temperature during Period A; (e) SS-3 temperature during Period B; (f) SS-3 temperature at high and low tides; (g) SS-4 temperature during Period A; (h) SS-4 temperature during Period B; (i) SS-4 temperature at high and low tides. 
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Figure 8. Conceptual model of heterogeneous coastal aquifer system proposed from the data interpretation of geophysical well logging and borehole temperature monitoring. Solid black and blue lines indicate the bottom of the freshwater body and transition zone, respectively. Solid red line represents the decrease of electrical conductivity. Arrows denote the coastal aquifer groundwater flow during flooding. 
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Figure 9. Periodic electrical conductivity logs from 2002 to 2004 (Institute of Environmental Resource Research, Jeju Special Self-Governing Province). Boreholes (a) SS-1; (b) SS-2; (c) SS-3; and (d) SS-4. 
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Figure 10. Conceptual model of seawater intrusion on the eastern coast of Jeju Island. 
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Table 1. Details of seawater intrusion monitoring wells in the eastern part of Jeju Island. EL. m, means above mean sea level (amsl).
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District

	
Borehole

	
Elevation

(EL. m)

	
Distance from Coastline (km)

	
Drilling Depth (EL. m)

	
Sensor Depth (EL. m)






	
Handong

	
HD-1

	
15.38

	
0.9

	
−159.62

	
−39.15




	
HD-2

	
42.73

	
2.5

	
−159.67

	
−35.03




	
HD-3

	
112.89

	
5.2

	
−149.11

	
−67.57




	
HD-4

	
190.99

	
8.8

	
−179.01

	
−20.87




	
Jongdal

	
JD-1

	
14.48

	
1.7

	
−141.52

	
−37.36




	
JD-2

	
52.79

	
2.9

	
−147.21

	
−51.13




	
JD-3

	
100.47

	
5.5

	
−151.53

	
−63.65




	
JD-4

	
167.55

	
8.4

	
−162.45

	
−58.68




	
JD-5

	
201.36

	
10.8

	
−206.61

	
−48.19




	
Susan

	
SS-1

	
33.84

	
1.4

	
−117.16

	
−30.68




	
SS-2

	
70.79

	
3.2

	
−125.10

	
−37.63




	
SS-3

	
115.53

	
5.4

	
−151.47

	
−63.38




	
SS-4

	
176.61

	
8.1

	
−146.39

	
−21.47




	
Hacheon

	
HC-1

	
25.78

	
0.8

	
−110.22

	
−51.73




	
HC-2

	
58.88

	
2.4

	
−121.12

	
−59.82




	
HC-3

	
87.45

	
4.0

	
−98.55

	
−46.90




	
HC-4

	
117.99

	
6.1

	
−112.01

	
−31.63
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Table 2. Classification of water based on total dissolved solids [52], range of specific electrical conductivity, and NaCl equivalent salinity [53].
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	Class
	Total Dissolved Solid (ppm)
	Specific Electrical Conductivity 1 (μS/cm)
	NaCl Equivalent Salinity (ppm)





	Fresh
	0–1000
	0–1389
	0–676



	Brackish
	1000–10,000
	1389–13,870
	676–8504



	Salt
	10,000–100,000
	13,870–138,696
	8504–106,885







1 Fluid electrical conductivity values are compensated by a standard temperature of 25 °C. 
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Table 3. Technical specifications of borehole temperature monitoring system.
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Monitoring Device




	
Memory

	
1 or 2 Mb




	
Interface

	
RS232C or RS485




	
Number of connected control units

	
Up to 32 units with RS485 port




	
Operating temperature

	
−20 to 50 °C




	
Power supply

	
Rechargeable NiMH 12 V, 2700 mAh




	
AC adapter

	
15 V, 1.6 A (operational and recharging power)




	
Thermal Line Sensor




	
Measurement range

	
−55 to 125 °C




	
Accuracy

	
±0.5 °C




	
Resolution

	
0.0625 °C




	
Sensor spacing

	
Variable (>10 cm)




	
Cable diameter

	
8 mm




	
Sensor module diameter

	
15 mm




	
Cable length

	
Up to 300 m
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Table 4. Indices of lithology.
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	Lithology
	Index





	Acicular feldspar basalt
	AFOB



	Augite olivine basalt
	AOB



	Sediment
	SE



	Scoria
	SC



	Trachybasalt
	TB



	Mudstone
	MS



	Seogwipo formation
	SF



	Tuff
	T



	U formation
	U
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Table 5. Measurement settings for temperature monitoring using thermal line sensor system.
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	Measurement Parameter
	SS-1
	SS-2
	SS-3
	SS-4





	Time (min)
	15
	15
	15
	15



	Spacing (m)
	1
	1
	1
	1



	Points
	150
	130
	120
	110











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
ss4

ss3

ss4

" ss2

ss3

ss4






media/file4.png
Temperature (Degree)

5 SS-1 - 5 SS-2 —— Tide o

—— Groundwater level .. —— Groundwater level
=== Electrical conductivity ... E Electrical conductivity 'g
emperature %’ e emperature ¢7:
_ 18 = i
£ 2 8 A ’°°°§
'§ ' l ' 5 ¢ § ‘: M ‘l ‘ " N :
s 2! I wwk"u'l. ‘a A soreertad e AN | - § g . H H :
m % 5 ‘” ' Hllili ‘ 1 5
N{ k‘] “’l’l“l”l“l\m g weg ’ l l ]I 'S

' A " L S
5.0t woa (Dt ] th) ““ fime (Date-Month).
(a) (b)
5 SS-3 —— 1= h - 5 SS-4 —— Tide o

—— Groundwater level ‘ —— Groundwater level
WW = T —_
, “ ‘\"-’ "'r vinfe a1 emperature 1m§ - ier?pera'mre mg’
.n’"" 2 ¢ § 3
g o | € S
s E § Z
z owo 8 § s o 8
j -4 WG Ili U Tl n
£ .- ‘ | ‘ 3
m w

i ‘“””f’f’*’; i WH”H

10-Oct
Time (Dt e-Mon th)

(c)

B

10-Oct
Time (Date-Month)

(d)

Temperature (Degree)





media/file18.png
Elevation (m)

Elevation (m)

EC (uS/cm)
0 10,000 20,000 30,000 40,000 50,000 60,000
10
— 041014
— (MDE12
040707
0 — 040520
010429
— 040324
-10 040223
— (40130
031223
— 031128
=20 — 031030
030028
5 - 1 — 010129
TN ' 030130
-30 :E:—f" - E_— — 020626
- = T 030603
I = R o =._3“ ™ ~ o3nasa
-40 S T - sl 021001
1] I I I W O ] ozoe0s
I 1 — oz0110
-50 b
i it
-60
L
{
[
=70 it L R
o .
Ly L=
| 2
-80 L -
P ' .
Al
-90 % P S I
g I ;B ]
[ P ) s B A
P ] L
-100 Tz 135 A
T F T i
T X
A 17 radi Vi =
-110 + L
T
< ‘_;.-,.3/7{;-4" 11
B L e el — .
-120 ——— = R
=130
(a)
EC (uS/cm)
0 10,000 20,000 30,000 40,000 50,000
10
— 041014
— 040812
- d0TorT
0 — 040520
040429
— 040324
-10 -~ 040224
— 040130
— 031223
— 031128
=20 — 031030
[ 030077
‘ — 030820
[ 030730
=30 — 030626
030603
| 030430
=40 — 021002
o 020603
k — 020528
- ~C 020417
=50 4 'H.—.—_\_ﬁ_ |
T~
i e
R = s e
. a4 1 i
- - 1
-70 “t ‘T%'} —F
I . 1 VRA|
-80 \s l} ] S
T 1l
!
1
-90 |
i
A) 1 -——h
A
" J - 1
-110 T Z ; ;
: e : it
120 — — -
=130

Elevation (m)

Elevation (m)

EC (uS/cm)

0 10,000 20,000 30,000 40,000 50,000
10
— 041014
— (40E12
— 040707
0 040520
— 040120
040124
.10 N — 040223
040130
— 031223
— 031128
-20 + — 031070
: 030028
— 050129
1 — 030130
-30 - 030626
T A — 030603
=3 . 030430
-0 = - ’ ~ 02100
I A i - 1] 020602
JSE SN e — 020410
250 X o 020323
& o \—s.\ I
N Y =
-60 N | N
A T
SR TSR
=70 (TAY L
| /) I"
= S
~ .
| -
-80 T
=1 Ty
o p—— T
| 1 : | p— LF-
-90 R i N
i S
R
S - —
-100 — -
-
-110
=120
=130
EC (uS/cm)
0 200 400 600 800 LOooo
20
041018
] 040707
-~ 040325
10 031223
1] 030928
- — 030730
0 — 030625
— D30603
— 030502
— 021002
-10 — 020603
=20
-30
-40
3
=50
=60
=70
'.l
=80
=90

(d)





media/file3.jpg
© )





media/file19.jpg
Ground surtace






media/file7.jpg
Temperature (Degrees)

£

18

15

‘Seawater intrusion monitoring well
o 0 ss1
¢ @ mss2
¢ B Ess3

o

o &

u)

s anad Electrical conductivity (uS/cm)

et O 131101389

13891013870
[ 138701041150

-40 -80
Elevation (m)

-120





media/file10.png
SS-4

176.61 m i SS-2
115.53 m
70.79 m SS-1
33.84m
Groundwater level 3.40 m 2.13m 1.40 m 0.96 m
Mean sea level
-80 m
120 m e -120 m






media/file14.png
Elevation (m)

Elevation (m)

Elevation (m)

-40

156

55 16

Measurement
Low tide (¥)
High tide (&)

. 165
Temperature (Degree)

@®
@
)
Measurement
= = Low tide (¥)

High tide (&)

. 16 16.4
Temperature (Degree)

(d)

15.2

154
Temperature (Degree)

(8)

156 158

17

SS-3

16.8

SS-4

Measurement
Low tide (¥)
High tide (a)

16 16.2

Elevation {(m)

Elevation (m)

Elevation (m)

-40

Temperature (Degree)

(h)

80
40
| E o
c
k-
e
©
>
2
w
-80
Measurement
High tide (&)
——————— Low tide {¥)
. : -120
15 155 16 165 17 17
Temperature (Degree)
40
0
@D i
E
S
@ g
>
L
— w
! - -80
Measurement
High tide (&)
——————— Low tide (¥)
A . , : -120
15.2 1 16 16.4 16.8 173
Temperature (Degree)
(e)
80
40
E
S
- 0
©
>
L
w
40
Measurement
High tide (a)
------- Low tide (¥)
-80
15 15.2 15.4 15.6 15.8 16 162

SS-2

Low tide (¥)

Temperature (Degree)

(1)

High tide (a)
----- Low tide (¥)
High tide (a)
15.5 16 16.5 17 175
Temperature (Degree)
(c)
_2 SS-3
————— Low tide (¥) -
High tide (a)
————— Low tide (V)
High tide (a)
156 16 16.4 16.8 172
Temperature (Degree)
SS4
------- Low tide (¥)
High tide (&)
------- Low tide (V)
High tide (&)
15.2 154 156 158 16 16.2





media/file11.jpg
R






media/file6.png
Depth T EC@25(Avg -1 Corelog-1 :mm.)-l - Depth ‘§0025(Au9.)-2 Corelog-2 Temp(Aug.)-2
T— " Temp(Now.)-1 oM EC@25(Nov.)-2

e | e el s T T T T T e T T T

ELm

§
i

: : : vV Lo
200 . e x4

™ -20.0
- ‘ . \. '

.
: S oas 1 3 :
F v v v A
- opp- g v v w vy T 0.0
A -
- N {
1 :

B L v v vy 3.4 AOB-:

.,

= \-_
]
.
1
1]
1
1
1]
1
1
!

{ l"‘“

!

w
m

200

— — o= AFOB
- ‘
shwater-S
- Transition zone

: id {8 : : v v
. rvwvw
0o : ~
: o4 ) r
v

'
y
3 /J ""‘

b.-’

5
¢
¢
A
-

4
==}
e
=]

<

<
N

o

<
<
4
<

<
L4
<
-
i ST

A

8

o~
-

e Lo

— el
T e

1000 Rt e ARty o 100.0

3Pl I <
ghicccs 5&
S.S
< <
((((( <
g <
e
- 1
—1—
-~
L)

q
]
<
°
1

E
!
‘é..o-

St —— LR | - - YoSwew 4

-———— H SE |

-~

Depth EC@25(Aug.)-3 Corelog-3 Temp(Aug.)-3 Depth EC@25(Jul.)-4 Corelog-4 Temp(Jul.)-4
10 u 100000 | | 15 DegC 18 10 100000 | |15 18
mm - EC@25(Nov.)-3 Temp(Nov.)-3 M EC@25(0ct. )4 Temp(Oct.)-4
ELm | e | e e e e e e eLm | | e T e e
10 15 DegC 18 10 DegC 18
= / e h A
= ' g J/ "I l
200 = l v 20,0 v —
- | ya § l
— f 4 - f
~ 1 7 -~ 1
1 3 T
~ ) ‘f f. \
| o — P - =
0.0 ; 0.0 ;
sasaay SE i
OLLLX i i
20.0 AR " 20.0 3
X% K ® 4
covesl 1 AFOB 3
AT AT EYEY 15 -+ t
v oW ~ li AOB {
40.0 :' 40.0 }
i 4
4
i} :
60.0 I, — £0.0 i
N — 'l H
® TN } |
e ;
1 .
1 4
80.0 ¢ 80.0
¥
{
I3
# ‘ .‘\
100.0 "'k R 100.0
1






media/file15.jpg
[N WA A

(w) uones|3





nav.xhtml


  water-12-00609


  
    		
      water-12-00609
    


  




  





media/file16.png
Elevation (m)

180
160
140
120

-100
-120

-140

—_— SS-4

S22 Transition zone

6 4
Distance from coastline (km)

- "\G}‘ound surface Main aquifer
B \\"‘\i\\ SS 3 SEESANENEESERERESI FreSh watef
\\ _
- \\.\\
B . ss=2
_— ‘\\\
u [
— \_\\
und level )

T Groundwater leve
L e e e - — _ _V_ _____ . Mean sea level

AOB Freshwater (EC: 1000 uS/cm) o8 "AOB

—SE :E:;;...“ F38F
u 0B |
e T

l [ I l I | | I |

0 8 2 0





media/file2.png
-

(}M,

I 2. HD-1 g

fr )\ Etsen Jeju_ HD2 @
= ; HD:3 ‘@

Q)

Seongsanpo

HD-4
Jeju Nwﬁ 0 -o:liookm

Q.
" pp
e o
YS1 YS-2
@--

| - ® Seawater intrusion monitoring well
’ M Tide station
’ V¥V Automatic weather system
I
& 20 km





media/file20.png
v v v Ground surface

v v w v w w w v w w v v ~ w
- - - - - -

'V ' ' - 1.0 |h- Mean sea level

iaaveast Uformation v Groundwater table





media/file5.jpg





media/file1.jpg
@ Seauater invusion monitoring well
 Tde station
¥ Automatc weainer system

—_— —
° »






media/file12.png
Temperature (Degree)

Tide level (cm)

16.8

166

164

162

40 40
Period A Period B
250
20
0 0
1%
10 g S g
s s
5 = N = 0
© ©
> >
° o
0 w - w n|
Law Tidai
[26-0ct 3:00)
50 t .80 -80
25-0c112:00 26-0ct 000 26-0c2 1200 27-0c10:00 27-0c1 12:00
Time (Date-Month Hour:Minute) - =
- Measurement (3) Measurement (3)
Period Stage ) L
Period A Flood |70 007=" Low tide1 (v) High tide1 ()
Period B Ebb » High tide1 (a) o L7777 Low tide2 (v)
Period C Flood ‘ W ‘ W
P Od D Ebb 15 16 17 18 19 15 16 17 18 19
< Temperature (Degree) Temperature (Degree)
(a) (b) (c)
40 Death ECE g ) Corelug-1
LQ%» 1mOC0n 10 o
o s ECES M -1
o A%e OFEum P
O 4awm
® s%m
| -
O awm o0 0000000
QO as 0
0 :l: ®0900000
S ase e 00 eeee 00
UL LY
UNn ® 900 L 3 B B B N N BN J o
"wen E
8::: < o) @000 000000 —
o axn e Ceeecdocero0ese g o
[ ) wen - 4 -40
LI e N N N N B N X NN N J fa
ee s0cccscce o 2 Y
© L N I.I—.l
e T oo
L B L e .80 60.0
< bde0ee
o0o0oQQ0QOFFH I+ — et ||mm——— Low tide1 (Vv)
LN RN High tide1 (a) 80.0
------ Low tide2 (v)
Mt High tide2 (a)
-120 0.0
1 3 B 6 4 15 16 17 18 19
Time (hour) Temperature (Degree) .

(d) (e) ()





media/file9.jpg





media/file0.png





media/file8.png
Temperature (Degrees)

18

-40

Seawater intrusion monitoring well

Elevation (m)

Electrical conductivity (uS/cm)
<> 131101389
1389 to 13870
[] 13870 to 41150

-80

-120





media/file17.jpg
© (d)





