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ABSTRACT 

 

 The hydrogeological characteristics and mechanisms of dynamic variations 

in the saltwater–freshwater transition zone were investigated using physical and 

geochemical approaches in a coastal aquifer, East Sea. The study site is located 

along a fully open coast of East Sea, where waves, tides, and precipitation influence 

the fluctuations in groundwater level (GWL), electrical conductivity (EC), and 

groundwater temperature (GWT). In addition, since the aquifer consists of estuarine 

deposits and fractured rocks with anthracite, not only mixing process and 

geochemical reaction in saltwater–freshwater transition zone, but also the oxidation 

of sulfide and reduction of hydroxide have influences on the groundwater quality. 

 Long-term monitoring and time series analyses of GWL, EC, and GWT 

were used to understand variations of the saltwater–freshwater transition zone and 

physical mechanisms of dynamic changes within. Correlation, spectral analysis, and 

multi-variable regression analysis of monitoring data were performed to deduce the 

relationships between hydrological factors. The general shape of the transition zone 

is determined by the seasonal variation of GWLs, but temporary fluctuations in the 

transition zone are dominated by local rising GWL events. The distinct increases in 

the GWL were closely related to the high wave heights. Different patterns of EC 

change were detected in the shallow and deep zones, which indicate that the 

transition zone is highly dynamic. At shallow depths, the EC values are temporarily 
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increased by the wave setup and tidal fluctuations during the rising GWL events, but 

the EC at greater depths is reduced by the seaward or downward movement of the 

relative fresh groundwater. In exceptional cases, during extreme increases in the 

GWL resulting from seawater flooding, the rapid downward flow of the flooding 

saltwater through the well bore causes synchronous EC fluctuations at all depths.  

 The governing geochemical processes were estimated to be the mixing of 

saltwater and freshwater, the oxidation of iron sulfide and the reduction of iron 

hydroxide. The mixing process has intensively influences on the concentrations of 

the major ions, whereas the oxidation of iron sulfide and the reduction of iron 

hydroxide control the concentrations of the minor ions and trace elements. The 

mixing ratios of seawater and fresh groundwater, calculated using stable isotopes of 

oxygen and hydrogen, EC value, and chloride ion, range from 0.2% to 55.4%. The 

high concentration of soluble iron is assumed to be caused by sequential 

geochemical reactions. The dissolved oxygen with relatively high concentration 

in the recirculated saline water has promoted the oxidation of iron sulfide, which 

decreases the pH of groundwater in the saltwater–freshwater transition zone. The 

consumption of dissolved oxygen and low pH values make the favorable 

environment for the reduction of iron hydroxide. Mn has similar chemical properties 

to Fe, but has showed a peculiar high concentration due to the difference of the 

redox conditions between Fe and Mn. The cation exchange by saltwater intrusion, 

dissolution by acidity, and reduction or precipitation by redox condition led to the 
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enrichment of some ions and deficiency of others. The enrichment of Ca is 

dominated by cation exchange in landside and dissolution by acidity in seaside. 

 

Key Words: Coastal aquifer, Saltwater–freshwater transition zone, Time series 

analysis, Regression analysis, Mixing ratio of seawater, Oxidation of iron sulfide.    

 

 

Student Number : 2003-30137 

 

 



- iv - 

TABLE OF CONTENTS 

 

ABSTRACT …………………………………………………………………… ⅰ 

TABLE OF CONTENTS ……………………………………………………… ⅳ 

LIST OF FIGURES …………………………………………………………… ⅶ 

LIST OF TABLES ………………………………………………………………ⅹⅰ 

 

CHAPTER Ⅰ. INTRODUCTION ……………………………………………… 1 

1. Backgrounds of this study ……………………………………………………… 2 

2. Purposes of this study …………………………………………………………… 5 

 

CHAPTER Ⅱ. SITE DESCRIPTIONS ………………………………………… 7 

1. Location of study site …………………………………………………………… 8 

2. Geology ……………………………………………………………………… 10 

3. Hydrogeology ………………………………………………………………… 12 

 

CHAPTER Ⅲ. LONG-TERM MONITORING AND TIME SERIES ANALYSES  

 …………………………………………………………………………… 15 

1. Introduction …………………………………………………………………… 16 

1.1. Background ………………………………………………………………… 16 

1.2. Objective of this study …………………………………………………… 19 

2. Hydrological data ……………………………………………………………… 21 

2.1. Field measurements and data collection …………………………………… 21 



- v - 

2.2. Vertical variations in EC and GWT ………………………………………… 22 

2.3. Temporal variation of hydrological factor ………………………………… 27 

3. Relationship between the hydrological factors ………………………………… 36 

3.1. Theory of correlation analysis ……………………………………………… 36 

3.2. Auto-correlation …………………………………………………………… 38 

3.3. Cross-correlation …………………………………………………………… 44 

4. Estimation of tidal influence in the hydrological factors ……………………… 55 

4.1. Theory of spectral analysis ………………………………………………… 55  

4.2. Tidal constituents ………………………………………………………… 55  

4.3. Spectral densities of hydrological factors ………………………………… 59 

4.4. Amplitudes of tidal components in hydrological factors ………………… 65 

5. Temporal variations of electrical conductivity fluctuation patterns …………… 69 

5.1. Method of regression analysis ……………………………………………… 69 

5.2. Regression analyses of GWL ……………………………………………… 70 

5.3. Regression analyses of EC ………………………………………………… 72 

6. Causes and mechanisms of electrical conductivity fluctuations ……………… 89 

6.1. Classification of each fluctuation event …………………………………… 89 

6.2. Causes of EC fluctuations ………………………………………………… 95 

6.3. Fluctuation mechanisms of the saltwater–freshwater transition zone …… 100 

7. Summary and conclusions …………………………………………………… 105 

 

 



- vi - 

CHAPTER Ⅳ. HYDROGEOCHEMICAL CHARACTERISTICS  ……… 109 

1. Introduction ………………………………………………………………… 110 

1.1. Background ……………………………………………………………… 110 

1.2. Objective of this study …………………………………………………… 111 

2. Materials and methods ……………………………………………………… 113 

2.1. Groundwater sampling and analyses ……………………………………… 113 

2.2. Rock analyses …………………………………………………………… 115 

3. Analytical results …………………………………………………………… 117 

3.1. Physico-chemical parameters …………………………………………… 117 

3.2. Major ions ………………………………………………………………… 125 

3.3. Minor ions and trace elements …………………………………………… 133 

3.4. Relationships between analytical items ………………………………… 140 

4. Discussions …………………………………………………………………… 145 

4.1. Mixing of saltwater and freshwater ……………………………………… 145 

4.2. Solubilization of iron and trace elements ………………………………… 154 

4.3. Exchange and transformation of major ions ……………………………… 167 

5. Summary and conclusions …………………………………………………… 176 

 

CHAPTER Ⅴ. CONCLUDING REMARKS ………………………………… 179 

 

REFERENCES ………………………………………………………………… 183 

ABSTRACT IN KOREA……………………………………………………… 193 

ACKNOWLEGEMENTS……………………………………………………… 195 



- vii - 

LIST OF FIGURES 

 

CHAPTER Ⅱ. SITE DESCRIPTIONS 

Figure 1-1. Description of the study site ……………………………………………9 

Figure 2-1. Geology of study site …………………………………………………11 

 

CHAPTER Ⅲ. LONG-TERM MONITORING AND TIME SERIES ANALYSES 

Figure 2-1. Vertical profiles of groundwater EC and temperature in the wells over 

time (2005–2006) ………………………………………………………26 

Figure 2-2. Time series data for precipitation, tide level, wave height, and groundwater 

level ………………………………………………………………………29 

Figure 2-3. Time series data for EC at depths of 5, 10, and 15 m in the wells ……30 

Figure 2-4. Fluctuation ranges for EC in the wells ………………………………31 

Figure 2-5. Time series data for groundwater temperature at depths of 5, 10, and 15 

m in the wells ……………………………………………………………34 

Figure 2-6. Fluctuation ranges for groundwater temperature in the wells …………35 

Figure 3-1. Auto-correlation functions of precipitation, tide level, wave height, and 

groundwater level (BH-5) ………………………………………………39 

Figure 3-2. Duration times of auto-correlation functions …………………………40 

Figure 3-3. Auto-correlation functions of EC in the wells ………………………41 

Figure 3-4. Auto-correlation functions of groundwater temperature in wells ……43 



- viii - 

Figure 3-5. Cross-correlation functions between precipitation, tide level, and wave 

height ……………………………………………………………………45 

Figure 3-6. Cross-correlation functions of groundwater level by precipitation, tide 

level, and wave height …………………………………………………48 

Figure 3-7. Cross-correlation coefficients at the delay of all components ………51 

Figure 3-8. Relationship between the delay and correlation coefficient in cross-

correlation results of EC and groundwater temperature …………………54 

Figure 4-1. Spectral density functions of tide level in the study site ………………58 

Figure 4-2. Spectral density functions of the hydrological factors ………………60 

Figure 4-3. Estimation of tidal influences using the spectral density functions …64 

Figure 4-4. Comparison of tidal amplitudes estimated by spectral analyses ………68 

Figure 5-1. Temporal variations of standardized coefficients of GWL estimated by 

multi-variable regression analyses ………………………………………71 

Figure 5-2. Elimination of seasonal trend in the ECs time-series of landside BH-5 

……………………………………………………………………………73 

Figure 5-3. Temporal variations of standardized coefficients of EC estimated by 

multi-variable regression analyses using two types (solely GWL, and other 

hydrological factors) ……………………………………………………74 

Figure 5-4. Temporal variations of standardized coefficients of EC estimated by 

multi-variable regression analyses using all hydrological factors together 

……………………………………………………………………………79 



- ix - 

Figure 5-5. Correlation coefficients of the regression analyses of EC values ……81 

Figure 5-6. Multi-variable regressions of groundwater levels ……………………83 

Figure 5-7. Multi-variable regressions of ECs in well BH-1 ……………………85 

Figure 5-8. Multi-variable regressions of ECs in well BH-5 ……………………87 

Figure 6-1. Classification of rising GWL events and the EC fluctuations at 10m 

depth in wells ……………………………………………………………90 

Figure 6-2. Schematic diagrams of typical EC distributions and EC fluctuation 

patterns …………………………………………………………………102 

 

CHAPTER Ⅳ. HYDROGEOCHEMICAL CHARACTERISTICS 

Figure 2-1. Sampling points of groundwater in study site ………………………116 

Figure 3-1. Vertical profiles of physico-chemical parameters ……………………122 

Figure 3-2. Vertical distributions of physico-chemical parameters in July 2006…124 

Figure 3-3. Vertical profiles of the concentration for major cations ……………127 

Figure 3-4. Vertical distributions of the concentration for major cation in July 2006 

…………………………………………………………………………128 

Figure 3-5. Vertical profiles of the concentration for major anions ……………131 

Figure 3-6. Vertical distributions of the concentration for major anions in July 2006 

…………………………………………………………………………132 

Figure 3-7. Vertical profiles of the concentration for minor ions and trace elements 

…………………………………………………………………………135 



- x - 

Figure 3-8. Vertical distributions of the concentration for minor ions and trace 

elements in July 2006……………………………………………………138 

Figure 3-9. Relationships between chloride and other major ions ………………144 

Figure 4-1. Isotopic compositions of oxygen and hydrogen in groundwater and other 

water ……………………………………………………………………147 

Figure 4-2. Vertical profiles of oxygen and hydrogen stable isotope and relationships 

with EC …………………………………………………………………148 

Figure 4-3. Vertical distributions of mixing ratios of seawater and fresh groundwater 

…………………………………………………………………………153 

Figure 4-4. Results of polarization microscopy and XRD………………………156 

Figure 4-5. Relationships between chemical components related to the oxidation of 

iron sulfide ……………………………………………………………160 

Figure 4-6. pH–Eh diagram of groundwater condition for geochemical state of iron 

…………………………………………………………………………163 

Figure 4-7. Relationships between manganese sulfide oxidation related components 

…………………………………………………………………………166 

Figure 4-8. Plot of chloride versus major ions over chloride ……………………168 

Figure 4-9. Chebotarev diagrams of groundwater ………………………………170 

Figure 4-10. Relationships between pH, Ca, and bicarbonate ……………………172 

Figure 4-11. Relationships between sulfate and other factors ……………………175 

 



- xi - 

LIST OF TABLES 

 

CHAPTER Ⅱ. SITE DESCRIPTIONS 

Table 3-1. Hydrogeological properties of study site ………………………………13 

 

CHAPTER Ⅲ. LONG-TERM MONITORING AND TIME SERIES ANALYSES 

Table 3-1. Cross-correlations with precipitation, tide level, wave height, and 

groundwater level ………………………………………………………46 

Table 3-2. Cross-correlations between the air temperature and groundwater 

temperatures ……………………………………………………………52 

Table 4-1. Ratio of each tidal constitutes in the spectral density function of the tide 

level ………………………………………………………………………57 

Table 4-2. Results of spectral analyses of hydrological factors …………………62  

Table 4-3. Amplitudes of major tidal components estimated by spectral analyses 

……………………………………………………………………………67  

Table 6-1. Classification of affecting factors for individual rising groundwater level 

event ……………………………………………………………………93 

Table 6-2. Classification of EC fluctuation patterns in groundwater ……………94 

Table 6-3. EC fluctuation mechanisms and patterns ………………………………97 

 



- xii - 

CHAPTER Ⅳ. HYDROGEOCHEMICAL CHARACTERISTICS  

Table 3-1. Physico-chemical properties of water samples (2006) ………………118 

Table 3-2. Pearson's correlation coefficient between analytical items (average of two 

times) ……………………………………………………………………142 

Table 4-1. Mixing ratios of seawater and freshwater groundwater ………………152 

Table 4-2. Results of XRF anaysis………………………………………………155 

 

 

 

 



- 1 - 

 

 

 

 

CHAPTER Ⅰ. 

 

INTRODUCTION 
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1. Backgrounds of this study  

 A coastal aquifer is a dynamic area where terrestrial fresh groundwater 

meets the saline seawater. The formation of and variations in the saltwater–

freshwater interface have been of great interest to hydrogeologists and coastal 

oceanographers from the perspectives of variable fresh groundwater storage and the 

associated changes in the submarine groundwater discharge. Early researchers 

estimated the position of the interface using analytical and numerical methods 

(Reilly and Goodman 1985; Bear et al. 1999). Groundwater recharge and utilization 

were considered to be the major factors affecting the variations in the saltwater–

freshwater interface. However, there usually appears to be a transition or mixing 

zone between the saltwater and freshwater rather than a sharp interface, and the 

saline groundwater is also not stationary (Burnett et al. 2003; Bear and Cheng 2010). 

 Beach aquifers offer the best conditions for studying the dynamic behavior 

of the transition zone. Therefore, research in this area has been performed to analyze 

and predict fluctuations in the groundwater levels in response to tidal fluctuations, 

waves, and other factors (Nielsen 1990; Turner et al. 1997; Raubenheimer and Guza 

1999; Wang and Tsay 2001; Li et al. 2002; Li et al. 2006; Sun et al. 2008). Saltwater 

invasion through open dug wells after a tsunami event and its downward transport 

have also been studied in detail (Illangasekare et al. 2006; Leclerc et al. 2008; 

Violette et al. 2009), providing another example of a dynamic transition, analogous 

to the impact of waves. Oceanographers have explored the delayed shift in the 
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freshwater–saltwater interface caused by seasonal changes in the elevation of the 

water table (Michael et al. 2005).  

 In recent decades, many studies have been conducted to identify the cause 

and mechanisms of the phenomena that occur in the coastal aquifer using a 

combination of various methods. Based on simultaneous observations of 

groundwater levels and salinity variations, the relationship between those 

measurements and hydrological factors has been analyzed with analytical time 

series methods (Cartwright at al. 2004; Kim et al. 2005; Tularam and Keeler 2006, 

Kim et al. 2009). Extensive analytical or numerical analyses have been performed to 

investigate the influences of waves and tides on the subterranean estuary, and major 

nearshore flow processes due to the important forcing factors have been discussed 

(Mao et al. 2006; Robison et al. 2007; Rotzoll et al. 2008; Guo et al. 2010; Li and 

Boufadel 2010; Xin et al. 2010). 

 Other main topics of interest in coastal aquifer are salinization problems 

and geochemical reactions caused by saltwater intrusion. Hydrogeochemists have 

long recognized the importance of chemical reactions between aquifer solids and a 

mixture of seawater and fresh groundwater. It is well known that the displacement 

of freshwater by saltwater during seawater intrusion is accompanied by mixing of 

groundwater and seawater, ion exchange, precipitation/digenesis, dissolution, and 

reduction/oxidation processes (Appelo and Geirnaert, 1983; Barker et al., 1998; 

Bear et al., 1999). Cation exchange processes are frequently detected by the 



- 4 - 

deviations of the concentration from conservative mixing of both waters. Seawater–

groundwater mixing has been invoked to explain the formation of dolomite in 

coastal limestone (Shatkay and Magaritz, 1987). Variation of sulfate concentrations 

may be related to sulfate reduction, anion exchange, gypsum precipitation, etc 

(Gomis-Yagües et al., 2000). Redox reaction can contribute to geochemical change 

accompanying seawater intrusion through diagenetic reactions involving organic 

matter and especially sulfur (Wicks and Troester, 1997). The anaerobic degradation 

of organic matter causes iron reduction, manganese reduction, and sulfate reduction 

(Canfield et al., 1993).  

 Submarine groundwater discharge (SGD) may contribute significant fluxes 

of dissolved chemical species into the ocean. The chemical composition of SGD is 

not only determined by the terrestrial freshwater sources, but also by the 

biogeochemical processes occurring in the subterranean estuary, defined as the 

mixing zone between terrestrially derived groundwater and seawater in a coastal 

aquifer (Moore, 1999; Burnett et al., 2003). Cycling of trace elements in a 

subterranean estuary has been used good tracers for SGD (e.g., Ba, Ra, U, etc.), and 

their reactions are possibly driven by the redox cycles of iron and manganese oxides 

(Shaw et al., 1998; Moore, 1999; Charette and Sholkovitz, 2006). Discharge of 

groundwater to soils in low-lying regions, or to sediments of inland or coastal 

waters can lead to the formation of iron oxide rich layers at the anoxic/oxic interface 

(Griffioen, 1994; Charette et al., 2005; Spiteri et al., 2006).  
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2. Purposes of this study  

 The study site is located near the estuary of Masang stream in Mangsang. 

The study site has a sandy beach of 80–100 m width, extending a few kilometers 

from northwest to southeast. The shallow aquifer mainly consists of sand as 

estuarine deposit, and the deep aquifer consists of the fractured rock of sedimentary 

rocks, which include black shale, dark grey sandstone, and anthracite (Lee, 1987). 

The study site has advantages for studying coastal aquifer in two aspects. In the 

hydrological aspect, because the study site is a fully open coast unlike the study sites 

of most previous studies, the complex effects of waves, tides, and precipitation on 

the fluctuations in saltwater–freshwater transition zone can be studied. In the 

hydrogeochemical aspect, because the deep coastal aquifer of the study site contains 

an anthracite coal, which is not the case in most geochemical researches, the 

complex geochemical reactions by saltwater intrusion and acid mine drainage can be 

studied at the same time. 

 The first objective of this study was to identify the causes of the variations 

in the saltwater–freshwater transition zone in a beach aquifer in eastern South Korea 

and to demonstrate how monitoring data can be used in interpreting the dynamic 

variations in the saltwater–freshwater transition zone. Despite numerous previous 

studies, the necessity of field investigations and research on the effect of aquifer 

heterogeneity and temporal evolution of the mixing zone has been continually 

pointed out to advance our understanding of the hydrological processes in coastal 
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aquifers (Werner et al. 2012). Most of the previous studies had used groundwater 

wells in regions where the saltwater–freshwater interface and/or transition zone 

responded smoothly to the influencing factors, with a time lag. In this study, a field 

site with long-term monitoring was established with seafront wells to observe the 

more dynamic variations in the shallow-depth saltwater–freshwater interface. A 

correlation analysis was carried out to calculate the relative impacts of hydrological 

factors, and a spectral analysis was performed to estimate the tidal impacts. Further, 

the temporal variation of the correlations between the hydrological factors was 

explored using a multi-variable regression analysis. 

 The second objective of this study was to identify the hydrogeochemical 

characteristics and reaction processes in saltwater–freshwater transition zone in a 

coastal aquifer along the East Sea. Specially, this study was focused on geochemical 

reactions in the fractured-rock aquifer of anthracite coal. The influence on vertical 

profile of salinity by geochemical reactions was estimated, and the mixing ratios in 

the vertical cross-section of freshwater–seawater transition zone were calculated. In 

addition, the formation processes of soluble iron and trace elements were 

investigated using the relationship between chemical components, redox conditions. 

Finally, cation exchange, sulfate reduction, and other geochemical reactions were 

discussed. 
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1. Location of study site  

 The study site is located at the beach in the coastal town of Mangsang in 

the city of Donghae, which is about 190 km east of Seoul, South Korea. The study 

site has a sandy beach of 80-100 m width, extending a few kilometers from 

northwest to southeast. Mt. Eodal locates in the southern part of the study site, and 

Masang stream in the northern part flows into the East Sea and creates estuary 

environment (Fig. 1-1). The annual precipitation has been 1,450 mm 2002 to 2011, 

and the rainfall is concentrated in the period from June to September. The average 

air temperature ranges from 2.3 °C in winter (December–February) to 22.1 °C in 

summer (June–August). 

 To study the groundwater behavior in this beach aquifer, 11 monitoring 

wells were installed, as shown in Fig. 1-1. Five of them (OFs and OBs) were 

installed near the seashore in 2003, but they were almost washed out by high waves 

in late 2004. Six new wells (BHs) were installed at locations 10 m and 20 m away 

from the OB wells in late autumn 2004. Two wells (BH-1, -5) had a depth of 30 m, 

and the range of well screens was from 2.5 m to 30 m. The depths of the other wells 

(BH-2, -3, -4, and -6) were 20, 16, 10, and 16 m, respectively.    
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Figure 1-1. Description of the study site. 
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2. Geology  

 The geology of study area consists of igneous rocks of unknown age, 

sedimentary rocks of the Paleozoic and deposits of the Quaternary (Lee, 1987). 

Igneous rock as regional basement is distributed in the southeast part of study site, 

and is mainly leucocratic granite. Sedimentary rocks are divided into two 

supergroup, that is the Joseon supergroup deposited from the Cambrian to the 

Orodovician, and the Pyeongan supergroup deposited from the Carboniferous to the 

Triassic. The Weonpyeong formation in the Joseon supergroup is distributed in 

western area of study site, and is composed of worm-eaten limestone, dark brown 

fine sandstones. The Pyeongan supergroup consists of the Hongjeom, Sadong, and 

Gobangsan formations, and is located in southeast area of study site, Mt. Eodal. The 

Hongjeom formation had deposited in the Carboniferous, and is composed of dark 

grey and dark green shale, green sandstone, milky white sandstone and limestone. 

The Sadong formation had deposited in the Permian, and is composed of black shale, 

dark grey sandy shale, dark grey sand stone and anthracite. The Gobangsan 

formation had deposited in the Triassic of early Mesozoic, and is composed of 

milky white sandstone and dark grey shale. The Quaternary deposits are divided into 

terrace deposit and recent river deposits. Terrace deposits are located in the 

northeastern lowland of Mt. Eodal. Recent river deposits are located in the 

surrounding area of Masang river and beach.  

 The basement rock of study site is the sedimentary rock of the Sandong 
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formation including black shale, dark grey sandstone, and anthracite. The sandy 

beach surface is composed of recent estuarine deposits. 
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Figure 2-1. Geology of study site. 
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3. Hydrogeology  

 Based on the drilling records and rock cores, the topmost vertical layer (0–7 

m in depth) is composed of medium sands, followed by a weathered zone with 

weathered rocks and sands in the depth interval of 7–16 m, and fractured bedrock 

underlies the weathered zone.  

 The hydrogeological properties of the layers were estimated with a slug test 

in the field and a laboratory column test using the sands of the topmost layer. The 

shallow sandy aquifer has hydraulic conductivity ranging from 0.02 to 0.1 cm/s, and 

the weathered zone has hydraulic conductivity of about 0.006 cm/s. The fractured-

rock aquifer has hydraulic conductivity of about 10–5 to 10–6 cm/s. 
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Table 3-1. Hydrogeological properties of study site. 

Interval Material Figure (core) 
Hydraulic conductivity 

(cm/sec) 

Remarks 

(hydraulic test) 

0 ~ 7 m Sand  

0.1 Column test 

 

0.02 Slug test 

7 ~16 m 
Weathered 

Zone 

 

6 × 10-3 Slug test 

16 m ~ 
Fractured 

Rock 

 

10-5 ~ 10-6 Slug test 
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1. Introduction  

 

1.1. Background  

 The formation of and variations in the saltwater–freshwater interface in 

coastal aquifers have been of great interest to hydrogeologists and coastal 

oceanographers from the perspectives of variable fresh groundwater storage and the 

associated changes in the submarine groundwater discharge. Early researchers had 

estimated the position of the interface using analytical methods (Badon-Ghyben, 

1888; Herzberg, 1901; Todd, 1953; Glover, 1964; Henry, 1964; Fetter, 1972; Strack, 

1976), and naturally the researches were led to the numerical modeling considering 

the density (Reilly and Goodman, 1985; Bear et al., 1999). Groundwater recharge 

and utilization were considered to be the major factors affecting the variations in the 

saltwater–freshwater interface. However, there usually appears to be a transition or 

mixing zone between the saltwater and freshwater rather than a sharp interface, and 

the saline groundwater is also not stationary (Burnett et al., 2003; Bear and Cheng, 

2010).  

 During last a few decades, both seawater and groundwater to be treated as a 

hydrodynamic substance had been studied. Much of the researches were related to 

groundwater level fluctuation in a sandy beach aquifer. Beach aquifers offer the best 

conditions for studying the dynamic behavior of the transition zone. Therefore, 

research in this area has been performed in beach aquifers to analyze and predict 
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fluctuations in the groundwater levels in response to tidal fluctuations, waves, and 

other factors (Nielsen, 1990; Turner et al., 1996; Sun, 1997; Turner et al., 1997; 

Turner 1998; Raubenheimer and Guza, 1999; Wang and Tsay, 2001; Li et al., 2002; 

Li et al., 2006; Sun et al., 2008). Saltwater invasion through open dug wells after a 

tsunami event and its downward transport have also been studied in detail 

(Illangasekare et al., 2006; Leclerc et al., 2008; Violette et al., 2009), providing 

another example of a dynamic transition, analogous to the impact of waves.  

 Other researchers of a concern with coastal aquifer are oceanographers, and 

they have explored the delayed shift in the freshwater–saltwater interface caused by 

seasonal changes in the elevation of the water table (Michael et al., 2005). However, 

oceanographers’ main concerns in coastal aquifer have been the submarine 

groundwater discharge (SGD) as the resource of nutrient and chemical components 

(Moore, 1999; Burnett et al., 2003). Marine researchers seriously explored the 

impact on SGD flux variation by tidal pumping aside from the groundwater 

discharge by hydraulic gradient (Kim and Hwang, 2002; Taniguchi, 2002).  

 In recent decades, there has been much research to identify the causes and 

mechanisms of the phenomena that occur in the coastal aquifer using a combination 

of various methods. Based on simultaneous observations of groundwater levels and 

salinity variations, the relationship between those measurements and hydrological 

factors has been analyzed with analytical time series methods (Cartwright at al., 

2004; Kim et al., 2005; Tularam and Keeler, 2006; Kim et al., 2009). Extensive 
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analytical or numerical analyses have been performed to investigate the influences 

of waves and tides on the subterranean estuary, and major nearshore flow processes 

due to the important forcing factors have been discussed (Mao et al., 2006; Robison 

et al., 2007; Rotzoll et al., 2008; Guo et al., 2010; Li and Boufadel, 2010; Xin et al., 

2010). 

 The groundwater salinization problems have been increased by the excess 

pumping in rural area in South Korea, and the researches and investigations about 

the seawater intrusion and the interface variation were conducted continuously (Kim 

et al., 2003a; Kim et al., 2003b; Kim et al., 2005; Kim et al., 2006; Song et al., 

2007). Ministry of Agriculture and Forestry in South Korea have been installing and 

operating the seawater-intrusion monitoring networks since 1998 in order to 

investigate an influence of seawater-intrusion and prevent an injury from salt (Lee 

and Song, 2007). Also the separate seawater-intrusion monitoring wells in Jeju 

island had been installed and been operating (Kim et al., 2006). However, the 

researches of coastal aquifer in eastern Korea have not been reported because almost 

seawater-intrusion monitoring wells are located in the western or southern coastal 

area where are mainly influenced by the tide. And because most monitoring well 

had been installed in rural area apart from coastline, the researches about beach 

aquifer were rare which is influenced by various hydrological factors. 
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1.2. Objective of this study 

 Despite numerous studies, the necessity of field investigations and research 

on the effect of aquifer heterogeneity and temporal evolution of the mixing zone has 

been continually pointed out to advance the understanding of the hydrological 

processes in coastal aquifers (Werner et al., 2012). Most of the studies cited above 

used groundwater wells in regions where the saltwater–freshwater interface and/or 

transition zone responded smoothly to the influencing factors, with a time lag. In 

this study, a field site was established with seafront wells to observe the more 

dynamic variations in the shallow-depth saltwater–freshwater interface with long-

term monitoring. 

 The major objective of this study was to identify the causes of the 

variations in the saltwater–freshwater transition zone in a beach aquifer in eastern 

South Korea and to demonstrate how monitoring data can be used in interpreting the 

dynamic variations in the saltwater–freshwater transition zone. Almost previous 

studies about beach aquifer had been performed in the bay environment, but this 

study was carried out in a fully open coast environment in which various 

hydrological factors directly influence the beach aquifer.  

 Several time series analyses were mainly used in this study. A correlation 

analysis was carried out to calculate the relative impacts of hydrological factors, and 

a spectral analysis was performed to estimate the tidal impacts. This analysis had 

been widely used in the researches about coastal aquifer to estimate the temporal 
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variation of groundwater level, SGD flux, and so on (Clarke and Eliot, 1987; Kim et 

al., 2005; Taniguchi at al., 2005; Tularam and Keeler, 2006). Also the temporal 

variation of the correlations between the hydrological factors was explored using a 

multi-variable regression analysis (Rotzoll and El-Kadi, 2008). Further, the temporal 

fluctuation patterns of each measurements were a little complex in study site, and 

the fluctuation patterns were classified by point, event, and item. The variation 

mechanisms of saltwater and freshwater transition zone were investigated using the 

reclassification of the fluctuation types by period and cause.  

 



- 21 - 

2. Hydrological data 

 

2.1. Field measurements and data collection 

 The field study was performed from April 2005 to November 2006. 

Electrical conductivity (EC) and groundwater temperature (GWT) were measured 

in wells BH-1 and BH-5 at intervals of 1 m with an LTC (level, temperature, 

conductivity) meter (Solinst®, model 107) once every three months. Automatic 

data loggers (Diver®, model DI263) were installed at depths of 5, 10, and 15 m in 

wells BH-1 and BH-5 below ground surface to measure the groundwater levels 

(GWLs), EC, GWT, and barometric pressures were measured using another logger 

(Diver®, model DI250). The GWL, EC, and GWT data were measured with these 

loggers at hourly intervals. The measured GWLs were calibrated by subtracting the 

barometric pressure. The EC values were calibrated to the condition of 25 °C, and 

the EC of 1 mS/cm was approximately the salinity of 0.6 g/kg in the study site. 

Precipitation, tide level, wave height, and air temperature were considered 

exogenous factors affecting GWL, EC, and GWT. The precipitation and air 

temperature data were collected at the Donghae meteorological station of the Korea 

Meteorological Administration. The tide level data were collected at the Mukho 

tidal station of the Korea Oceanographic and Hydrographic Administration. The 

stations are located about 8.0 km and 3.7 km away from the site. The significant 

wave height data were collected at a buoy (N37°32′39″,  E130°00′00″) of the Korea 
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Meteorological Administration in the East Sea about 70 km away from the study 

site. 

 

2.2. Vertical variations in EC and GWT 

 The EC and GWT were measured once every season from spring 2005 to 

autumn 2006. Fig. 2-1 is the vertical profiles of EC and GWT from autumn 2005 to 

summer 2006. Those times show the relatively stable state which were not directly 

influenced by the exogenous factors. 

 The vertical profiles of EC in BH-1 show the first sharp rising to 10–15 

mS/cm at the interval of 6–8 m, and the second gradual or sharp rising to about 30 

mS/cm at the interval of 13–20 m (Fig. 2-1 (a)). The faster groundwater flow in the 

upper sandy layer could cause lower EC values, but the slower flow in the lower 

weathered zone or fracture rock could cause higher EC values. Considering the 

seawater EC value of about 50 mS/cm, the gradual increase at lower part may be 

related to saltwater–freshwater transition zone in the weathered zone or fracture 

rock. The EC profiles of all season show similar pattern, but have some seasonal 

variations. The overall EC values in winter (January 2006) increased comparing to 

autumn (October 2005). It is assumed to be associated with low GWL and the 

influence of wave or tide. In spring (April 2006), the EC values of upper part 

decreased by the recharge of a few precipitations, but those of middle and lower 

parts were still increased owing to the lower GWL in inland areas. In summer (July 
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2006), the EC values of upper part were largely decreased by heavy rains, and those 

of middle and lower parts showed the sharp change by fresh groundwater flow.  

 The vertical distributions of EC in BH-5 were similar to those of BH-1, but 

somewhat different forms were showed by the inland position and local 

heterogeneity (Fig. 2-1 (b)). The EC profiles show first sharp rising to 15–25 

mS/cm at the interval of 7–9 m, and the second rising at the interval of 24–26 m. 

The first increase of EC in BH-5 was related to the change of aquifer material like 

that in BH-1, but the second increase of EC seems to be influenced by the saltwater 

intrusion through conductive fracture network. The sharp increase in EC is likely 

due to the borehole flow derived from the presence of a conductive layer or fracture 

(Rotzoll, 2010). The seasonal variation of EC profile in BH-1 was similar to that in 

BH-5. At the upper parts in BH-5, the EC values decreased in summer and autumn, 

and those were remarkably increased winter and spring. That is related to inland 

GWL variation and the relative magnitude of wave or tide influence. At the lower 

parts in BH-5, the EC values of summer, autumn, and winter are similar, but the 

values of spring were higher than the values of other season.  

 Fig. 2-1 (c) and (d) show the vertical distributions of GWT. The GWT 

values at the upper shallow depth were largely influenced by air temperature, and 

fluctuated seasonally from 10 °C to 20 °C. However, the GWT values at depths 

greater than 17 m were almost constant at 14.2 °C.   

 In case of BH-1 in autumn 2005, The GWT values at the interval of 3–10 



- 24 - 

m depths were fallen from 19 °C to 14 °C according to the increasing of depth, and 

the GWT values at the interval of 10–15 m depths were slowly risen to 14.2 °C. It 

seems that the GWT at the shallow part of about 3–6 m were affected by the 

recharge in summer, but the GWT at middle part of about 9–13 m were affected by 

the recharge in winter. In next winter, the GWT value at the shallower part were 

drastically fallen to about 13 °C, and the GWT values at the interval of 7–15 m 

depths were reversely risen about 1 °C. The GWT rise at 7–15 m depths could be 

related to the groundwater recharge and the heat conduction in summer. In spring 

2006, the GWT values at the shallow depth were recorded the lowest value, and the 

GWT at the depth of 4 m was only 10.5 °C, It seems be related to the heat 

conduction in winter and the down-gradient flow. In summer 2006, the GWT 

profile at the shallow depth was dramatically changed to the opposite arrangement 

base on 14.2 °C. The GWT profile at the interval of 10–15 m depth was similar to 

autumn 2005. The GWT values at the depths greater than 19 m showed no seasonal 

variation.  

 The vertical distributions of GWT in BH-5 were almost similar to those of 

BH-1. But the depth interval showed the reversal variation to the shallow part 

increased from 8 m to 20 m, and the variation range of the GWT at that interval 

increased from 0.5 C to 1.0 C. The depth showed no seasonal variation was become 

deeper to 26 m. The first depth at which GWT became constant could be related to 

the saltwater–freshwater interface, whereas the variation in GWT above this point 
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is related to the recharge and flow of fresh groundwater (Taniguchi, 1993; 

Taniguchi, 2000). At two wells in this site, the vertical profiles of GWT and 

beginning depths of constant GWT were nearly consistent to the vertical profiles of 

EC. Because the highest measured EC value was too low when compared with 

seawater, the possibility of the sharp interface existence is low. But it is assumed 

that the upper part of the mixing-zone could exist at the depth of 19 m in BH-1 and 

at that of 26 m in BH-1.  
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Figure 2-1. Vertical profiles of groundwater EC and temperature in the wells over 

time (2005–2006). 
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2.3. Temporal variation of hydrological factor 

 Fig. 2-2 shows the hourly data of precipitation, tide level, wave height, and 

GWL (BH-5) from April 2005 to November 2006. Precipitation was concentrated in 

the summer and early autumn (i.e., from July to September). In the period from late 

autumn to early spring, the amount of precipitation is relatively small. Tide level had 

fluctuated in the range of EL. -0.5–0.4 m, which is small compared to the tidal 

fluctuation of a few meters in the western Yellow Sea. Although the tide level 

showed no distinct seasonal variations, but the tide level was relatively high in July–

August and low in February–March. The distinction between the neap tide and the 

spring tide is almost difficult. The wave height is the height of significant wave that 

is the average of the upper third. The wave height mainly fluctuated in the range of 

EL. 0.3–1.5 m. However, the wave heights in the autumn were greater than 3m 

several times, which was assumed to be the effects of typhoons in the far East Sea in 

autumn. 

 The time series of GWL in BH-5 didn’t show the seasonal variation of 

which the regular form in the inland area is the sinusoidal type. Instead, the GWL 

increased to about 0.5 m after major rainfall events, and the small fluctuations were 

similar to the tidal variations. The times at which GWL increased to over 1 m were 

consistent with those of wave heights exceeded 2.5 m, and these increases seemed to 

have been caused by the infiltration of flooding seawater (Turner and Nielsen, 1997). 

After the sandy beach had been greatly eroded in autumn 2006, the frequency of 
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GWL over 1 m increased. The GWL variations in BH-1 were almost similar to those 

in BH-5. The timings and scales of the variations in BH-1 were accordance with 

those in BH-5, but only the average GWL in BH-1 was lower than BH-5 about 0.3 

m. 

 The variations in EC seemed to be related to the variation of GWL, and 

showed the seasonal variation (Fig. 2-3). In seaside well BH-1, the EC values at a 

depth of 5 m were similar to those at a depth10 m, in the range of 10–15 mS/cm, 

during winter and spring. However, during summer and autumn, the EC values at a 

depth of 5 m decreased, and the EC values at depths of 5, 10, and 15 m differed 

depending on the depth. The average EC values at depths of 5, 10, and 15 m were 8, 

14, and 21 mS/cm, respectively (Fig. 2-4). Those were well accordance to the 

above–mentioned the vertical profile and the variation of EC in BH-1. Interestingly, 

the characteristic patterns were observed in short–term EC fluctuation. When the 

GWL rose up, the EC values at 5 m depth in BH-1 generally decreased, but those at 

10 m depth increased, and those at 15 m depth decreased. 
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Figure 2-2. Time series data for precipitation, tide level, wave height, and groundwater level (GWL). 
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Figure 2-3. Time series data for EC at depths of 5, 10, and 15 m in the wells. 
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Figure 2-4. Fluctuation ranges for EC in the wells.  



- 32 - 

  In landside well BH-5, the seasonal variations in EC were usually greater 

than those in BH-1, and the EC values at 10 m depth were similar to those at 15 m 

depth. The EC values at 5 m depth were less than 5 mS/cm, except in late winter 

and early spring. The EC values at depths of 10 m and 15 m were in the range of 

20–30 mS/cm during spring and summer. However, during autumn, the EC values 

at 10 m and 15 m depths decreased to about 10 mS/cm, and during winter, the EC 

values increased to those of spring. In short–term EC fluctuation, the characteristic 

patterns were observed. When the GWL rose up, the EC values at 5 m depth in BH-

5 almost increased, but those at 10 m and 15 m depths decreased. The singularity is 

that the EC values at 10 m and 15 m depths in BH-5 were bigger than those in BH-

1, during spring and summer. 

 

 GWT showed both long-term seasonal variations and short-term 

fluctuations (Fig. 2-5). The ranges of the seasonal variation in GWT became 

narrower as the depth increased. The GWTs at 5 m depth showed frequent short-

term fluctuations, whereas the GWTs at 10 m and 15 m depths showed several 

significant increase events, which could have been related to the significant rising 

GWL events. 

 In seaside well BH-1, the GWT at 5 m depth were relatively high during 

the autumn, but low from late spring to early summer. The GWTs at 10 m and 15 m 

depths were relatively high during winter, but low during summer. In short–term 
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fluctuation, the GWT at 5 m depth mainly decreased by rising GWL event from last 

autumn to spring. However, from summer to early autumn, those increased. The 

GWTs at 10 m and 15 m depths showed some different fluctuation pattern. The 

GWTs at 10 m and 15 m depths had the narrow variation range about 13–15 °C, 

during no event period (Fig. 2-6). In short–term fluctuation, GWT mainly 

decreased by rising GWL event from the spring to the summer. However, from the 

autumn to the winter, GWT mainly increased. In case that GWL rose over 1 m, the 

significant GWT increases occurred.   

 In landside well BH-5, the seasonal variations of GWT were similar to 

those of BH-1, but the variation range at each depth was larger than that of BH-1. 

When the GWL rose up, the GWT at 5 m depth showed little change, except the 

rising GWL events over 1 m. However, the GWTs at 10 m and 15 m depths mainly 

increased, during all season. In case of the rising GWL events over 1 m, the GWTs 

at all depths increased. By the way, the variation pattern at 5 m depth was changed 

in autumn 2006. The GWT at 5 m depth decreased by rising GWL events, and this 

pattern was similar to that of BH-1. It seemed to be related to the erosion of the 

sandy beach in autumn 2006.  
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(a) BH-1 

 

(b) BH-5 

Figure 2-5. Time series data for groundwater temperature at depths of 5, 10, and 15 

m in the wells. 
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Figure 2-6. Fluctuation ranges for groundwater temperature in the wells.  
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3. Relationship between the hydrological factors  

 

3.1. Theory of correlation analysis   

 In order to find out the characteristics and relationships between 

precipitation, tide level, wave height, GWL, EC, and GWT, the correlation analysis 

had performed using each hydrological time series. 

 Hydrological time series show auto-correlation produced by inertia or 

carryover processes in the physical system. The auto-covariance of a time series is 

defined as the average product of departures from the mean at times t and t+k 
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where )(kC  is the auto-covariance coefficient at lag k, and tX  is a time series of 

length N. The auto-covariance at lag zero, )0(C , is the variance, and the auto-

correlation at lag k can be written in terms of the variance: 
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The auto-covariance, )(kC , outlines the memory of the system. If an event has a 

long-term influence on the time series, the slope of the auto-correlation function, 

)(kr , decrease slowly (Angelini, 1997; Larocque et al., 1998). 

 The cross-correlation function of two time series is the product-moment 

correlation as a function of lag between the series. The cross-covariance function is 

given by 
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where N is the series length, X  and Y are the means of input time series, tX , 

and output time series, yX , respectively, and k is the lag. The cross-correlation of 

the two time series: 
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where )0(xxC and )0(yyC  are the variances of time series. This analysis provides 

measures of interdependency and memory effect of each time series as well as 

information on the linkage between input and output time series. The delay is 

defined as the time lag between k=0 and the maximum )(krxy . Usually, the shorter 

the delay, the faster the transfer (Padillar and Pulido-Bosch, 1995; Lee and Lee, 

2000). 

 Because of the missing segments in the time series of wave height, the 

correlation analyses of time series were performed using the data from April 17, 

2006 to October 15, 2006. The precipitation usually concentrates in June–September, 

and the high waves appeared in autumn. It is possible that the effects by 

precipitation and wave height may be overestimated to some extent. However, the 

correlation between the time series data can be observed clearly. 
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3.2. Auto-correlation  

 Fig. 3-1 shows the auto-correlation functions of precipitation, tide level, 

wave height, and GWL (in BH-5). The slope of auto-correlation function in 

precipitation was the stiffest, and that in GWL was the slowest. The auto-correlation 

function of tide level showed the distinct periodic components. If the duration time 

was defined to be the lag time of 0)( =kr , the duration times of precipitation, tide 

level, and wave height were relatively short in the range of 66–143 hours. The 

duration time of GWL was about 300 hour (≈12 days).  

 The duration times of EC of groundwater were longer than that of affecting 

factor, that is, precipitation, tide level, wave height, and GWL (Fig. 3-2). The 

duration times of the EC in BH-1 and BH-5 were ranged from 1,106 to 1,513 hours 

(50–60 days). The duration time of EC at 5 m depth in BH-5 was the shortest of 

1,106 hours, and those of another positions had similar values in the range of 1,397–

1,513 hours. The noises in the linear descending function could be related to the 

influence of tidal fluctuation (Fig. 3-3). The duration times of ECs were longer than 

that of GWL, because the mechanism of response-stimulation in GWL by 

precipitation, wave, and tide could be mainly wave propagation, however, those in 

ECs could contain groundwater flow and solute transport. Generally the wave 

propagation is faster than the flow and transport in several orders times.       
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Figure 3-1. Auto-correlation functions of precipitation, tide level, wave height, and 

groundwater level (BH-5). 
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Figure 3-2. Duration times of auto-correlation functions. 
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(a) BH-1 

 

(b) BH-5 

Figure 3-3. Auto-correlation functions of EC in the wells.  
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 The duration times of GWTs at each depth had a negative linear correlation 

with the depth, and those were different from the pattern of EC (Fig. 3-2, Fig. 3-4). 

The long duration time and linear descending pattern of GWT at 5 m depth were 

assumed to be related to the large sinusoidal seasonal variation. Therefore the 

negative correlation with the duration times and the depths in the wells could be 

related to the magnitudes of seasonal variation. The difference in duration times 

between BH-1 and BH-5 could be also related to the magnitude of seasonal 

variation. The auto-correlation functions at the 10 m and 15 m depths in BH-1 

showed the distinct mounding at the lag times of 480 hours (20 days), 720 hours (30 

days), 1,200 hours (50 days), which had the relatively short duration time. Those 

were accordance with the schematic frequency of wave height. The duration times 

of GWTs in BH-5 were longer than that of GWL like the ECs, because the responses 

of GWTs could contain the mechanisms of groundwater flow and heat conduction.  
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(a) BH-1 

 

(b) BH-5 

Figure 3-4. Auto-correlation functions of groundwater temperature in wells.  
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3.3. Cross-correlation  

 In order to indentify the influences with hydrological factor, the cross-

correlation functions were calculated. Firstly the correlations between precipitation, 

tide level, and wave height had been analyzed (Fig. 3-5; Table 3-1). The delay of the 

wave height by precipitation was 7 hours, and the correlation coefficient was 0.228. 

In the case of the relationship with precipitation and tide level, precipitation 

influenced tide level, but the correlation coefficient was lower than 0.1. In the case 

of wave height and tide level, wave height had a influence on tide level, and the 

correlation coefficient was slightly higher than that between precipitation and tide 

level.   

 GWLs were affected positively by all factors, and Fig. 3-6 (a) shows the 

cross-correlation function in well BH-1. The correlation coefficient at the delay by 

wave height was the largest over 0.6, and the wave height was the most affecting 

influential factor in GWL variation. Temporarily high waves were assumed to affect 

the big rising events of GWL. The correlation coefficient at the delay by tide level 

was about 0.4, and the delay was the shortest of 3 hours. The shape of correlation 

function revealed that the tidal periodic components were reflected in the GWL. The 

coefficient by precipitation was about 0.3, which was relatively lower than that of 

the shallow aquifer in inland areas.  

 



- 45 - 

 

-400 -200 0 200 400

Lag time (hour)

-0.4

-0.2

0

0.2

0.4

Precipitation vs Tide

Precipitation vs Wave

Wave vs Tide

 

Figure 3-5. Cross-correlation functions between precipitation, tide level, and wave 

height. 
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Table 3-1. Cross-correlations with precipitation, tide level, wave height, and groundwater level. 

†GWL, groundwater level. 
‡GWT, groundwater temperature. 

Division 

Precipitation Wave height Tide level GWL† 

Delay 

(hours) 

Correlation 

coefficient 

Delay 

(hours) 

Correlation 

coefficient 

Delay 

(hours) 

Correlation 

coefficient 

Delay 

(hours) 

Correlation 

coefficient 

Wave height  7  0.228 – – – – – – 

Tide level 21  0.098 17  0.109 – – – – 

BH1-GWL† 16  0.282 19  0.632  3  0.390 – – 

BH5-GWL 16  0.293 23  0.565  4  0.360 – – 

BH1-EC05  0 –0.001 19  0.012 56 –0.403  5 –0.272 

BH1-EC10  5 –0.129 28 –0.142 24  0.000  1 –0.227 

BH1-EC15 19 –0.165 22 –0.441  6 –0.161  2 –0.626 

BH5-EC05  3 –0.015  1  0.297 67 –0.144  0  0.118 

BH5-EC10 17 –0.092 46 –0.266 83 –0.264  5 –0.576 

BH5-EC15 21 –0.091 49 –0.279 84 –0.270  9 –0.600 

BH1-GWT05‡ 29  0.035 51  0.090  8  0.154 16  0.227 

BH1-GWT10 25  0.096 35  0.543  7  0.050  6  0.562 

BH1-GWT15 26  0.100 30  0.532  6  0.101  4  0.616 

BH5-GWT05  1  0.002  1 –0.002  9  0.263  0  0.335 

BH5-GWT10 27  0.058 39  0.476  2  0.122  6  0.560 

BH5-GWT15 27 –0.016 18  0.428  1  0.166  3  0.294 
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 The results of GWL in well BH-5 were almost similar to those in BH-1, but 

showed some difference (Fig. 3-6 (b)). In the result by precipitation, the delay was 

the same of 16 hours, but the correlation coefficient of landside BH-5 was bigger 

than that of seaside BH-1. In the result by tide level, the delay of seaside BH-1 was 

1 hour shorter than that of landside BH-5, and the correlation coefficient was also a 

few bigger. The result by wave height was similar to that by tide level. The delay by 

wave height in BH-1 was 4 hours shorter than that in BH-5, and the correlation 

coefficient was a few bigger.  

 Generally the delays by tide level were shorter than those by the 

precipitation and wave height. This could be related to different mechanisms 

affecting on GWL fluctuation: the vertical infiltration of seawater in the case of 

wave, and that of freshwater in the case of the precipitation, but the horizontal 

propagation in the case of tidal fluctuation. On the other hand, the delay by the 

precipitation was the same in the two wells, but the delays by tide level and wave 

height in landside BH-5 were longer than those in seaside BH-1. 
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(a) BH-1 

 

(b) BH-5 

Figure 3-6. Cross-correlation function of groundwater level by precipitation, tide-

level, and wave-height. 
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 Next, the cross-correlations of EC by precipitation, tide level, wave height, 

and GWLs were analyzed (Table 3-1). Fig. 3-7 shows the cross-correlation 

coefficients at the delay of all components. A positive (+) value indicates an increase 

in the observed value caused by the influencing factor, and conversely, a negative (–

) value indicates a reduction. The absolute size of the coefficient indicates the size 

of the effect. 

 On the whole, GWL fluctuations had a noticeable effect on the results for 

EC. The correlation coefficient was negative, meaning that EC decreased as GWL 

increased. The absolute values of the correlation coefficients at 15 m depth in BH-1 

and at 10 m and 15 m depths in BH-5 were greater than 0.5. The correlation 

coefficients between EC and each of precipitation, tide level, and wave height at the 

same points showed similar patterns to the results for EC and GWL, though the 

absolute values were smaller than those for EC and GWL.  

 According to the analysis of each depth in each well, the absolute values of 

the correlation coefficients for EC and each factor at the 10 m and 15 m depths in 

BH-1 were, in decreasing order: GWL, wave height, precipitation, and tide level. 

Those at the 10 m and 15 m depths in BH-5 were, in decreasing order: GWL, wave 

height, tide level, and precipitation. The interesting was that the effects by tide level 

in landside BH-5 were greater than those in seaside BH-1, and the presence of stress 

transmission channel could be suspected.  

 The absolute values of correlation coefficients at 5 m depths showed the 
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different pattern from the other points. At the 5 m depth in BH-1, the absolute 

correlation coefficient by tide level was the biggest, and at the 5 m depth in BH-5, 

the correlation coefficient by tide level is the biggest positively.    

 

 When the correlations between GWT and the other factors were examined, 

the effects of GWL and wave height were generally noteworthy (Fig. 3-7). The 

correlation coefficients for GWT were positive, unlike its correlation with EC, 

indicating that GWT increased as GWL and wave height increased.   

 According to the analysis of each point, the correlation coefficients 

between GWT and both GWL and wave height at 10 m and 15 m depths in BH-1 

were greater than 0.5, whereas those between GWT and both tide level and 

precipitation were below 0.1. Moreover, at the 10 m and 15 m depths in BH-5, the 

correlation coefficients between GWT and both GWL and wave height were 

relatively high, although the correlation coefficient for GWL was highest at the 10 

m depth, and that for wave height was the highest at the 15 m depth. At a depth of 5 

m in both BH-1 and BH-5, the correlation between GWT and other factors appeared 

to be relatively weak. 
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Figure 3-7. Cross-correlation coefficients at the delay of all components. 
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 GWTs showed the seasonal variation in vertical profile and time series data, 

the correlation between air temperature and GWTs were estimated additionally. 

Because the delays of seasonal variation are long-term, the data of entire 

observation period were used in the correlation analysis. Generally the GWTs at 

shallow depths had the relatively higher correlation coefficient and shorter the delay 

than those at deep depths. The GWTs in landside BH-5 had relatively higher 

correlation coefficient and longer the delay than those in seaside BH-1 (Table 3-2). 

The delays at 5 m depth were about 2–3 months, and the delays at 10 m depth were 

about 4–5 months. 

 

 

Table 3-2. Cross-correlations between the air temperature and groundwater 

temperatures. 

 

Division 
BH1-

GWT5 

BH1-

GWT10 

BH1-

GWT15 

BH5-

GWT5 

BH5-

GWT10 

BH5-

GWT15 

Delay 

(hours) 
1,469 3,038 2,163 1,804 3,746 3,456 

Correlation 

coefficient 
0.625 0.284 0.216 0.657 0.512 0.409 
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 Fig. 3-8 shows the relationship between the delay and the correlation 

coefficient in cross-correlation results of EC and GWT. The characteristics of cross-

correlation by the GWL were the short delay of less than 10 hours except GWT at 5 

m depth in BH-1, and the wide distribution of correlation coefficient. The delays by 

the precipitation were also shorter than 30 hours, but the absolute values of 

correlation coefficients were lower than 0.2. The correlation coefficients by wave 

height were roughly divided with positive values part and negative values part. The 

part of positive values was mainly the results of the GWT, but the part of negative 

values was mainly the results of the EC. When the delay increased, the absolute size 

of correlation coefficient generally increased. In the case by the tide level, the 

correlation coefficients were also divided with positive part of the GWT and 

negative part of EC similar to wave height. But the delay and the correlation 

coefficient showed a negative linear trend. When the delay increased, the correlation 

coefficient generally decreased. 
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Figure 3-8. Relationship between the delay and correlation coefficient in cross-

correlation results of EC and groundwater temperature. 
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4. Estimation of tidal influence in the hydrological factors 

 

4.1. Theory of spectral analysis   

 Because the periodical tidal influence was relatively small in the results of 

cross-correlations, a spectral analysis was performed to examine the effects of the 

tidal fluctuations in detail. The spectral analysis is complementary to the correlation 

analysis. The spectral density function, S(f), is obtained via Fourier transform of the 

auto-correlation function in Eq (3-2). The spectral density function is given by 
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where f=j/2m,  j=1 to m, f is the frequency and D(k) is a Tukey lag window, which 

ensures that the S(f) estimated values are not biased (Angelini, 1997; Larocque et al., 

1998). But in this study the Tukey filter had not been used to sharpen the peaks of 

spectral density function. 

 

4.2. Tidal constituents   

 Firstly the spectral density function of tide level was analyzed to find out 

the principal tidal constituents in the study site. The time series of two years from 

January 1, 2005 to December 31, 2006 were used to include the year cycle in the 
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analysis.  

 Generally the earth's revolution and rotation, and moon’s revolution 

individually or complexly affect the tide. The long-term tidal constituents are related 

to earth's revolution and moon’s revolution, and diurnal constituents and 

semidiurnal constituents are related to the earth's rotation. The name and the period 

of major tidal constituents are presented Table 4-1.  

 Fig. 4-1 (a) shows the spectral density function of the tide level. The 

frequency on the graph is the reciprocal of cycle. The ratio of solar annual Sa was 

30.89 %, and those of principal lunar diurnal O1, luni-solar diurnal K1, and principal 

lunar M2 were 8.07, 9.34, and 9.97 %, individually (Table 4-1). The sum of tidal 

constituents was 64.33 % of the density function. However, because the 

observations in the study site had not been performed with annual unit, it was 

difficult to acquire the long-term tidal cycle Sa in the spectral density function of the 

hydrological observations. Thus, in order to focus on the short-term tidal effect, the 

remainder of a 25 h moving average was used as an alternative (Fig. 4-1 (b)). In the 

spectral density function using remainder of moving average, the ratio of principal 

lunar diurnal O1 was 23.38 %, and those of luni-solar diurnal K1 and principal lunar 

M2 were 28.62 and 30.17 %. The sum of tidal constituents increased to 91.51 % of 

the density function about 1.5 times of raw data analysis. Thus the spectral analysis 

using the remainder of a 25 h moving average was performed to identify the tidal 

constituents of observations in the study site.  
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Table 4-1. Ratio of each tidal constitutes in the spectral density function of the tide level. 

 

Symbol Name Period 

Ratio of tidal constituent (%) 

Raw data 
Remainder of 

moving average 

 

Long term 

Sa Solar annual 365.26 days 30.89 - 

Ssa Solar semiannual 182.63 days 1.40 - 

Mm Lunar monthly 27.55 days 0.48 - 

Mf Lunar fortnightly 13.66 days 0.74 - 

Diurnal 

Q1 Larger lunar elliptic 26.87 hour 0.50 1.22 

O1 Principal lunar diurnal 25.82 hour 8.07 23.38 

P1 Principal solar diurnal 24.07 hour 0.63 1.90 

K1 Luni-solar diurnal 23.93 hour 9.34 28.62 

Semidiurnal 

N2 Larger lunar elliptic 12.66 hour 0.72 2.08 

M2 Principal lunar 12.42 hour 9.97 30.17 

S2 Principal solar 12.00 hour 1.39 3.62 

K2 Luni-solar semidiurnal 11.97 hour 0.20 0.53 

Sum 
   

64.33 91.51 
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(a) using raw data 

 

(b) using the remainder of a 25 h moving average 

 

Figure 4-1. Spectral density functions of tide level in the study site.
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4.3. Spectral densities of hydrological factors  

 The spectral analysis of each time series were performed using the 

remainders of a 25 h moving average (Fig. 4-2). In order to improve the resolution 

of the results, the observation data from April 22, 2005 to October 15, 2006 were 

used for the spectral analysis unlike cross-correlation analysis, because a wave 

height was not subject to the spectral analysis. The tide level also was analyzed 

again to coincide with the cycle of spectral density function.  

 The major results of spectral analysis of GWL, EC, GWT, etc. were 

arranged Table 4-2. The values are the density ratios of the major cycles in each 

spectral density function. In the results of GWL, spectral densities of O1, K1, and M2 

cycle were greater than other cycle. In the case of EC and GWT, the densities of O1, 

K1, and M2 cycle were also high, but some of those were low irregular. Interestingly 

the densities of solar diurnal S1 were detected in the density functions of GWL, EC, 

and GWT except the ECs in BH-1, but the tide level didn’t show the peaks of solar 

diurnal. It seemed that air pressure and temperature could affect GWL and GWT 

respectively.  
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(a) GWL in BH-1 
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(c) EC at 5m depth in BH-1 
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(d) EC at 10m depth in BH-1 

 

(e) EC at 15m depth in BH-1 
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(f) EC at 5m depth in BH-5 
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(g) EC at 10m depth in BH-5 

 

(h) EC at 15m depth in BH-5 

Figure 4-2. Spectral density functions of the hydrological factors.  
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(i) GWT at 5m depth in BH-1 
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(j) GWT at 10m depth in BH-1 

S
p
e
c
tr
a
l
D
e
n
s
it
y

 

(k) GWT at 15m depth in BH-1 
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(l) GWT at 5m depth in BH-5 
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(m) GWT at 10m depth in BH-5 
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(n) GWT at 15m depth in BH-5 

Figure 4-2. Continued.  
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Table 4-2. Results of spectral analyses of hydrological factors. 

                                   (unit: %) 

Division 

(cycle, h) 

Tide 

level 

BH1-

GWL 

BH5-

GWL 

BH1-

EC5 

BH1-

EC10 

BH1-

EC15 

BH5-

EC5 

BH5-

EC10 

BH5-

EC15 

BH1-

GWT 5 

BH1-

GWT 10 

BH1-

GWT 15 

BH5-

GWT 5 

BH5-

GWT 10 

BH5-

GWT 15 

Q1 

(26.87) 
0.94 0.57 0.44 1.11 0.24 0.38 0.39 0.48 0.26 1.27 0.21 0.35 1.05 0.66 0.35 

O1 

(25.82) 
24.72 9.62 6.87 2.17 1.27 0.99 2.88 5.45 8.64 9.23 1.45 0.98 6.90 7.06 5.73 

P1 

(24.07) 
2.90 2.20 1.70 0.40 0.39 0.40 0.57 0.59 1.11 0.56 0.35 0.18 0.08 0.91 0.52 

S1 

(24.00) 
0.00 1.46 2.52 0.00 0.00 0.00 0.31 2.67 4.52 1.57 0.12 0.07 1.72 3.79 3.13 

K1 

(23.93) 
26.79 12.26 9.27 3.93 0.76 0.89 1.41 4.40 6.22 6.44 0.97 1.21 3.67 3.60 4.66 

N2 

(12.66) 
2.11 0.39 0.27 0.25 0.08 0.06 0.23 0.23 0.29 0.90 0.22 0.11 0.63 0.58 0.18 

M2 

(12.42) 
31.47 4.56 1.93 3.33 1.05 0.34 1.81 5.27 8.46 13.29 0.83 0.32 7.54 7.05 7.74 

S2 

(12.00) 
3.74 1.19 0.85 0.20 0.09 0.06 0.05 0.64 0.90 0.26 0.01 0.00 0.13 0.00 0.19 

K2 

(11.97) 
0.47 0.21 0.09 0.14 0.06 0.01 0.21 0.37 0.25 1.24 0.06 0.01 0.51 0.58 0.21 

Sum of 

Tidal 

constituent† 

93.15 30.99 21.42 11.54 3.94 3.13 7.56 17.42 26.14 33.19 4.10 3.18 20.51 20.44 19.58 

Total 

Sum 
93.15 32.46 23.94 11.54 3.94 3.13 7.86 20.09 30.66 34.76 4.22 3.25 22.23 24.23 22.71 

† S1 is not a tidal constituent, and the ratio for S1 was excluded.
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Using the spectral density functions of each observation, the influences of 

tide were estimated. Firstly the ratios of tidal cycle were calculated that the sums of 

major tidal constituents except solar diurnal S1 were divided by the sum of those in 

the tide-level. Next the simple correlations were analyzed using the spectral density 

function of tide-level and other observations. Fig. 4-3 shows the estimation results. 

The results of the first method are simple ratios, and the second results are Pearson’s 

correlation coefficient (R). Generally, the simple ratios using the sum of major tidal 

constituents were smaller than the correlation coefficients using the spectral density 

function. However, the relative sizes between each observation items were similar 

despite the differences in assessment methods.    

 The observation points and items with the ratio of tidal constituent sum 

larger than 0.2 were the GWLs in BH-1 and BH-5, the EC at 15 m depth in BH-5, 

the GWT at 5 m depth in BH-1, and the GWTs at all depths in BH-5. Those with the 

ratio less than 0.1 were the ECs and GWTs at 10 m and 15 m depths in BH-1, and 

the EC at 5 m depth in BH-5. In the correlations of the spectral density functions, 

the observation points and items with the correlation coefficients larger than 0.2 

were the GWLs in BH-1 and BH-2, the EC at 5 m depth in BH-1, and the EC at 10 

m and 15 m depths in BH-5. Those with the correlation coefficient less than 0.2 

were the ECs and GWTs at 10 m and 15 m depths in BH-1.  
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Figure 4-3. Estimation of tidal influences using the spectral density functions. 
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4.4. Amplitudes of tidal components in hydrological factors  

 However, spectral densities of GWL, EC, and GWT didn’t show the 

magnitude of impact by tidal fluctuation quantitatively. And additionally, the 

amplitudes of major tidal constituent were calculated from the spectral analysis 

(Table 4-3). The analysis were constrained to the five major tidal constituents such 

as lunar diurnal O1, solar diurnal K1, lunar elliptic N2, lunar semidiurnal M2, and 

solar semidiurnal S2 (Hsieh et al., 1987; Rotzoll et al., 2008). The solar component 

(K1 and S2) should be influenced by not only tide but barometric pressure 

fluctuation (Merritt, 2004). Accordingly, O1 and M2 harmonic components were 

used in the quantitative comparison of tidal effects in GWL, EC, and GWT (Fig. 4-

4). The relative sizes of the amplitude between all the observation items are similar 

in O1 and M2. 

 The amplitudes of tidal constituent in GWL decreased with the increasing 

distance from shoreline. The distances and amplitudes were well fitted with an 

exponential function (R2 values are more than 0.99), but the amplitude of M2 was 

more rapidly decreased than that of O1 by about 1.4 times. The amplitudes of tidal 

constituents in the EC of groundwater were inversely proportional to the depth in 

BH-1, but directly proportional to the depth in BH-5. Moreover, the amplitudes of 

GWT were similar to those of EC in BH-1.  

 The fact that the tidal effects on EC and GWT in seaside well BH-1 were 

inversely proportional to the depth can be explained by assuming that the shallow 
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groundwater was directly affected by the tide, and the effect of the tide was 

mitigated with depth. The tidal influence at the depth of 5 m in landside well BH-5 

appeared smaller than that in seaside well BH-1, and it seemed a simple effect of the 

increasing distance from the coastline like GWL. But interestingly, the tidal 

influence at depths of 10 m and 15 m in landside well BH-5 was greater than that at 

5 m depth. From these irregular tidal influences, the existence of a specific 

conductive channel for the transmission of tidal fluctuations could be inferred. 
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Table 4-3. Amplitudes of major tidal components estimated by spectral analyses.                                     

 

Division 

(cycle, 

hour) 

Tide 

Level 

(cm) 

BH1-

GWL 

(cm) 

BH5-

GWL 

(cm) 

BH1-

EC5 

(mS/cm) 

BH1-

EC10 

(mS/cm) 

BH1-

EC15 

(mS/cm) 

BH5-

EC5 

(mS/cm) 

BH5-

EC10 

(mS/cm) 

BH5-

EC15 

(mS/cm) 

BH1-

GWT 5 

(°C) 

BH1-

GWT 10 

(°C) 

BH1-

GWT 15 

(°C) 

BH5-

GWT 5 

(°C) 

BH5-

GWT 10 

(°C) 

BH5-

GWT 15 

(°C) 

O1 

(25.82) 
4.010 1.536 1.060 0.234 0.138 0.066 0.162 0.334 0.344 0.0360 0.0111 0.0053 0.0170 0.0111 0.0093 

K1 

(23.93) 
5.431 1.652 1.257 0.288 0.058 0.071 0.076 0.344 0.254 0.0071 0.0150 0.0107 0.0078 0.0150 0.0077 

N2 

(12.66) 
1.469 0.372 0.239 0.105 0.045 0.030 0.049 0.078 0.075 0.0225 0.0071 0.0038 0.0098 0.0071 0.0032 

M2 

(12.42) 
5.627 1.353 0.727 0.347 0.132 0.064 0.092 0.319 0.388 0.0506 0.0089 0.0047 0.0201 0.0089 0.0155 

S2 

(12.00) 
1.955 0.700 0.491 0.101 0.048 0.033 0.024 0.146 0.141 0.0222 0.0017 0.0010 0.0060 0.0017 0.0045 
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(a) groundwater level 

 

 

 

(b) EC 

 

 

 

(c) groundwater temperature 

 

Figure 4-4. Comparison of tidal amplitudes estimated by spectral analyses. 
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5. Temporal variations of electrical conductivity fluctuation patterns 

 

5.1. Method of regression analysis 

 The cross–correlations showed the general relationship between whole time 

series data of hydrological factors, but the variations of GWL and EC values have 

more complex patterns depending on the seasonal variation. Thus, the whole time 

series data were divided into five periods considering the missing segments of wave 

height data and seasonal rainfall amounts, and then, the multi-variable regression 

analyses were performed for each period. The multi-variable regression analysis can 

be used to estimate the linear relationship and the simultaneous influence by several 

hydrological factors (Rotzoll and El-Kadi 2008).  

 Regression analysis is a statistical process for estimating the relationships 

among variables, and estimates the conditional expectation of the dependent 

variable given the independent variables. For more than one explanatory variable, it 

is called multi-variable (or multiple) regression analysis. The regression model is 

given by 

 iikkiii XXXY εββββ +++++= K22110     (5-1) 

where ikX  is the independent variable. kβ  is a regression coefficient of ikX , and 

is the average change in iY  for each unit change in ikX  holding other ikX ’s 

constant. iε  is error term. 

 The lag time for the regression analysis was calculated by the cross–
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correlation analysis of each period. Five periods are as follows: 1st period, May 3, 

2005 – June 30, 2005; 2nd period, September 27, 2005 – December 15, 2005; 3rd 

period, December 16, 2005 – February 22, 2006; 4th period, April 17, 2006 – July 7, 

2006; 5th period, July 8, 2006 – October 15, 2006. The 1st period and 4th period 

could be considered as the same season. 

 

5.2. Regression analyses of GWL  

 Fig. 5-1 shows the variations of standardized coefficients by the multi-

variable regression analyses of hydrological factors. In the GWLs of BH-1 and BH-

5, the standardized coefficients by precipitation, tide level, and wave height were all 

positive values, and the sizes were (in the order of wave height, tide level, 

precipitation) similar to the results of cross-correlation in section 3.3 Cross-

correlation above (Fig. 5-1 (a), (b)). During 2nd period and 5th period, the influence 

of tide level became smaller than other periods, but that of precipitation became 

larger. In landside BH-5, the influence of precipitation was bigger than that of tide 

level during 5th period. Fig. 5-1 (c) shows the correlation coefficients of the 

regression analysis, and the temporal variation of those had similar pattern in two 

wells. Correlation coefficients were larger than 0.65 in all periods, and those in BH-

1 were slightly greater than those in BH-5. 
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(a) BH-1 

 

 

 

(b) BH-2 

 

 

 

(c) correlation coefficient 

 

Figure 5-1. Temporal variations of standardized coefficients of GWL estimated by multi-variable regression analyses.
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5.3. Regression analyses of EC  

 The regression analyses of EC were carried out in two types (i.e., solely 

GWL, and other hydrological factors), in order to avoid the multi-collinearity 

problem of GWL. The EC at 10 m and 15 m depths in landside BH-5 had a distinct 

sinusoidal seasonal variation, and the seasonal trends were eliminated prior to the 

regression analysis (Fig. 5-2). The amplitudes of the fitted function at 10 m and 15 

m depths in BH-5 were 16.6 and 16.5 mS/cm individually, and the cycles were 

315.2 and 308.3 days, respectively. The EC of 5 m depth in seaside BH-1 also had 

weak sinusoidal seasonal variation, but the raw data were used to the regression 

analyses of each period because the variation of EC showed the hierarchical change.  

 The standardized coefficients of EC in landside BH-5 had relatively similar 

values over all the periods, but those of EC in seaside BH-1 showed drastic changes 

depending on the period (Fig. 5-3). 
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(a) 10m depth 
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(b) 15 m depth  

Figure 5-2. Elimination of seasonal trend in the ECs time-series of landside BH-5. 
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(a) 5 m depth in BH-1 
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(b) 10 m depth in BH-1 
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(c) 15 m depth in BH-1 

S
ta
n
d
a
rd
iz
e
d
C
o
e
ff
ic
ie
n
t

 

(d) 5 m depth in BH-5 
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(e) 10 m depth in BH-5 
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(f) 15 m depth in BH-5 

 

Figure 5-3. Temporal variations of standardized coefficients of EC estimated by multi-variable regression analyses using 

two types (solely GWL, and other hydrological factors). 
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 For the EC at 5 m depth in landside BH-5, the standardized coefficients by 

precipitation, tide level, and wave height were almost positive values, and wave 

height had a larger value than precipitation and tide level (Fig. 5-3 (d)). The 

standardized coefficients of the regression analysis by solely GWL showed a larger 

value than other hydrological factors. The large positive values by wave height and 

GWL at shallow depth could be related to the wave setup (i.e., the increase in mean 

water level due to the presence of waves; Robinson et al. 2007; Xin et al. 2010). 

Most standardized coefficients showed decreasing trends depending on the periods 

elapsed. For the EC at 10 m depth in BH-5, the standardized coefficients by the 

wave height and precipitation were negative values, but those by the tide level were 

positive values (Fig. 5-3 (e)). The absolute values of those showed increasing trends 

over all periods, contrary to the trends of those at 5 m depth. The regression at 15 m 

depth in BH-5 showed almost similar patterns to those of 10 m depth (Fig. 5-3 (f)). 

Meanwhile the standardized coefficients by solely GWL showed larger negative 

values than those by other factors. The negative values by GWL, wave height, and 

precipitation relative to greater depths could be related to the temporary seaward 

movement of the saltwater–freshwater mixing zone by GWL rising. In BH-5, the 

biggest difference in the results of regression analysis from those of cross-

correlation is the increasing fluctuation of EC by the tide level. At the study site, the 

diurnal fluctuation of tidal level showed a double peak, first low and then high, 

during the rising phase, and the EC of groundwater also showed the similar 
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fluctuation. The results of regression analysis could indicate the fluctuation of the 

saline-freshwater mixing zone elevation by the tidal fluctuation with relatively short 

lag times, but the results of the cross-correlation could be related to the indirect 

impact on the mixing zone of GWL rise with relatively long lag times.  

 In order to understand the drastic changes of the EC values in seaside BH-1 

over all periods, the background state of EC should be examined together (Fig. 5-3 

(a), (b), (c); Fig. 2-1). The ECs at 10 m and 15 m depths showed relatively constant 

values, but the EC at 5 m depth showed relatively low value during initial stage of 

2nd period and whole 5th period. For the EC at 5 m depth in BH-1, the standardized 

coefficients by the precipitation and tide level were almost positive values with the 

exception of tide level in 4th period, similar to those at 5 m depth in BH-5 during all 

periods. The standardized coefficients by wave height and GWL showed mainly 

negative values, but showed positive values during 2nd and 5th periods. The negative 

coefficient values by wave height and GWL should be related to the increase of 

fresh-groundwater flow rate toward the intertidal zone at the prior state of relatively 

high EC. In 2nd period, the vertical flow of saline water through the well bore by the 

very high wave height and GWL (i.e., L2 and L3 events in Fig. 6-1 below) caused 

the increase of EC in spite of the relatively high background EC. In 5th period, the 

prior state of EC was very low unlike other periods, the EC could be increased 

similar to the EC at 5 m depth in BH-5. The irregular negative coefficient value by 

the tide level in 4th period could be related to a statistical problem associated with 



- 77 - 

the frequent fluctuations of EC within a wide range. For the EC of groundwater at 

10 m depth in BH-1, the standardized coefficients by tide level, wave height, and 

GWL were positive values from 1st to 4th period, but those of precipitation were 

almost negative. Regarding the causes of positive standardized coefficients (i.e., 

increase of EC) at 10 m depth in BH-1, it is necessary to review various aspects, and 

the results are discussed in section 6.2 Causes of EC fluctuations below. In 5th 

period, the irregular negative standardized coefficients (i.e., decrease of EC) at 10 m 

depth could be related to the vertical flow of freshwater by very high wave height 

and GWL, considering the decrease of large-range EC at 15m depth in BH-1. The 

standardized coefficients of the EC at 15 m depth in seaside BH-1 also showed 

drastic changes, like those of 5 m depth. Interestingly, wave height, tide level, and 

GWL fluctuated with the same pattern, but precipitation, on the other hand, did not 

fluctuate in the same way. In 1st, 3rd, and 5th periods, the standardized coefficients by 

tide level, wave height, and GWL showed negative values, and the absolute sizes 

were in the order of GWL, wave height, and tide level. The decreases of EC at 15 m 

depth in BH-1 by the hydrological factors were similar to those at 10 m and 15 m 

depths in BH-5. In 2nd period, the positive standardized coefficients by GWL could 

be related to the vertical flow of saline water, with a similar cause to that at 5 m 

depth in BH-1. But, the cause of the positive value in 4th period was different from 

that in 2nd period, because the very high wave and GWL did not exist in 4th period. 

Although the data are not included in this paper, the EC at 17.5 m depth showed 
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decreasing fluctuation like the EC fluctuations at 15 m depth during other periods. 

The cause of EC increase at 15 m depth in 4th period could be the same as that at 10 

m depth in BH-1.  

 

 GWL and other hydrological factors were used together in the regression 

analysis of EC to find out the best fitted EC regression (Fig. 5-4). GWL had 

collinearity with wave height, but variance inflation factors (VIFs) were less than 

2.5. Because the VIFs of GWL were less than 10, GWL could be used as the 

independent variable of the regression analysis for EC fluctuation.  

 At 5 m depth in BH-1, the regression results including GWL were similar 

to those excluding GWL (Fig. 5-4 (a)). In the cases of 10 m and 15 m in BH-1, the 

relationships with hydrological factors and temporal variation patterns did not 

change, but the standardized coefficients changed (Fig. 5-4 (b), (c)). The 

standardized coefficients of GWL were similar to the results of regression analysis 

where GWL was used as the sole independent variable, but the absolute values of 

standardized coefficients of other factor were smaller than the results of regression 

without GWL. At 5 m depth in BH-1, the hydrological factors (i.e., precipitation, 

tide level, and wave height) individually affected the EC fluctuations, but at 10 m 

and 15 m depths, those mainly indirectly affected the EC variations by GWL 

fluctuations.  
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(a) 5 m depth in BH-1 

 

(b) 10 m depth in BH-1 

 

(c) 15 m depth in BH-1 

 

(d) 5 m depth in BH-5 

 

 

(e) 10 m depth in BH-5 

 

 

(f) 15 m depth in BH-5 

 

Figure 5-4. Temporal variations of standardized coefficients of EC estimated by multi-variable regression analyses using 

all hydrological factors together. 
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 In the case of regression results at 5 m depth in BH-5, the absolute values 

of standardized coefficients of wave height clearly reduced (Fig. 5-4 (d)). At 10 m 

and 15 m depths in BH-5, the absolute values of standardized coefficients of wave 

height clearly reduced, but those of GWL and tide level increased (Fig. 5-4 (e), (f)). 

The hydrological factors mainly indirectly affected the EC variations at overall 

depths in BH-5 by GWL fluctuations, but tide level had a separately direct effect on 

the EC values at 10 m and 15 m depths. 

 

 Fig. 5-5 shows the correlation coefficients of the regression analysis in 

three cases (i.e., three hydrological factors, GWL alone, and the four factors 

simultaneously). At all depths in the wells, the correlation coefficients of the 

regression where four factors were used simultaneously had the highest values. The 

correlation coefficients at 5 m depth in BH-1 did not show particularly high value in 

all periods. Those at 10 m depth in BH-1 were relatively high in 1st period, but 

became lower in other periods. Those at 15 m depth in BH-1 were relatively high in 

1st and 5th periods. The correlation coefficients at 5 m depth in BH-5 were relatively 

high in 1st and 2nd periods, and those at 10 m and 15 m depths were relatively high 

in 4th and 5th periods. The periods with high correlation coefficient showed 

consistent responses to the stimulus by hydrological factors.  
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(a) 5 m depth in BH-1 

 

(b) 10 m depth in BH-1 

 

(c) 15 m depth in BH-1 

 

(d) 5 m depth in BH-5 

 

 

(e) 10 m depth in BH-5 

 

 

(f) 15 m depth in BH-5 

 

Figure 5-5. Correlation coefficients of the regression analyses of EC values.  
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 Fig. 5-6, 5-7, and 5-8 show the observed and fitted time-series of GWL, EC 

in well BH-1, and EC in well BH-5, respectively. The fitted EC time series were the 

results using four factors simultaneously. 

 General trends of GWL fluctuations were relatively well suited, and the 

times and shape of peaks also matched up well (Fig. 5-6). However, in the high 

peaks of GWL, the differences between the observed and fitted time-series were 

relatively distinct, especially during 5th period. The falling trends in the high peaks 

of fitted time-series were steeper than those of observed time-series. The difference 

may be related that the regression using those affecting factors could not consider 

the lag effect by aquifer material. 

 Overall EC fluctuations were relatively well suited. Especially, at 10 m and 

15 m depths in well BH-5 during 1st, 4th, and 5th periods, the EC of the observed and 

fitted time-series coincided very well (Fig. 5-8). Also, small periodic variations by 

tide were very well suited. However, if drastic changes were included, the observed 

and fitted EC fluctuations showed a significant difference, i.e., 5 m depth in BH-1 

during 2nd and 4th periods (Fig. 5-7). Within one period, the match and mismatch 

between the observed and fitted EC fluctuation had appeared together. In the early 

parts of 5th period, the EC fluctuation tendency at 10 m and 15 m depths in BH-1 did 

not match up well. Because the periods were divided considering the existence of 

wave height data and seasonal precipitation as a priority, the changes of EC 

fluctuation tendency had been not properly reflected.  



- 83 - 

05/01/05 05/11/05 05/21/05 05/31/05 06/10/05 06/20/05 06/30/05

Date (mm/dd/yy)

0.6

0.8

1

1.2

1.4

1.6

1.8

BH1-GWL (observed)

BH5-GWL (observed)

BH1-GWL (fitted)

BH5-GWL (fitted)

BH-5

BH-1

 
(a) 1st period 
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Figure 5-6. Multi-variable regressions of groundwater levels (1st, 2nd, and 3rd 

periods). 
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Figure 5-6. Continued (4th and 5th periods).  
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Figure 5-7. Multi-variable regressions of ECs in well BH-1 (1st, 2nd, and 3rd periods). 
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Figure 5-7. Continued (4th and 5th periods).  
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Figure 5-8. Multi-variable regressions of ECs in well BH-5 (1st, 2nd, and 3rd periods). 
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Figure 5-8. Continued (4th and 5th periods). 
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6. Causes and mechanisms of electrical conductivity fluctuations 

 

6.1. Classification of each fluctuation event 

 In the preceding analysis, it was confirmed that the EC fluctuations were 

related to the GWL, wave height, tide level, etc. However, the patterns of EC 

fluctuation were changed for each period or event. Thus, the major affecting factors 

were analyzed in each rising GWL event, and also the patterns of EC fluctuation 

were classified. Unavoidably, a visual classification was used for the irregularity of 

fluctuation pattern. 

 First, the rising GWL events were classified into large (L; ≥ 1.0 m), 

medium (M; 0.3 ≤ M < 1.0 m), and small (S; < 0.3 m) groups depending on the 

size of the increase, and each individual rising GWL event was assigned a serial 

number (i.e., L1, L2, … , M1, M2, … S1, S2, … ; Fig. 6-1). Also, for individual 

rising GWL event, affecting factors (i.e., wave height, precipitation, and tide level) 

were divided depending on the relative size of fluctuation. Wave height was divided 

into three stages, that is, W1 (less than 1.5 m), W2 (1.5 m ~ 2.5 m), and W3 (more 

than 2.5 m). Precipitation amount was also divided into four stages, that is, R0 (no 

rain), R1 (less than 5 mm), R2 (5 mm ~ 20 mm), and R3 (more than 20 mm). Tide 

level were divided into three stages using a remainder of 25 h moving average to 

eliminate the diurnal variation, that is, T1 (less than 0.1 m), T2 (0.1 m ~ 0.2 m), and 

T3 (more than 0.2m).
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Figure 6-1. Classification of rising GWL events and the EC fluctuations at 10m depth in wells. 
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Table 6-1 shows the classification results of the affecting factors for individual 

rising GWL event. The large rising GWL events (L group) were almost related to 

the high wave heights (W3). The medium rising GWL events (M group) were 

mainly related to the heavy precipitation (R3), and sometimes related to high tide 

level and wave height. The small rising GWL events (S group) seemed to be related 

to the tide level fluctuation, however, not a single factor but the several factors were 

complexly influenced on the GWL rising. 

 The EC fluctuation patterns were classified into four groups depending on 

the relative size of variation, that is, EL (large), EM (medium), ES (small), EW 

(weak). And individual group was subdivided into four types depending on the 

detailed fluctuation pattern and several conditions. The short-term variation 

components were divided into up (U) and down (D), and the size of the variation 

were divided into four stages, that is, 0 (none), 1 (less than 5 mS/cm), 2 (5 mS/cm ~ 

10 mS/cm), 3 (more than 10 mS/cm). The results of classification are presented in 

Table 6-2. 

 The EL group which showed the largest EC fluctuation was almost 

equivalent to L group of GWL fluctuation. The EL-1 type showed the repeated the 

extreme increases and decreases of EC at all depths simultaneously. Because, at 

those times, wave height had been very high and the overflow of seawater had been 

happened, it was assumed that the vertically downward flow through the well 

occurred, and the EC increased to similar values of the seawater. The EL-2 type 
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showed the repeated large increases and decreases of EC at all depths in BH-1, and 

simple large increase or decrease in BH-5. Wave height was very high like EL-1 

type, but the vertical flow through the well didn’t occur. The EL-3 type showed the 

large decreases of EC at 10 m and 15 m depths, and the small increase of EC at 5 m 

depth in BH-5. The distinguished conditions were high wave height and tide level. 

The EL-4 type showed only large decrease of EC at 10 m and 15 m depths. The 

distinguished condition was very heavy precipitation. The EL-1, 2, and 3 types 

could be mostly related to the overflow of seawater, but the EL-4 type could not be 

related.    

 The EM group was mostly equivalent to M group of GWL fluctuation. The 

characteristics were the change of EC fluctuation patterns depending on the depths. 

Generally, in BH-1, The ECs showed the increases at the 5 m and 10 m depths, and 

the decrease at the 15 m depth. The ECs in BH-5 showed the increase at the 5 m 

depth, and the decreases at the 10 m and 15 m depths. 

 The fluctuation patterns of the ES group were similar to those of EM, but 

only the sizes of fluctuation diminished. The EW group was almost equivalent to S 

group of GWL fluctuation, showed the weak fluctuations. 
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Table 6-1. Classification of affecting factors for individual rising groundwater level event. 

 

Rising GWL  

event 
L1 L2 L3 L4 L5 L6 L7 M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

Wave height - W3 W3 W3 W3 W2 W3 W2 W1 W1 - - - W2 W2 W2 - W2 W2 

Precipitation R3 R2 R0 R3 R3 R0 R3 R2 R3 R3 R3 R2 R3 R0 R1 R1 R1 R3 R1 

Tide level T3 T3 T2 T2 T3 T3 T3 T2 T2 T2 T1 T3 T2 T1 T2 T3 T2 T3 T3 

Rising GWL  

event 
M13 M14 M15 M16 M17 M18 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 

Wave height W1 W3 W1 W2 W1 W2 - W2 W1 W2 W2 W1 W1 W2 W1 - W1 W1 W2 

Precipitation R1 R3 R3 R2 R0 R1 R1 R1 R1 R1 R0 R1 R1 R2 R1 R3 R2 R1 R2 

Tide level T3 T2 T1 T1 T3 T2 T2 T2 T3 T2 T1 T2 T1 T2 T1 T2 T1 T2 T2 

Rising GWL  

event 
S14 S15 S16 S17 S18 S19 S20 S21 S22 S23 S24 S25 S26 S27 S28 S29 S30 

  

Wave height W3 W2 W2 W2 W1 W1 W2 - - - - W2 W2 W2 W1 W1 W2 
  

Precipitation R1 R0 R1 R0 R1 R2 R3 R0 R1 R1 R2 R1 R2 R2 R3 R2 R1 
  

Tide level T2 T1 T2 T2 T2 T1 T2 T1 T2 T2 T2 T3 T3 T3 T2 T1 T1 
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Table 6-2. Classification of EC fluctuation patterns in groundwater. 
 

Group Type 
BH-1 BH-5 Rising GWL events 

(Fig. 6-1) 
Remarks 

5 m 10 m 15 m 5 m 10 m 15 m 

EL 

(Large) 

EL-1 (U0)-U3-D3-U3 D3-U3-D3-U3 D3-U3-D3-U3 U3-D3-U3 D3-U3-D3-U3 D3-U3-D3-U3 L2, L7 
Very high wave height, heavy 

precipitation, high tide level 

EL-2 U3-(D2)-U2 D3-U3-D2-(U1) D3-(U3-D2-U1) U2 D3 D3 L1, L3, L5 Very high wave height 

EL-3 0 D3-U2 D3 U1 D3 D3 L4, L6 
High wave height, high tide 

level 

EL-4 0 (U2)-D3-(U2) D3 0 D3 D3 M15 Very heavy precipitation 

EM 

(Medium) 

EM-1 D3 U3-(D2)-U3 (D1)-U2-(D1)-U2 U1 D2 D2 M12, M13, M14, S25 
Early summer 2006, high tide 

level 

EM-2 (U1)-D2-(U1) U3-(D2)-U3 D2-(U1)-D2 U2 D2 D2 
M1, M8, M10, M11, 

S5 
Spring, medium wave height 

EM-3 U1 U3-(D2)-U3 D2-(U1)-D2 U1 D2 D2 M2, M3, M4, M5, M6 
Summer 2005, heavy 

precipitation 

EM-4 0 (U1)-D3-(U1) D3 U1 D2 D2 M16, M17 
Autumn 2006, rapid change in 

BH-1 

ES 

(Small) 

ES-1 D2 D2 D2 0 D2 D2 
M9, S13, S14, 

S16, S30 

Small-medium precipitation, 

medium wave height and tide 

level 

ES-2 (U1)-D2-(U1) U2-(D1)-U2 U1-(D1)-U1 U1 D1 D1 S19, S20 
Late winter, medium 

precipitation 

ES-3 (U1)-D1-(U1) U2 D2 U2 D2 D2 S3, S4 Early spring, medium tide level 

ES-4 0 U2 D2 0 D1 D1 S12, S21,S22, S23, S29 Low precipitation, low wave height 

EW 

(Weak) 

EW-1 D1 U1 D1 U1 D1 D1 S15, S17, S27 Mainly medium wave height 

EW-2 D1 D1 D1 0 D1 D1 M7, S10, S11 Medium precipitation 

EW-3 U1 U1 0 U1 D2 D2 
S2, S6, S7, S8, S9, 

S24, S26 

Low precipitation, 

irregular tide and wave heights 

EW-4 0 U1 0 U1 D1 D1 S1, S18, S28 Medium tide level 
 

The short-term variation components were divided into up (U) and down (D), and the size of the variation was divided into 

four categories: 0 (none), 1 (< 5 mS/cm), 2 (≥ 5 mS/cm, < 10 mS/cm), and 3 (≥ 10 mS/cm). 
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6.2. Causes of EC fluctuations  

 Based on the classification of the EC fluctuation patterns, the landside well 

BH-5 showed relatively simple fluctuations. Generally, EC at 5 m depth increased 

during all rising GWL events, and EC values at 10 m and 15 m depths decreased 

during the rising GWL events except the EL-1 type fluctuation (Fig. 2-3; Table 6-2). 

However, during the increases in GWL by very high waves, the EC values at all 

depths increased instantaneously or continuously (e.g., L2 and L7 events).   

 It is fairly obvious that the increases in EC at 5 m depth were affected by 

the mixing of the shallow groundwater with the seawater induced by waves or the 

tide (Turner and Nielsen 1997). The hypothesis that the EC at 5 m depth in BH-5 

was increased by the wave or tide is supported by the phenomena that the GWL rose 

larger and more rapidly in BH-1 than in BH-5. The key factor determining the scale 

of the increase in EC was precipitation. Generally, the increase in EC was inversely 

proportional to the amount of precipitation. For example, the M15 event in EL-4 

type showed no variation by very heavy precipitation, and the M2 ~ M6 events in 

EM-3 type showed weak variation by heavy precipitation (Table 6-2).     

 The temporal decrease in EC values at 10 m and 15 m depths could be 

related to the temporal seaward or downward movement of the saltwater–freshwater 

mixing zone by the local rising GWL event at the study site. For reference, the GWL 

rising in inland area seemed to influence on the weak seasonal variation of the EC 

values, but the mechanism of EC fluctuation during the large rising GWL event (L 
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group) was assumed to be somewhat different. That was obvious that EC fluctuation 

was observed with GWT fluctuation. During the large rising GWL events, the 

decreases in EC were accompanied by the distinct increases in GWT at 10 m and 15 

m depths up to those at 5 m depth (EL-1 ~ 3 types). Such phenomena could be 

related to the relatively rapid downward flow through the well as the conduit. In the 

cases of EL-2 and EL-3 type, the EC values at 10 m and 15 m depths could be 

decreased by the downward flow of upper fresh groundwater. However, in the case 

of EL-1 type (L2 and L7 events), EC values could be increased by the impact of 

surface saline water. 

 

 The fluctuations of EC in seaside well BH-1 were more complex than those 

in landside well BH-5. The profiles of EC fluctuation at 5m–10m–15m depths were 

increase–decrease–decrease, decrease–decrease–decrease, decrease–increase–decrease, 

increase–increase–decrease, etc (Table 6-3). To identify the causes of the EC 

fluctuations, the complex variation patterns were integrated into three groups (i.e., A, 

B, and C; Table 6-3). First, the extreme EC fluctuations during the large rising GWL 

events (L group of GWL) were separated from the others, and next, the others were 

divided into the increase and decrease based on the fluctuations at 10 m depth.  
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Table 6-3. EC fluctuation mechanisms and patterns. 

 

Division Mechanism 

Fluctuation pattern  

in BH-1 

(5m–10m–15m) 

Types of 

EC fluctuation 
Remarks (cause, characteristics, etc.) 

Group A 

(simultaneous 

fluctuation) 

Rapid downward flow 

through the well 

Ua–U–U EL-1, EL-2 Large rising GWL event caused by very high 

wave height (impact of upper saline water or 

fresh groundwater) 0–Db– D EL-3 

Group B 

(EC 

decreasing 

at 10 m depth) 

Seaward and downward 

temporal movement of 

the fresh–saltwater 

mixing zone  

0–D–D EL-4, EM-4 
Mainly autumn and early winter; EC at great 

depths in BH-1 was higher than in BH-5; 

local rising GWL caused by medium 

precipitation or other factors 
D–D–D ES-1, EW-2 

Group C 

(EC increasing 

at 10 m depth) 

Mainly seaward temporal 

movement of saline 

groundwater in local 

upstream area 

(around BH-5) 

D–U–D 

EM-1, EM-2, 

ES-2,  

ES-3, EW-1 

Other season except autumn and early 

winter; at great depth in BH-1 the EC was 

lower than in BH-5; local rising GWL 

caused by hydrological factors 

(wave, tide, precipitation) 

#c–U–# 
EM-3, ES-4, 

EW-3, EW-4 

Difference in prior EC conditions caused ‘D’ 

or ‘U’ in 5 m depth.  

The increase of fluctuation size cased ‘U’ in 

15 m depth.  
 

a U is the abbreviation of ‘up’ and means a temporal increase in EC. 
b D is the abbreviation of ‘down’ and means a temporal decline in EC. 
c# includes all variations (0, U, D). 
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 In the first group A, EL-1 and EL-2 types showed the repeated large EC 

fluctuation at all depths, and EL-3 type showed the EC fallings at 10 m and 15 m 

depths. The mechanism of EC fluctuations in these types could be related to the 

rapid downward flow of salt or fresh groundwater through the wells, as at BH-5. 

This rapid downward flow was supported by very distinct increases in GWT. The 

ECs in the EL-1 and EL-2 types could be increased by the impact of surface saline 

water, and the ECs in the EL-3 type could be decreased by the upper fresh 

groundwater. The EC at 5 m depth in EL-3 type almost didn’t change due to low 

background EC value.      

 Group B was characterized by reductions in EC at depths of 10 m and 15 m. 

The fluctuation pattern of none–decrease–decrease at 5m–10m–15m depths 

appeared in EL-4 and EM-4 types, and that of decrease–decrease–decrease appeared 

at ES-1 and EW-2 types. Two patterns can be considered the same, and the 

mechanism of EC decreases at 10 m and 15 m depths was similar to that of BH-5. 

The local GWL rising by medium precipitation or other factor could have 

temporarily pushed the saltwater–freshwater mixing zone seaward or downward. 

The difference at 5 m depth was only caused by the different background condition 

of ECs. If the background ECs were high, then EC decreases could occur.   

 The characteristic of group C was the increases in EC at 10 m depth. The 

pattern of decrease–increase–increase at 5m–10m–15m depths appeared in EM-1 

and ES-2 types, and that of decrease–increase–decrease appeared in EM-2, ES-3, 
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and EW-1 types. Although the data were not included in this paper, the ECs of 17.5 

m depth decreased during the events in EM-1 and ES-2 types. Because the 

difference was only caused by the scale of fluctuation, and the fluctuation patterns 

of EM-1 and ES-2 types could be considered the pattern of decrease–increase–

decrease. The pattern of increase–increase–decrease at 5m–10m–15m depths 

appeared in EM-3 type. The difference between decrease–increase–decrease pattern 

and increase–increase–decrease pattern could be caused by only prior EC conditions 

at 5 m depth like former case. ES-4 type could be included with group B because the 

EC increased at 10 m depth and decreased at 15 m depth. Although the fluctuations 

of EW-3 and 4 types showed the increase of EC at 10 m, and no variation at 15 m 

depth, however, they could be also included with group B because of only the 

problem of fluctuation scale. As a result, the key features of group C were the 

increases in EC at 10 m depth and the reductions in EC at 15 m depth during rising 

GWL events. 

 

 To clarify the cause of increases in EC at 10 m depth in BH-1, it is 

necessary to investigate several aspects of EC fluctuations. The EC values at 10 m 

and 15 m depths in landside well BH-5 were higher than those in seaside well BH-1 

during almost period. When the EC values at 10 m depth were higher in BH-5 than 

in BH-1, the EC of the two wells fluctuated in opposite directions as a result of the 

rising GWL events, and converged on similar values (Fig. 6-1). However, in the 
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period when the EC at 10 m in BH-5 showed lower values (i.e., mainly autumn and 

early winter), the increase of EC at 10 m depth in BH-1 did not occur. Based on 

these phenomena, the increase of EC at 10 m depth in BH-1 was considered to be 

mainly influenced by the seaward movement of the higher-EC saline water at a 

similar depth around BH-5.  

 The remaining important problem is the cause of higher-EC saline water in 

BH-5. According to previous studies, EC increases are likely to be related to the 

wave setup and circulating flow of saline water (Robinson et al. 2007; Xin et al. 

2010), and actually the phenomenon of wave setup could be identified based on the 

EC increase at 5 m depth in landside BH-5 and the EC decrease at 5m depth in 

seaside BH-1. However, it is difficult to explain the phenomenon that the tidal 

fluctuation amplitudes in EC values at 10 m and 15 m depths in landside well BH-5 

were larger than those at same depths in BH-1. Consequently the existence of a tidal 

propagation pathway at greater depth could be suspected. It is known that coal mine 

tunnels existed near the seaward part of the study site decades ago, although it is not 

possible to locate those now. However, the past seaward coal mine tunnels could 

play the role of a conduit for the seawater intrusion and tidal propagation. 

 

6.3. Fluctuation mechanisms of the saltwater–freshwater transition zone 

 The study site is a beach aquifer on the border of East Sea, and the complex 

impacts of wave, tide, and precipitation formed not a sharp interface but the mixing 
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zone that EC increases depending on the depth. The GWL of study site didn’t show 

the seasonal variation of sinusoidal type, but the ECs at all depths in landside well 

BH-5 and the EC at shallow depth in seaside well BH-1 showed seasonal variation.  

 Fig. 6-2 shows a schematic diagram of the typical distributions of EC in 

cross sections in two representative seasons (spring and autumn), and the temporary 

fluctuations in EC during rising GWL events. The unreported measurement data in 

wells OBs and OFs during 2003 ~ 2004 were used together in drawing the diagram. 

 In the period from autumn to early winter, when the GWL of fracture-rock 

aquifer of inland area is generally higher than in other seasons, the mixing or 

transition zone, in which EC decreases according to the distance from shoreline, was 

formed by the relatively large amount of terrestrial groundwater discharge. Rapid 

and local EC increases appeared at specific depths in the vertical profiles, and those 

depths could be related to the change of aquifer materials (Fig. 6-2 (a)).   

 In the period of low GWL in inland area, the groundwater EC range was 

generally increased with the increasing proportion of intruding seawater. The regular 

EC distribution pattern was disturbed by the irregular intrusion because of the 

underlying hydrogeological characteristics, and the reversed EC distribution patterns 

were formed locally around BH-5 (Fig. 6-2 (b)). 
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Figure 6-2. Schematic diagrams of typical EC distributions and EC fluctuation patterns. 
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 These EC distribution patterns varied temporarily or were disturbed by 

rising GWL events. During autumn and early winter, in which the EC decreased in 

inverse proportion to the distance from the shoreline or the depth, the EC values at 

most points were temporarily decreased by local rising GWL events (Fig. 6-2 (c)). 

These phenomena could have been caused by the seaward and downward moving of 

the saltwater-freshwater transition zone. The exceptional increase in EC at 5 m 

depth in BH-5 could have been related to wave setup by seawater flooding during 

the rising GWL events.  

 However, during the other period (that is, spring and summer) the ECs at 10 

m and 15 m depths in landside BH-5 was reduced by the rising GWL events, and the 

EC in seaside well BH-1 increased at 10 m depth but reduced at 15 m depth (Fig. 6-

2 (d)). The groundwater flow was mainly seaward, as in the former period, but the 

EC at 10 m depth could have been affected by the saline groundwater in the local 

upstream area (around BH-5). The mechanism underlying the increase in EC at 5 m 

depth in BH-5 was also similar to that observed in the former period. 

 The remaining issue is why the EC at deep depth in landside well BH-5 

was higher than that in seaside well BH-1. In section 6.2 Causes of EC fluctuations 

above, the existence of a tidal propagation pathway at greater depth (i.e., the past 

seaward coal mine tunnels) could be suspected, based on the fact that the tidal 

fluctuation amplitudes in EC values at 10 m and 15 m depths in landside well BH-5 

were larger than those at 5 m depth in BH-5 and all depths in BH-1. Thus, in dry 
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season, the EC value in landside area could have been higher than that in seaside 

area near shoreline through such a conductive structure. And, in wet season, 

seawater-freshwater transition zone could have rapidly moved seaward or 

downward.  
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7. Summary and conclusions 

 Long-term monitoring and time series analyses were carried out to 

determine the dynamic variations and mechanisms of the saltwater–freshwater 

transition zone in a beach aquifer, East Sea. The study site was a fully open coast, 

and the complex effects of waves, tides, and precipitation on the fluctuations in 

GWL, EC, and GWT were identified. 

 The GWL of this beach aquifer was influenced by the wave height, 

precipitation, tide level, etc. According to the results of cross–correlation analysis, 

the effect by wave height was the largest, and the rising GWL event over 1 m 

appeared by the seawater flooding at the period of extreme high wave. Also the 

GWL was well correlated with the tide level than the precipitation, and the tide level 

had influence on not only distinct rising GWL event but also the minute fluctuation.  

 The variations in EC reflected the changes in the saltwater–freshwater 

transition zone, and the factors affecting these variations in EC were estimated from 

the relative magnitudes of the cross–correlation coefficient. Increase in GWL was 

the factor that correlated most strongly with the variations in EC, and GWL was 

influenced by wave height, precipitation, and tide level. The effects of wave height 

were mainly apparent during periods of distinct rising GWL events, whereas those 

of tide level appeared not only during distinct rising GWL events but also during 

small fluctuations in GWL. 

 A spectral analysis was used to analyze the tidal effects in detail, because 
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the periodical tidal influence was relatively small in the results of cross-correlations. 

The influences of tide on GWL and EC decreased as the distance from the shoreline 

and the depth from the ground surface increased. However, EC showed different 

variation patterns at greater depths in the landside well, caused by hydrogeological 

irregularities. 

 A multi-variable regression analysis was used to estimate the simultaneous 

influence on EC of several hydrological factors, and the temporal variation of the 

relationships between them. The EC at shallow depth near the shoreline was 

individually affected by the hydrological factors (i.e., wave height, tide level, and 

precipitation), and the EC at the other points was mainly indirectly affected by GWL 

fluctuations. However, tide level had a direct effect on groundwater EC values at 

greater depths in the landside well. The EC in the landside well had relatively 

similar values over most of the periods, but EC values in the seaside BH-1 well 

showed drastic changes depending on the seasonal period.  

 The major mechanisms of EC fluctuation in groundwater at the study site 

can be explained by using the major analyses results. The EC values at shallow 

depths were generally increased by increases in the wave setup and tidal fluctuation 

during the rising GWL events, but these fluctuation patterns were disturbed by 

heavy precipitation and were anyhow influenced the prior EC conditions. The EC 

values at greater depths were also typically reduced by the seaward or downward 

movement of the saltwater–freshwater mixing zone during the rainy season, but 
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these fluctuations were disturbed by the irregular changes in the background EC 

distribution caused by saline water intrusion during the dry season. 

 The time series analyses used in this study played a complementary role in 

the interpretation of the overall and individual variations in EC of groundwater. 

Long-term monitoring and these analytical methods are expected to be useful in 

studying the dynamic mechanisms of saltwater–freshwater transition zones in 

coastal aquifers. 
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1. Introduction 

 

1.1. Background  

 Hydrogeochemists studying coastal aquifers have long recognized the 

importance of chemical reactions between aquifer solids and a mixture of seawater 

and fresh groundwater. It is well known that the displacement of freshwater by 

saltwater during seawater intrusion is accompanied by mixing of groundwater and 

seawater, ion exchange, precipitation/digenesis, dissolution, and reduction/oxidation 

processes (Appelo and Geirnaert, 1983; Barker et al., 1998; Bear et al., 1999). For 

example, cation exchange processes are frequently detected by the deviations of the 

concentration of cations from conservative mixing of both waters. During advance 

of seawater intrusion, sodium changes the calcium or potassium in aquifer material, 

but during regression, opposite processes occur (Plummer, 1975; Zilberbrand et al., 

2001; Andersen et al. 2005). Seawater–groundwater mixing has been invoked to 

explain the formation of dolomite in coastal limestone. The formation of dolomite 

may be favored in seawater–groundwater mixtures where sulfate has been reduced 

(Shatkay and Magaritz, 1987). Chang in sulfate concentration may be related to 

sulfate reduction, anion exchange, gypsum precipitation, etc. (Gomis-Yagües et al., 

2000). Redox reaction can contribute to geochemical change accompanying 

seawater intrusion through diagenetic reactions involving organic matter and 

especially sulfur (Wicks and Troester, 1997). The anaerobic degradation of organic 
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matter causes iron reduction, manganese reduction, and sulfate reduction (Canfield 

et al., 1993).  

 Submarine groundwater discharge (SGD) may contribute significant fluxes 

of dissolved chemical species into the ocean. The chemical composition of SGD is 

not only determined by the terrestrial freshwater sources, but also by the 

biogeochemical processes occurring in the subterranean estuary, defined as the 

mixing zone between terrestrially derived groundwater and seawater in a coastal 

aquifer (Moore, 1999; Burnett et al., 2003). Cycling of trace elements in a 

subterranean estuary has been used good tracers for SGD (e.g., Ba, Ra, U, etc.), and 

their reactions are possibly driven by the redox cycles of iron and manganese oxides 

(Shaw et al., 1998; Moore, 1999; Charette and Sholkovitz, 2006). Discharge of 

groundwater to soils in low-lying regions, or to sediments of inland or coastal 

waters can lead to the formation of iron oxide rich layers at the anoxic/oxic interface 

(Griffioen, 1994; Charette et al., 2005; Spiteri et al., 2006).  

 

1.2. Objective of this study 

 The study site is located near the estuary of Masang stream in Mangsang. 

The shallow aquifer mainly consists of sand as estuarine deposit, and the deep 

aquifer consist of the fractured rock of sedimentary rocks which include black shale, 

dark grey sandstone, and anthracite (Lee, 1987). The shallow aquifer is typical 

subterranean estuary, and may be related to dynamic geochemical processes at the 
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saltwater–freshwater transition zone. Meanwhile, the deep aquifer contains an 

anthracite coal, and the geochemical reaction like pyrite oxidation can seriously 

influence the groundwater quality.  

 The objective of this study was to identify the hydrogeochemical 

characteristics and reaction processes in saltwater–freshwater transition zone in a 

coastal aquifer along the East Sea. Specially, this study was focused on geochemical 

reactions in the fractured-rock aquifer of anthracite coal. Firstly, the influences on 

the vertical profile of salinity by geochemical reaction were estimated, and the 

mixing ratios in the vertical cross-section of freshwater–seawater transition zone 

were calculated. Secondly, the formation processes of soluble iron and trace 

elements were investigated using the relationship between chemical components, 

redox conditions. Finally, cation exchange, sulfate reduction, and other geochemical 

reactions were discussed. 
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2. Materials and methods  

 

2.1. Groundwater sampling and analyses 

 Groundwater samples for chemical analysis were collected at the interval of 

2.5 m in well BH-1 and BH-5 with fully opened screen (i.e., 11 samples at each 

well), and the samples of stream water and seawater were collected for the 

comparison of analytical results. The sampling had been scheduled four times at the 

interval of three months to acquire analytical results seasonally. However, the 

groundwater wells were again washed out and destroyed by high waves in October 

2006 like late 2004, and we collected groundwater samples only three times, that is, 

the end of January, April, and July 2006. Because the wells had not discretely 

opened screen intervals but fully opened screen, multi-level sampling was 

performed from the shallow to the deep depth using a peristaltic pump to prevent 

from the vertical mixing. The representativeness of the sample by depth was verified 

by the comparison between EC values of vertical profile before sampling and EC 

value of sample by depth. The additional groundwater samples were collected in 

seaside deep wells OB-1 and OF-3 at a few depths, temporary shallow piezometers 

at the positions of OB-1 and OF-3 wells, and a few inland production wells in April 

and July 2006.  

 Prior to sampling, temperature (T), the values of electrical conductivity 

(EC), pH, dissolved oxygen (DO), and redox potential (ORP; converted to Eh) were 
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measured using temperature-compensated electrical meter (HORRIBA®, model D-

54, D-55) in the field. Alkalinity was determined by the Gran titration method using 

0.1 N HCl. For the analysis of major cations, major anions, and tracer elements, 

groundwater was filtered using 0.45 μm membrane filters. Major cations (Ca, Mg, 

Na, K) and tracer element (Fe, Mn, Sr, Ni, Ba, B, U, etc) were analyzed by 

inductively coupled plasma-atomic emission spectrometer (ICP-AES) at the Korea 

Basic Science Institute (KBSI). Major and minor anions (Cl, SO4, NO3, F) were 

analyzed by Dionex DX-500 IC at KBSI. Total organic carbon (TOC) was analyzed 

using a total organic carbon analyzer at the Natural Science Research Support 

Center in Sangji University. The δ18O and δD of the samples were determined using 

a stable isotope ratio mass spectrometer (PrismⅡ, Micromass Ltd., U.K.) at the 

KBSI. The analytical reproducibility was ±0.1‰ for δ18O and ±1‰ for δD. 

 During the sampling for the analysis of cations and trace elements, Nitric 

acid had been added, and the precipitation in a sample vial didn’t occurred. However, 

because the samples for anion analysis had not been pretreated using the acid, 

serious precipitations had occurred in sample vials, and had made the trouble in 

analysis equipment. We only acquired the analytical results of chloride and sulfate 

in several anions in January and April, and the results in April had big difference 

from those in other times. So, the analytical results of anion in April were almost 

excluded in the interpretation of geochemical characteristics and processes. 
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2.3. Rock analyses 

 To study water-rock interaction in fracture-rock aquifer, the rock-forming 

minerals and chemical composition of two representative rock samples were 

analyzed by polarization microscopy of thin plate of rock, X-Ray Diffractometer 

(XRD; PHILIPS (Netheland), model X'Pert-MPD System), and X-Ray Fluorescence 

Spectrometer (XRF; SHIMADZU(Japan), model XRF-1700) at the Center for 

Collaborative Analytical Laboratory in Bukyoung National University. 
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Figure 2-1. Sampling points of groundwater in study site. 

 



- 117 - 

3. Analytical results 

 

3.1. Physico-chemical parameters 

 Summaries of the water analyses for the study area are presented in Table 

3-1. Groundwater in well BH-1 and BH-5 had EC values from 0.3 to 29.1 mS/cm, 

and EC value of groundwater became larger according to the increase of depth with 

the rapid changes in the specific depths. Fig. 3-1 (a) shows the comparison of EC 

profiles measured in wells and in water samples. The EC profiles of water sample 

didn’t exactly agreed with those measured in wells, but overall tendencies of 

variation were well matched. And so, the groundwater sampled by depth in fully 

screened well had been considered that had the representativeness of water quality 

by depth. The pH values in well BH-1 and BH-5 ranged from 4.9 to 7.0, and pH 

values at depths of deeper than 20 m in BH-1 had lower value than 5 (Fig. 3-1 (b)). 

The pH values in well BH-5 were decreased in January 2006 compared with other 

times, and those in seaside OB-1 and OF-3 always had low values. DO values 

ranged from 0.8 to 3.7 mg/L, and Eh values widely ranged from 101 to 451 mV. DO 

values in well BH-5 were lower than those in well BH-1, and showed similar 

vertical profile in all times (Fig. 3-1 (c)). Eh values in BH-5 in April and July 2006 

had low values about 100 mV regardless of depths, but those in BH-1 became larger 

according to increase of depths (Fig. 3-1 (d)).  
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Table 3-1. Physico-chemical properties of water samples (2006). 

Site Depth Time T EC pH DO Eh TOC δ
18
O δ D Cl SO4 HCO3 NO3 F 

 
(m) 

 
(
o
C) (mS/cm) 

 
(mg/L) (mV) (mg/L) (

0
/00) (

0
/00) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

BH1-1 2.5 Jan. 11.9 12.8 6.3 1.9 285 0.05 -6.93 -47.92 3,675.3 742.1 215.5 
  

  
April 13.6 4.9 6.3 3.4 362 14.85 

  
1,252.9 305.9 43.5 

  

  
July 19.7 0.4 6.5 3.3 382 2.60 

  
37.9 36.9 80.7 0.40 0.51 

BH1-2 5.0 Jan. 14.5 13.8 6.6 2.2 285 0.06 -6.66 -45.67 4,190.3 767.4 189.9 
  

  
April 14.7 10.4 6.3 2.9 280 6.41 

  
2,741.7 625.7 145.4 

  

  
July 18.9 0.4 5.8 3.1 420 1.32 

  
39.0 77.1 19.5 0.32 0.16 

BH1-3 7.5 Jan. 15.0 15.0 6.4 2.3 276 0.39 -6.52 -44.17 4,346.6 742.8 219.9 
  

  
April 15.2 15.2 6.5 3.4 226 7.08 

  
4,532.4 783.5 220.8 

  

  
July 18.1 10.7 5.9 1.6 271 0.38 

  
3,262.2 803.1 98.2 N.D. 0.19 

BH1-4 10.0 Jan. 14.6 15.2 6.4 2.6 264 0.47 -6.52 -43.67 5,106.0 871.1 194.9 
  

  
April 15.8 15.8 6.5 2.6 212 4.69 

  
4,656.9 913.7 228.3 

  

  
July 18.0 10.8 5.9 1.6 251 0.31 

  
3,428.2 820.3 104.6 N.D. 0.75 

BH1-5 12.5 Jan. 14.5 14.6 6.4 2.0 276 0.51 -6.70 -44.30 5,186.5 912.4 182.1 
  

  
April 15.4 15.1 6.5 2.8 213 7.42 

  
4,376.6 873.7 151.1 

  

  
July 17.0 10.3 5.9 1.8 247 0.21 

  
3,286.8 803.2 89.8 0.30 0.21 

BH1-6 15.0 Jan. 14.2 15.2 6.4 1.6 282 0.50 -6.40 -43.61 5,355.1 889.5 182.7 
  

  
April 14.8 17.1 6.5 3.3 207 7.67 

  
5,184.0 936.8 227.7 

  

  
July 16.2 19.9 6.0 1.5 220 0.35 

  
5,387.0 994.6 130.6 0.48 1.11 

BH1-7 17.5 Jan. 14.2 19.9 6.4 1.8 298 0.92 -5.80 -39.35 6,486.0 926.6 202.8 
  

  
April 14.6 19.8 6.6 3.4 183 6.99 

  
6,239.8 1,062.7 244.7 

  

  
July 15.9 24.6 5.7 1.5 254 0.15 

  
7,807.0 1,475.7 107.6 N.D. 2.17 

BH1-8 20.0 Jan. 14.2 23.0 5.8 2.2 340 0.05 -5.18 -34.61 7,826.3 1,049.3 110.0 
  

  
April 14.5 23.7 5.7 3.7 300 0.32 

  
10,627.3 1,320.2 145.2 

  

  
July 15.5 25.6 5.2 1.4 321 0.11 

  
8,419.0 1,665.1 41.0 0.30 1.86 

BH1-9 22.5 Jan. 14.2 28.0 5.7 3.3 402 0.01 -4.24 -28.33 9,588.5 1,213.5 66.3 
  

  
April 16.8 25.5 5.4 3.2 360 0.17 

  
11,996.9 1,441.3 35.0 

  

  
July 15.2 25.5 5.0 1.5 362 0.08 

  
8,542.0 1,742.7 24.2 0.79 1.18 

BH1-10 25.0 Jan. 14.2 28.4 5.4 2.5 397 0.02 -3.95 -25.87 10,229.0 1,279.1 61.5 
  

  
April 16.4 26.4 5.1 2.1 388 0.10 

  
10,597.9 1,285.7 27.2 

  

  
July 14.6 25.8 5.0 1.6 360 0.10 

  
8,597.0 1,962.9 22.5 0.61 1.31 

BH1-11 27.5 Jan. 14.2 29.1 5.5 2.1 383 0.03 -3.87 -24.24 10,900.0 1,374.5 63.9 
  

  
April 16.1 26.3 5.3 1.7 359 0.14 

  
13,135.9 1,543.8 47.6 

  

  
July 14.0 26.1 4.9 1.8 360 0.13 

  
8,822.0 1,962.1 31.1 N.D. 1.34 

BH5-1 2.5 Jan. 11.9 11.9 6.5 1.7 259 3.82 -7.30 -49.84 3,305.8 868.6 268.2 
  

  
April 19.7 4.0 6.9 2.9 261 26.53 

  
952.2 242.9 194.4 

  

  
July 18.4 0.3 6.6 3.3 334 2.25 

  
25.0 46.3 69.3 0.30 0.30 

BH5-2 5.0 Jan. 14.7 13.5 6.4 1.8 235 5.86 -7.04 -46.62 3,888.1 993.1 299.3 
  

  
April 19.7 4.7 6.7 2.3 274 8.55 

  
1,200.6 310.0 152.4 

  

  
July 17.8 0.3 5.6 2.3 397 2.02 

  
24.2 93.1 18.3 1.67 0.14 

BH5-3 7.5 Jan. 15.1 15.4 7.0 1.9 175 25.28 -6.70 -44.41 4,360.9 961.6 381.3 
  

  
April 20.4 17.1 7.0 1.7 104 14.76 

  
5,022.9 918.5 350.3 

  

  
July 17.7 0.9 6.6 1.8 262 1.55 

  
69.9 255.5 145.1 0.27 0.53 

BH5-4 10.0 Jan. 14.6 16.5 6.9 1.5 169 20.19 -6.41 -41.41 4,570.5 1,009.1 389.2 
  

  
April 20.6 25.8 7.0 0.8 101 16.02 

  
9,469.5 1,189.4 397.6 

  

  
July 17.3 11.8 7.0 1.5 115 0.93 

  
2,896.1 1,090.4 399.5 0.78 3.64 
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Table 3-1. Continued. 

Site Depth Time T EC pH DO Eh TOC δ
18
O δ D Cl SO4 HCO3 NO3 F 

 
(m) 

 
(
o
C) (mS/cm) 

 
(mg/L) (mV) (mg/L) (

0
/00) (

0
/00) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 

BH5-5 12.5 Jan. 14.4 16.0 6.7 2.1 196 14.11 -6.34 -41.59 4,969.9 1,097.2 433.5 
  

  
April 20.0 25.2 7.0 2.2 104 15.39 

  
9,889.7 1,208.7 389.8 

  

  
July 17.2 16.5 6.9 1.5 108 0.53 

  
3,414.7 1,034.1 393.2 0.89 2.98 

BH5-6 15.0 Jan. 14.2 16.1 6.7 1.7 206 12.94 -6.35 -42.37 4,687.6 1,029.5 431.7 
  

  
April 19.8 25.4 6.9 1.8 102 15.52 

  
9,387.6 1,148.2 387.8 

  

  
July 17.2 15.2 6.7 1.3 103 0.82 

  
3,407.1 1,233.8 332.7 0.87 2.23 

BH5-7 17.5 Jan. 14.1 20.9 6.6 1.5 269 2.89 -5.78 -38.37 6,815.7 1,111.0 432.3 
  

  
April 19.5 27.9 6.9 1.8 107 18.70 

  
13,637.0 1,647.6 398.9 

  

  
July 16.4 16.5 6.7 1.3 114 0.57 

  
5,517.0 1,334.4 429.6 0.47 2.90 

BH5-8 20.0 Jan. 14.2 21.8 6.2 1.6 291 0.10 -5.58 -37.28 7,513.2 1,157.7 190.1 
  

  
April 18.8 27.8 6.8 1.2 109 18.32 

  
11,509.4 1,411.1 404.4 

  

  
July 16.5 16.8 6.8 1.4 114 0.53 

  
5,628.0 1,314.3 411.7 0.77 2.94 

BH5-9 22.5 Jan. 14.2 22.0 6.2 1.4 327 0.10 -5.57 -36.76 7,515.6 1,141.8 190.0 
  

  
April 17.8 27.8 6.9 1.2 113 18.50 

  
10,960.3 1,332.9 412.5 

  

  
July 15.7 16.8 6.8 1.2 120 0.24 

  
5,668.0 1,353.0 418.1 N.D. 3.11 

BH5-10 25.0 Jan. 14.2 25.2 6.0 2.1 345 0.06 -5.00 -33.25 8,547.8 1,201.7 163.4 
  

  
April 16.8 28.0 6.8 1.7 114 19.13 

  
11,686.5 1,423.5 406.8 

  

  
July 14.7 18.4 6.8 1.3 127 0.49 

  
5,756.0 1,381.9 417.9 N.D. 2.87 

BH5-11 27.5 Jan. 14.2 26.6 5.9 2.7 451 0.46 -5.06 -31.28 9,993.9 1,346.6 482.8 
  

  
April 17.2 28.1 6.6 1.7 179 17.21 

  
11,857.0 1,451.9 364.4 

  

  
July 14.3 20.4 6.8 1.8 144 0.71 

  
6,274.0 1,428.2 405.6 N.D. 2.60 

OB1-0 3.5 July 18.4 0.8 7.5 5.7 231 3.53 
  

48.6 107.5 289.1 N.D. 0.45 

OB1-A 20.0 April 19.8 32.1 4.8 1.1 -56 17.27 
  

14,214.5 1,377.5 5.3 
  

  
July 15.8 29.8 4.7 0.6 237 0.12 

  
10,444.0 1,625.8 4.8 N.D. 0.74 

OB1-B 24.0 July 16.6 28.2 4.6 0.4 291 0.07 
  

10,022.0 1,736.2 4.7 N.D. 0.72 

OB1-C 27.0 April 17.9 35.0 4.5 1.7 147 16.20 
  

16,351.8 1,962.4 7.2 
  

  
July 14.6 31.9 4.5 0.5 344 0.07 

  
11,985.0 2,467.1 6.2 N.D. 2.89 

OF3-0 2.0 July 16.6 1.0 8.2 3.7 311 1.42 
  

151.4 31.0 262.3 N.D. 1.93 

OF3-A 22.5 April 15.7 41.2 5.5 2.0 210 15.07 
  

19,709.7 1,726.6 56.0 
  

  
July 14.8 38.6 5.9 1.8 198 0.10 

  
13,705.0 2,463.2 109.9 N.D. 1.40 

OF3-B 26.0 April 15.4 43.4 4.8 1.6 284 12.50 
  

23,219.6 2,057.3 11.9 
  

  
July 14.2 40.4 4.8 1.9 317 N.D. 

  
16,112.0 2,805.9 16.2 N.D. 2.01 

GW-1 spring April 17.6 0.1 5.7 9.0 571 3.38 
  

8.1 2.2 3.1 
  

  
July 14.1 0.1 5.6 6.9 492 0.23 

  
8.5 3.8 3.3 N.D. N.D. 

GW-2 restaurant July 16.7 0.3 5.3 3.7 454 0.54 
  

50.4 60.7 8.7 4.29 N.D. 

  
April 16.6 0.3 5.3 3.5 411 6.05 

  
43.7 46.7 9.7 

  
ST-1 stream-up Jan. 8.4 0.3 7.1 16.1 371 1.02 -8.38 -56.29 12.5 6.5 90.4 

  

  
April 19.0 0.2 8.3 12.1 329 1.83 

  
10.4 6.3 71.0 

  

  
July 17.0 0.1 7.1 6.1 454 2.18 

  
5.6 6.0 43.5 1.90 0.05 

ST-2 stream-down Jan. 7.3 0.7 7.0 16.1 327 0.56 -8.34 -55.84 110.3 < 5 98.9 
  

  
April 16.1 0.7 7.4 10.3 279 3.36 

  
115.3 36.9 92.9 

  

  
July 17.0 0.3 7.2 5.4 355 2.38 

  
42.8 26.4 76.4 2.27 N.D. 

SE-1 seawater Jan. 8.7  57.4  7.5  10.9  500  0.30  -0.05  -1.73  18,857.2  2,641.0  136.7     

  
April 12.4  51.1  7.7  9.3  354  8.60       2,405.4  196.7     

  
July 15.3  46.9  8.0  7.9  421  0.15     16,606.0  2,479.6  131.1  N.D. N.D. 
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Table 3-1. Continued. 

Site Depth Time Na K Ca Mg Si Al Fe Mn Sr B Ni Ba U 

 
(m) 

 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (µg/L) 

BH1-1 2.5 Jan. 2,044.8  76.2  262.7  240.1  10.71  0.28  13.67  1.42  2.18  0.659  0.086  0.026  2.19  

  
April 807.0  34.3  53.9  83.5  3.97  0.12  0.13  0.05  0.44  1.021  0.004  0.007  0.35  

  
July 51.7  6.8  6.0  5.6  3.70  0.04  0.00  0.01  0.04  0.283  0.010  0.011  N.D. 

BH1-2 5.0 Jan. 2,282.8  84.2  251.7  264.8  8.33  0.22  13.57  1.31  2.26  0.741  0.079  0.027  2.17  

  
April 1,620.6  65.7  158.9  189.0  4.66  0.92  20.50  0.93  1.31  0.684  0.029  0.021  1.64  

  
July 39.4  6.1  9.4  6.2  5.75  0.19  0.01  0.03  0.04  0.240  0.013  0.004  0.27  

BH1-3 7.5 Jan. 2,488.8  93.1  265.7  284.4  6.34  0.01  10.04  1.35  2.40  0.795  0.073  0.027  0.66  

  
April 2,513.6  101.9  250.2  285.5  4.88  1.47  35.94  1.64  2.04  0.476  0.048  0.032  2.74  

  
July 1,989.8  73.9  159.3  193.9  5.30  0.10  85.00  1.22  1.59  0.545  0.057  0.025  0.65  

BH1-4 10.0 Jan. 2,535.9  97.7  264.0  281.2  6.37  0.01  10.01  1.35  2.36  0.786  0.074  0.028  0.70  

  
April 2,584.1  105.1  264.3  298.2  4.52  0.78  35.21  1.66  2.19  0.496  0.050  0.034  2.65  

  
July 1,979.2  73.4  160.0  201.4  5.27  0.13  85.32  1.24  1.44  0.541  0.059  0.025  0.73  

BH1-5 12.5 Jan. 2,434.7  92.5  249.1  272.9  6.67  0.81  11.99  1.31  2.26  0.817  0.072  0.027  2.65  

  
April 2,427.9  99.1  246.4  281.8  4.32  0.03  35.65  1.60  1.97  0.541  0.045  0.033  2.08  

  
July 1,963.8  74.4  158.4  198.3  5.30  0.46  95.00  1.24  1.35  0.538  0.067  0.029  0.64  

BH1-6 15.0 Jan. 2,526.0  97.6  257.0  288.5  6.40  0.04  11.32  1.26  2.34  0.827  0.075  0.030  2.12  

  
April 2,771.4  110.6  283.8  323.8  4.18  0.10  35.06  1.62  2.27  0.550  0.054  0.040  2.64  

  
July 3,822.0  131.0  300.0  283.8  4.81  0.33  156.72  1.43  2.22  0.653  0.163  0.032  2.05  

BH1-7 17.5 Jan. 3,414.2  129.7  324.9  401.5  6.41  0.06  8.96  1.18  3.04  1.009  0.094  0.045  3.53  

  
April 3,319.0  131.9  319.9  380.2  4.13  0.05  45.68  1.71  2.51  0.638  0.093  0.045  3.80  

  
July 4,564.0  147.5  363.4  380.5  4.00  2.04  309.00  2.29  1.33  0.926  0.482  0.029  11.87  

BH1-8 20.0 Jan. 3,986.5  165.6  313.1  459.1  6.13  0.37  27.87  1.28  2.78  1.270  0.156  0.046  3.81  

  
April 3,800.0  164.0  319.3  452.2  4.04  2.25  205.56  3.10  1.08  0.860  0.407  0.033  8.94  

  
July 5,110.0  173.1  412.2  395.1  3.93  5.12  439.40  2.68  0.77  1.014  0.631  0.025  26.55  

BH1-9 22.5 Jan. 4,887.8  204.7  364.5  557.4  5.44  2.76  119.30  2.22  2.26  1.681  0.382  0.045  7.64  

  
April 4,129.2  188.4  331.0  485.7  4.29  6.55  266.29  3.74  0.75  1.010  0.529  0.028  30.9  

  
July 6,458.0  213.8  526.4  395.0  4.06  8.03  622.20  2.96  0.77  1.023  0.690  0.028  43.80  

BH1-10 25.0 Jan. 4,868.3  196.2  416.4  574.1  4.70  3.03  144.20  2.73  2.34  1.543  0.429  0.039  14.75  

  
April 4,213.9  193.1  344.0  495.3  3.88  6.54  296.61  4.15  0.67  1.052  0.594  0.027  38.7  

  
July 4,718.0  159.8  473.4  396.6  3.55  6.65  508.20  3.61  0.86  0.950  0.752  0.028  42.88  

BH1-11 27.5 Jan. 4,950.6  193.6  452.0  584.4  4.61  2.83  147.10  3.01  2.59  1.589  0.435  0.042  14.47  

  
April 4,145.3  182.6  397.2  504.9  4.08  5.05  288.68  4.71  1.21  1.030  0.552  0.034  21.9  

  
July 5,172.0  157.0  647.2  394.8  3.35  5.76  615.20  4.71  1.48  0.817  0.809  0.034  34.97  

BH5-1 2.5 Jan. 1,755.0  51.2  503.3  192.5  4.06  0.01  4.79  1.76  3.25  0.220  0.070  0.053  1.79  

  
April 609.4  32.9  42.7  74.3  6.97  0.06  0.40  0.05  0.40  0.765  0.004  0.003  1.10  

  
July 23.6  5.2  16.6  8.7  6.69  0.06  0.03  0.04  0.07  0.135  0.018  0.006  0.32  

BH5-2 5.0 Jan. 2,075.9  66.5  508.5  233.0  3.87  0.03  11.58  1.54  3.51  0.274  0.072  0.051  2.63  

  
April 742.2  35.6  62.7  83.4  8.24  0.20  1.47  0.19  0.50  0.626  0.014  0.011  1.01  

  
July 22.0  6.8  20.8  6.3  10.68  0.42  0.02  0.17  0.09  0.152  0.053  0.007  0.74  

BH5-3 7.5 Jan. 2,425.7  88.6  539.7  256.8  2.89  0.01  0.27  1.39  3.91  0.347  0.076  0.054  4.78  

  
April 2,717.6  135.9  301.1  319.1  3.73  0.05  17.90  1.19  2.24  0.404  0.010  0.076  1.56  

  
July 50.3  11.6  61.0  31.4  7.41  0.52  0.16  0.22  0.35  0.169  0.033  0.010  0.99  

BH5-4 10.0 Jan. 2,618.9  88.2  572.2  278.3  2.93  0.00  4.29  1.58  4.19  0.342  0.094  0.053  4.14  

  
April 4,307.6  177.0  392.5  473.7  3.18  0.02  25.09  1.77  3.06  0.448  0.096  0.069  6.20  

  
July 2,174.0  88.1  307.4  205.4  3.09  0.03  20.72  0.82  2.60  0.239  0.090  0.024  5.86  
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Table 3-1. Continued. 

Site Depth Time Na K Ca Mg Si Al Fe Mn Sr B Ni Ba U 

 
(m) 

 
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (µg/L) 

BH5-5 12.5 Jan. 2,540.2  88.2  574.9  279.4  3.43  0.00  17.09  1.60  4.08  0.297  0.088  0.047  2.23  

  
April 4,292.1  174.5  396.9  466.9  2.86  0.00  6.92  1.68  3.03  0.429  0.098  0.067  0.72  

  
July 2,430.0  96.6  333.2  221.0  3.52  0.23  25.96  0.92  2.82  0.240  0.108  0.028  6.30  

BH5-6 15.0 Jan. 2,578.9  88.2  551.2  269.5  3.38  0.01  12.61  1.61  3.93  0.295  0.087  0.045  2.06  

  
April 4,232.4  173.1  387.3  453.9  3.03  0.00  21.31  1.77  2.93  0.437  0.098  0.067  1.91  

  
July 2,010.0  77.6  274.4  204.0  4.48  0.09  22.96  0.90  2.32  0.228  0.114  0.026  5.33  

BH5-7 17.5 Jan. 3,581.2  135.0  445.8  400.5  3.43  0.12  16.65  1.36  3.34  0.509  0.114  0.038  1.78  

  
April 4,731.8  188.0  445.3  522.0  2.93  0.03  25.34  1.95  3.17  0.454  0.127  0.072  7.67  

  
July 3,640.0  142.3  461.0  287.0  2.84  0.11  34.26  1.26  4.02  0.268  0.159  0.036  8.11  

BH5-8 20.0 Jan. 3,824.5  147.1  433.5  433.5  3.56  0.24  16.74  1.29  3.29  0.553  0.118  0.036  1.57  

  
April 4,661.6  194.5  441.7  522.3  2.92  0.03  24.99  1.98  3.13  0.452  0.122  0.067  7.28  

  
July 4,174.0  164.4  523.6  296.6  2.93  0.07  41.20  1.26  4.58  0.276  0.157  0.037  7.95  

BH5-9 22.5 Jan. 3,813.9  143.3  415.9  427.3  4.51  8.43  16.92  1.30  3.15  0.564  0.120  0.036  5.08  

  
April 4,768.9  189.9  437.8  510.2  2.67  0.01  22.23  1.98  3.08  0.448  0.122  0.067  3.37  

  
July 3,688.0  143.4  452.2  298.1  3.01  0.05  31.00  1.27  3.96  0.255  0.136  0.037  8.05  

BH5-10 25.0 Jan. 4,530.1  176.3  437.8  533.2  3.70  1.17  27.45  1.25  3.25  0.629  0.137  0.036  2.04  

  
April 4,647.7  189.6  442.1  518.2  2.84  0.03  25.52  1.97  3.06  0.548  0.127  0.065  7.47  

  
July 3,866.0  151.5  470.2  298.0  2.95  0.08  32.82  1.26  4.15  0.292  0.152  0.038  7.91  

BH5-11 27.5 Jan. 4,699.4  182.7  445.3  533.5  3.66  0.34  26.09  1.35  3.12  0.639  0.161  0.039  1.19  

  
April 5,010.0  195.4  482.1  546.8  2.55  0.07  22.30  2.06  3.23  0.493  0.128  0.061  6.95  

  
July 4,326.0  161.4  493.2  318.9  2.82  0.04  31.74  1.29  4.33  0.315  0.156  0.040  8.08  

OB1-0 3.5 July 60.2  12.9  58.3  16.6  3.24  0.05  0.01  0.03  0.30  0.356  0.008  0.007  0.19  

OB1-A 20.0 April 6,414.0  294.6  410.9  742.2  3.53  8.32  221.31  3.22  1.88  2.156  0.283  0.016  17.6  

  
July 6,768.0  222.4  433.2  424.7  3.29  7.25  327.40  1.87  2.80  1.462  0.352  0.017  20.64  

OB1-B 24.0 July 5,988.0  197.9  396.0  408.0  3.64  9.15  323.60  1.81  2.19  1.381  0.354  0.011  25.53  

OB1-C 27.0 April 5,296.2  152.7  631.3  715.9  2.78  20.33  693.06  8.20  1.43  1.034  1.071  0.006  18.0  

  
July 7,250.0  166.8  813.8  466.3  2.73  15.62  1,269.20  5.19  2.39  0.702  1.106  0.011  23.43  

OF3-0 2.0 July 168.3  14.7  7.8  8.3  3.56  0.05  0.00  0.00  0.08  0.860  0.003  0.005  N.D. 

OF3-A 22.5 April 4,958.6  237.6  436.0  466.7  2.23  2.40  559.00  4.51  3.91  1.893  0.064  0.021  3.53  

  
July 8,128.0  284.6  674.8  446.4  1.89  0.58  2,186.00  2.73  6.49  1.377  0.055  0.027  2.40  

OF3-B 26.0 April 4,802.3  210.2  557.2  463.2  2.51  8.83  569.80  5.56  4.13  1.844  0.212  0.013  10.5  

  
July 7,338.0  221.8  956.4  439.5  2.31  7.73  3,574.00  4.77  6.82  1.288  0.267  0.016  12.65  

GW-1 spring April 8.7  0.4  1.1  0.8  3.23  0.00  0.00  0.00  0.01  0.005  N.D. 0.002  N.D. 

  
July 5.9  0.3  0.9  0.8  2.82  0.16  0.00  0.00  0.01  0.001  0.011  0.005  N.D. 

GW-2 restaurant July 24.0  1.9  21.6  5.8  4.28  0.11  0.01  0.60  0.07  0.004  0.021  0.036  N.D. 

  
April 25.0  2.1  21.2  5.2  5.11  0.08  0.05  0.77  0.07  0.008  0.007  0.034  0.08  

ST-1 stream-up Jan. 17.9  2.7  34.2  5.1  4.40  0.02  0.01  0.14  0.07  0.019  0.004  0.015  0.16  

  
April 8.8  2.0  20.8  2.9  5.01  0.01  0.01  0.01  0.04  0.006  N.D. 0.007  0.30  

  
July 6.0  1.8  11.2  2.1  4.54  0.21  0.02  0.01  0.03  0.007  0.015  0.008  N.D. 

ST-2 stream-down Jan. 76.2  6.2  36.2  11.1  4.26  0.02  0.04  0.13  0.11  0.050  0.004  0.009  0.19  

  
April 66.4  6.1  32.1  11.3  3.56  0.03  0.05  0.22  0.10  0.031  0.002  0.013  0.55  

  
July 26.2  4.2  20.8  7.6  4.22  0.12  0.01  0.05  0.09  0.078  0.005  0.027  0.36  

SE-1 seawater Jan. 10,486.0  551.6  415.0  1,144.9  0.32  0.01  N.D. 0.00  7.23  3.626  0.007  0.006  2.40  

  
April 8,994.4  570.7  261.4  637.3  0.38  0.02  0.00  0.00  5.08  6.518  0.005  0.006  2.75  

  
July 9,656.0  403.2  338.0  538.0  0.75  0.05  0.05  0.01  6.43  3.261  0.012  0.008  2.56  
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(c) DO 

 

 

(d) Eh 

 

Figure 3-1. Vertical profiles of physico-chemical parameters.  
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 Fig. 3-2 is the vertical cross-section of physico-chemical parameters in July 

2006. The vertical section for EC showed a saltwater intrusion of transition zone 

type from deep depth in seaside well OB-1 and OF-3 to inland area (Fig. 3-2 (a)). 

Low pH condition was distributed at deep depths around well BH-1, OB-1, and OF-

3, but high pH condition was distributed at shallow depths in seaside well OB-1 and 

OF-3 where could directly influenced by seawater (Fig. 3-2 (b)). The area of low 

DO value was situated at deep depths in overall wells, but seaside well OF-3 

showed relatively high DO (Fig. 3-2 (c)). The area of low Eh values was situated at 

depths of deeper than 10 m from land surface in well BH-5, but shallow depths near 

land surface and deep depths around BH-1 formed the areas of high Eh value (Fig. 

3-2 (d)). Low DO and Eh values in BH-5 were general phenomena in landside 

coastal aquifer, and could be related to the formation of reduction condition by the 

microbial oxygen consumption during the long-term movement of groundwater 

from inland. However, low pH, low DO, and high Eh values at deep depths around 

BH-1 and OB-1 were assumed to be related to the formation of acid mine drainage 

from fractured rock aquifer composed of anthracite.  
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Figure 3-2. Vertical distributions of physico-chemical parameters in July 2006.  
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3.2. Major ions   

 The concentration of sodium (Na) in well BH-1 and BH-5 had the average 

of 3,124 mg/L, and ranged from 22 to 6,458 mg/L. The concentration of potassium 

(K) had the average of 121 mg/L, and ranged from 5 to 214 mg/L. The average and 

the range of calcium (Ca) concentration were 337 mg/L and 6–648 mg/L, and those 

of magnesium (Mg) were 323 mg/L and 6–584 mg/L (Table 3-1). Although the 

study area was the coastal aquifer where was strongly influenced by seawater 

intrusion and wave setup, concentrations of cations in well BH-1 and BH-5 showed 

in order of Na >> Ca ≥ Mg > K. Generally, the magnitudes of cation concentration 

in seawater are order of Na >> Mg > Ca > K (Riley and Skirrow, 1975), and many 

chemical reactions could be accompanied with seawater and freshwater mixing 

processes. 

 Fig. 3-3 shows the vertical profiles of major cations. Overall vertical 

variations of each cation concentration by depth were similar to those of ECs, and 

the temporal variations of vertical profile in each period were also similar to EC 

profiles. However, some part of vertical profile in Ca and Mg showed a distinct 

difference. Ca at the shallow depths in BH-5 in January 2006 had high concentration 

compared with EC profile, and Ca at 15–20 m depths in BH-1 in all times showed 

relatively low concentration compared to BH-5 (Fig. 3-3 (c)). Mg at depths of 

deeper than 20 m in BH-1 in July 2006 showed relatively low concentrations (Fig. 
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3-3 (d)).   

 Fig. 3-4 is the vertical cross-section of major cation concentration in July 

2006. The vertical section for K showed the influence of saltwater intrusion, but had 

some difference from EC distribution. The area around the depths of 20–25 m in 

seaside well OF-3 showed the highest concentration, and the area of relatively high 

concentrations was elongated to the same depth in OB-1 and BH-1 (Fig. 3-4 (b)). 

The vertical distribution for Na concentration was mixed type of K and EC 

distribution patterns. The distribution of Na concentration showed a saltwater 

intrusion from deep depths in seaside well OB-1 and OF-3 to inland area, but an 

elongated pattern at the depths of 20–25 m also appear like the distribution of K (Fig. 

3-4 (a)). The section for Ca showed overall stratified distribution which 

concentration increased by depth increase, and the area of the highest concentration 

appeared near bottom of OF-3 and OB-1 (Fig. 3-4 (c)). The distribution pattern for 

Mg concentration showed the most similar to those of EC. The areas of deeper than 

20 m in well OF-3, OB-1, and BH-1 formed the zone of high Mg concentration (Fig. 

3-4 (d)).  
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Figure 3-3. Vertical profiles of the concentration for major cations.  
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Figure 3-4. Vertical distributions of the concentration for major cation in July 2006.  
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 The concentration of chloride (Cl) in well BH-1 and BH-5 had the average 

of 6,156 mg/L, and ranged from 24 to 13,637 mg/L. The concentration of sulfate 

(SO4) had the average of 1,045 mg/L, and ranged from 37 to 1,963 mg/L. The 

average and the range of bicarbonate (HCO3) concentration were 226 mg/L and 18–

483 mg/L (Table 3-1). The average concentrations of Cl and SO4 were about 32%, 

39% of seawater, but that of HCO3 was about 1.6 times of seawater.   

 Fig. 3-5 shows the vertical profiles of major anions. The vertical variations 

of Cl concentration by depth were similar to those of ECs, and the temporal 

variations of vertical profile in each period were also similar to EC profiles (Fig. 3-5 

(a)). The vertical profile of SO4 were similar to those of EC and Cl, but had some 

difference at deep depths. At depths of deeper than 15 m in BH-1, the concentrations 

of SO4 in July were higher than in other times, and at depths of deeper than 10m in 

BH-5, the profiles of SO4 concentration showed smaller temporal variation than 

those of EC and Cl (Fig. 3-5 (b)). However, the vertical profile of HCO3 showed 

completely different pattern. In well BH-1, the concentrations of HCO3 didn’t 

increase by depth, but decreased at depths of deeper than 15 m. In BH-5, HCO3 

concentrations showed similar values at almost depths of deeper than 10 m. The 

decrease of HCO3 in BH-1 might be related to low pH values (Fig. 3-5 (c)).   

 Fig. 3-6 shows the vertical cross-sections for major anion concentration in 

July 2006. The distribution of Cl concentration showed a saltwater intrusion from 

deep depth in seaside well OB-1 and OF-3 to inland area, similar to EC distribution 
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(Fig. 3-6 (a)). The distribution of SO4 concentration showed the influence of 

saltwater intrusion, but the distribution pattern was also similar to that of Ca 

concentration. The feature of distribution of SO4 was higher concentration at depths 

from 10 to 15 m in BH-5 than at same depths in BH-1 (Fig. 3-6 (b)). The 

distribution pattern of HCO3 was similar to the pattern of pH and the reversed 

pattern of Eh (Fig. 3-6 (c)). Low pH value was assumed to be related to the 

depletion of HCO3.  
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Figure 3-5. Vertical profiles of the concentration for major anions.  
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Figure 3-6. Vertical distributions of concentration for major anions in July 2006.  
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3.3. Minor ions and trace elements 

 The concentration of silicon (Si) in well BH-1 and BH-5 had the average of 

4.5 mg/L, and ranged from 2.6 to 10.7 mg/L. The concentration of aluminum (Al) 

had the average of 1.2 mg/L, and ranged from n.d. (i.e., not detected) to 8.4 mg/L. 

The average and range of iron (Fe) concentration were 80.1 mg/L and n.d.–622.2 

mg/L, and those of manganese (Mn) were 1.6 mg/L and 0.01–4.7 mg/L. Average 

concentrations of strontium (Sr), boron (B), nickel (Ni), barium (Ba), and uranium 

(U) were 2.3 mg/L, 0.61 mg/L, 0.17 mg/L, 36 µg/L, and 7.2 µg/L, respectively 

(Table 3-1). Unlike typical coastal aquifer, the study site was characterized by very 

high concentration of iron. 

 Fig. 3-7 shows the vertical profiles of minor ions and trace elements. 

Vertical profiles could be roughly divided depending on the similarity with the 

profile of EC. Profiles of Al, Fe, Mn, Ni, and B showed similar pattern to that of EC, 

and other profiles showed some different patterns. In the case of Fe with high 

concentration, vertical variations by depth were similar to those of EC, but the 

temporal variation of vertical profiles differed from those of EC. The EC was the 

highest in January 2006 and the lowest in July 2006, however, the concentration of 

Fe increased every time (Fig. 3-7 (c)). The vertical profiles and variation of Ni were 

closely similar to those of Fe (Fig. 3-7 (g)). In the case of Al, the profiles in BH-1 

were similar to those of iron, but the profile in BH-1 showed very low concentration 

always except 22.5 m depth in January 2006 (Fig. 3-7 (b)). The profiles of Mn had 
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similar pattern to those of iron, however, the time of the highest concentration was 

different. Besides, the profile of BH-5 in January showed high concentration at 

shallow depths unlike those in other times (Fig. 3-7 (d)). The profiles of boron (B) 

showed similar pattern and temporal variations to those of EC, except the 

concentrations at shallow depths of BH-5 in April 2006. However, the fluctuation 

range of concentration was smaller than those of EC and major ions (Fig. 3-7 (f)). 

The profiles of Si showed weak variations by depth, but generally showed semi-

constant concentration (Fig. 3-7 (a)). In case of Sr, the concentrations at depths of 

7.5–17.5 m in BH-1 were relatively high, and the concentrations in January were 

higher than other times (Fig. 3-7 (e)). In BH-5, the profiles of Sr showed similar 

pattern to those of Mn. The profiles of Ba showed similar pattern and temporal 

variation to those of Sr (Fig. 3-7 (h)). 
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Figure 3-7. Vertical profiles of concentration for minor ions and trace elements.  
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Figure 3-7. Continued.  
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 Fig. 3-8 is the vertical cross-section of concentration for minor ions and 

trace elements in July 2006. The vertical sections for Al, Fe, Mn, and B commonly 

had the area which showed high concentration at deep depths of seaside, however, 

the detailed patterns were different. The vertical section for Al had the area of the 

highest concentration at the bottom of OB-1, and showed very low concentration at 

all depths in landside well BH-5 and shallow depths in BH-1 (Fig. 3-8 (b)). The 

vertical sections for Fe and Mn showed high concentration at deep depths in most 

wells except landside BH-5, but only the section of Fe had the area of the highest 

concentration at the bottom in seaside well OF-3 (Fig. 3-8 (c), (d)). The feature of 

vertical section for B was the high concentration in the area around depths of 20–25 

m in seaside well OF-3 and OB-1 (Fig. 3-8 (f)). The vertical section for Si showed 

the highest concentration at the shallow depths in landside well BH-1, unlike almost 

other sections (Fig. 3-8 (a)). The vertical section for Sr had two areas of high 

concentration at deep depths in landside well BH-5 and seaside well OF-3, and 

showed low concentration at shallow depths in all well and deep depths in BH-1 

(Fig. 3-8 (e)). The vertical section for Ni showed almost reverse pattern of Sr, and 

showed the area of high concentration at deep depths in BH-1 and OB-1 (Fig. 3-8 

(g)). The vertical section for Ba had the area of high concentration at middle and 

deep depths in landside well BH-5 and BH-1 (Fig. 3-8 (h)).   
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Figure 3-8. Vertical distributions of concentration for minor ions and trace elements 

in July 2006.  
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Figure 3-8. Continued.  
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3.4. Relationships between analytical items 

 In order to estimate the basic relationship between analytical items of 

groundwater, simple correlation analyses were performed, and Pearson's correlation 

coefficients were calculated. Pearson's correlation coefficient between two variables 

is defined as the covariance of the two variables divided by the product of their 

standard deviations. Table 3-2 shows the results of correlation analyses. Correlation 

results in January and July 2006 had some difference, and the average of two times 

was used to interpretation. 

 In the case of physico-chemical parameters and major ions, EC, Na, K, Mg, 

Cl, and SO4 showed very good positive correlations mutually, and correlation 

coefficients were larger than 0.9. These correlations could be related to a saltwater 

intrusion. The pH showed good negative correlations with Eh, Na, K, Mg, Cl, and 

SO4, but positive correlation with HCO3. The negative correlation of pH with almost 

major ions means that pH became lowered depending on the progress of saltwater 

intrusion. The positive correlation between pH and HCO3 could be related to the 

transformation of HCO3 into H2CO3. Then, Eh and HCO3 had negative correlation, 

but Ca and SO4 also showed positive correlation.  

 In the case of trace elements, Fe, Mn, B, Ni, U, and Al showed good 

positive correlations mutually. Those elements showed positive correlations with EC, 

but negative correlations with pH. Also, those elements had positive correlations 

with the major ions which showed very good positive correlation with EC, that is, 
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Na, K, Mg, Cl, and SO4. Sr and Ba had good positive correlation, and showed good 

positive correlations with Ca, and weak positive correlations with HCO3. Si showed 

negative correlations with almost major and minor ions, and the absolute value of 

correlation coefficients with Ca, Sr, and SO4 were relatively large. Then, TOC 

showed a positive correlation with pH, but negative correlations with EC and almost 

major ions. 
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Table 3-2. Pearson's correlation coefficient between analytical items (average of two times). 

 
EC pH DO Eh Na K Ca Mg Cl SO4 HCO3 Si Al Fe Mn Sr B Ni Ba U TOC 

EC 1.000 
                    

pH -0.725 1.000 
                   

DO -0.104 -0.005 1.000 
                  

Eh 0.343 -0.715 0.429 1.000 
                 

Na 0.989 -0.729 -0.104 0.365 1.000 
                

K 0.972 -0.688 -0.077 0.310 0.985 1.000 
               

Ca 0.513 -0.134 -0.425 -0.254 0.486 0.425 1.000 
              

Mg 0.981 -0.737 -0.141 0.335 0.983 0.974 0.455 1.000 
             

Cl 0.986 -0.761 -0.072 0.414 0.982 0.960 0.477 0.964 1.000 
            

SO4 0.931 -0.617 -0.203 0.224 0.911 0.873 0.715 0.901 0.923 1.000 
           

HCO3 -0.285 0.731 -0.142 -0.689 -0.294 -0.261 0.278 -0.282 -0.337 -0.095 1.000 
          

Si -0.448 -0.070 0.188 0.287 -0.433 -0.406 -0.754 -0.407 -0.410 -0.609 -0.400 1.000 
         

Al 0.567 -0.623 -0.213 0.428 0.582 0.502 0.313 0.560 0.590 0.546 -0.484 -0.164 1.000 
        

Fe 0.733 -0.647 0.187 0.420 0.691 0.663 0.371 0.641 0.769 0.677 -0.470 -0.206 0.462 1.000 
       

Mn 0.691 -0.664 -0.068 0.297 0.653 0.595 0.562 0.661 0.699 0.715 -0.393 -0.303 0.556 0.810 1.000 
      

Sr 0.264 0.246 -0.457 -0.579 0.238 0.229 0.820 0.193 0.221 0.444 0.555 -0.694 -0.051 0.108 0.107 1.000 
     

B 0.717 -0.729 0.151 0.503 0.716 0.727 0.034 0.696 0.742 0.508 -0.668 -0.037 0.481 0.716 0.610 -0.215 1.000 
    

Ni 0.725 -0.762 0.039 0.511 0.721 0.664 0.345 0.748 0.721 0.685 -0.480 -0.192 0.653 0.646 0.865 -0.176 0.648 1.000 
   

Ba 0.260 0.098 -0.323 -0.446 0.228 0.257 0.642 0.277 0.170 0.391 0.417 -0.557 -0.120 0.005 0.259 0.631 -0.118 0.135 1.000 
  

U 0.628 -0.656 -0.086 0.369 0.619 0.593 0.358 0.645 0.618 0.604 -0.444 -0.205 0.631 0.573 0.811 -0.113 0.629 0.887 0.217 1.000 
 

TOC -0.565 0.614 0.279 -0.278 -0.578 -0.599 -0.003 -0.638 -0.581 -0.432 0.375 -0.066 -0.363 -0.338 -0.366 0.139 -0.541 -0.399 0.023 -0.294 1.000 
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 Although EC and almost major ions of groundwater showed a very good 

positive correlations, but other characteristics by chemical processes may exist at 

the same time in the mixing processes of fresh groundwater and saltwater. Thus, 

using chloride as conservative ion, the change patterns of other major ions in a 

mixing process were examined (Fig. 3-9).  

 Na showed a very good correlation with Cl except a few data in two times. 

K also showed a good correlation with Cl, but in the area of high concentration, K 

showed a distinct decline compared to Cl in July 2006. Ca had a correlation with Cl, 

but almost Ca had too high concentration compared to Ca of seawater. In January 

2006, Mg showed a very good correlation with Cl like correlation of Na, however in 

July 2006, Mg showed a distinct decline compared to Cl including seawater. SO4 

showed a good correlation with Cl, but many data of SO4 had high concentration 

compared to seawater. HCO3 didn’t have correlation with Cl all times. Generally, 

the deviations from linear trend between Cl and other ions are likely to be associated 

with ion exchange and other chemical reaction. The features of correlation between 

chemical components and the causes of deviation from seawater mixing line will be 

discussed closely in later sections. 
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Figure 3-9. Relationships between chloride and other major ions. 
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4. Discussions 

 

4.1. Mixing of saltwater and freshwater  

 In order to estimate the vertical distribution of salinity and the impact on 

salinity by hydrogeochemical reactions in study site, the mixing ratios of seawater 

and fresh groundwater by depths were evaluated using stable isotopes of oxygen and 

hydrogen, EC value, and chloride ion of groundwater. Especially, because the iron 

concentrations of groundwater at deep depths in wells were very high, if EC values 

were influenced by iron concentration, the impact by saltwater intrusion can be 

overestimated. However, oxygen and hydrogen stable isotopes are conservative 

tracer for physical process, and seldom affected by the geochemical reactions 

(Mazor, 1991; Kendall and McDonnell, 1998). 

 The isotopic compositions of groundwater in well BH-1 and BH-5 in 

January 2006 were plotted with those of seawater and steam water (Fig. 4-1). Most 

the isotopic values of groundwater in the study site were below or near the GMWL 

(Global Meteoric Water Line), and they were distributed parallel to it. The parallel 

distribution with GMWL indicates that the origin of groundwater is meteoric water 

(Craig, 1961). Generally, the stream water in winter is made by the discharge of 

groundwater. Then, the isotopic value of stream water was assumed to be the value 

of fresh groundwater, and the mixing line of seawater and fresh groundwater were 

drawn. Most of the isotopic values of groundwater were on the mixing line of 
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seawater and freshwater. Therefore, the mixing of seawater and fresh groundwater 

could be considered as the main hydrological process, but the impact by other 

process (i.e., salinization by evaporation, mixing with other water body, etc) was 

estimated to be little (Coplen et al, 2000).  

 

 Fig. 4-2 (a) and (b) shows the vertical profile of oxygen and hydrogen 

stable isotope, respectively. The vertical variation patterns of oxygen and hydrogen 

isotope were almost the same in both wells. In well BH-1, the isotopic values at 2.5–

7.5 m depths were increased by depth, and those at 10–15 m depths had similar 

values, and those at more than 15 m depths were increased by depth again. In well 

BH-5, the isotopic values at 2.5–10 m depths were increased by depth, and those at 

12.5–17.5 m depths had similar values, and those at more than 17.5 m depths were 

increased by depth again. In the comparison of the isotopic values in both wells, the 

characteristic was that the isotopic values at 10–15 m depths in landside BH-5 were 

larger than those at same depths in seaside BH-1. The cause of this phenomenon 

was assumed to be related to the hydrogeological heterogeneity of aquifer material.  

 The vertical profiles of isotopic values were also very similar to those of 

EC (Fig. 3-1 (a)). Fig 4-2 (c) and (d) shows the relationship between isotopic values 

and EC values of groundwater. Isotopic values and ECs had very good positive 

correlations, and correlation coefficients were more than 0.96.   
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Figure 4-1. Isotopic compositions of oxygen and hydrogen in groundwater and other 

water. 
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Figure 4-2. Vertical profiles of oxygen and hydrogen stable isotope and relationships 

with EC.  
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 In order to estimate saltwater intrusion quantitatively, the mixing ratios of 

seawater and fresh groundwater (i.e., ratio of seawater) were calculated using 

equation (4-1) as follows (Hooper and Shoemaker, 1986; Koh et al., 2001): 

  
)(

)(

fs

fg
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s

CC

CC

Q

Q

−

−
=      (4-1) 

where Qs is the amount of seawater, Qg is the amount of mixed groundwater, Cg is 

the solute concentration or isotopic value of mixed groundwater, Cf is the solute 

concentration or isotopic value of fresh groundwater, and Cs is the solute 

concentration or isotopic value of seawater. As mentioned above, the isotopic value 

of stream water was assumed to be that of fresh groundwater. For comparison, the 

mixing ratios using EC and chloride concentration were also estimated. The mixing 

ratios calculated by isotopic value, EC value, and chloride concentration are 

represented in Table 4-1. 

 The average of mixing ratios in January 2006 by oxygen and hydrogen 

isotopic values in each sample ranged from 12.4% to 56.4%. Those by EC values 

and chloride concentrations ranged from 19.0% to 54.3%. The mixing ratios by 

isotopic values were greater than those by EC and Cl about 3% on average. 

Characteristically, at the 22.5–27.5m depths in BH-1, the mixing ratios by isotopic 

value were greater than those by EC and Cl. At those depths in BH-1, because iron 

had high concentrations, the increasing effect in salinity by high concentration of 

iron could be possible. However, the mixing ratios by isotopic values were larger 
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than those by EC and Cl. With respect to this phenomenon, groundwater itself may 

be involved and consumed in the geochemical processes of iron, and isotopic 

fractionation of groundwater can be caused by those processes. Isotopic 

fractionation to heavier composition of groundwater leads the overestimation in the 

mixing ratio of seawater. 

 The mixing ratios in July 2006 were calculated using EC values and 

chloride concentrations. The EC value and chloride concentration of seawater in 

July 2006 were much smaller than those of unique water in East Sea (Kim et al., 

2007), and it seemed to have been diluted by large amount of fresh water. So, the 

EC value and chloride concentration in January 2006 were used as the alternative 

for the calculation of mixing ratio in July. The average of mixing ratios in BH-1 and 

BH-5 ranged from 0.2% to 46.2%. The mixing ratios in July 2006 were smaller than 

those in January 2006 about 7.9% on average. 

 

 Fig. 4-3 shows the vertical profiles and cross-section for mixing ratios, 

where the average of mixing ratios by all methods was used. In vertical profiles of 

mixing ratio in BH-5, the pattern in January and July 2006 were similar, and the 

mixing ratios in July became smaller a little than those in January. At shallow depths, 

the mixing ratios were decreased about 20%. In BH-1, the patterns of vertical 

profiles in both times were similar, and overall mixing ratios in July were smaller 

than those in January. However, at 15–20 m depths, the mixing ratios in July were 
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larger than those in January. Fig. 4-3 (b) is the vertical cross-section for mixing ratio 

using the value in BH-1, BH-5, OB-1, and OF-3 together. The solid line is mixing 

ratio of 50%, and the regression of saltwater–freshwater transition zone could be 

identified clearly in July compared to January 2006.  
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Table 4-1. Mixing ratios of seawater and freshwater groundwater. 

(unit: %) 

Site Sample 
Depth 

(m) 

January 2006 July 2006 

δ18O δD EC Cl Diff.
a
 

Total 

average 
EC Cl 

Total 

average 

BH-1 

A-1 2.5 17.4 15.3 22.1 19.4 -4.4 18.6 0.5 0.2 0.3 

A-2 5.0 20.6 19.5 23.9 22.2 -3.0 21.5 0.4 0.2 0.3 

A-3 7.5 22.3 22.2 25.9 23.0 -2.2 23.4 18.6 17.3 17.9 

A-4 10.0 22.2 23.1 26.4 27.0 -4.0 24.7 18.7 18.2 18.4 

A-5 12.5 20.2 22.0 25.3 27.5 -5.3 23.7 17.8 17.4 17.6 

A-6 15.0 23.8 23.2 26.4 28.4 -3.9 25.4 34.8 28.5 31.7 

A-7 17.5 31.0 31.0 34.7 34.4 -3.5 32.8 43.0 41.4 42.2 

A-8 20.0 38.4 39.7 40.1 41.5 -1.7 39.9 44.8 44.6 44.7 

A-9 22.5 49.7 51.2 48.9 50.8 0.6 50.2 44.6 45.3 44.9 

A-10 25.0 53.1 55.8 49.6 54.2 2.6 53.2 45.1 45.6 45.4 

A-11 27.5 54.1 58.7 50.8 57.8 2.1 55.4 45.7 46.8 46.2 

BH-5 

B-1 2.5 13.0 11.8 20.5 17.5 -6.6 15.7 0.2 0.1 0.2 

B-2 5.0 16.1 17.7 23.4 20.6 -5.1 19.4 0.3 0.1 0.2 

B-3 7.5 20.1 21.8 26.6 23.1 -3.9 22.9 1.3 0.3 0.8 

B-4 10.0 23.6 27.3 28.5 24.2 -0.9 25.9 20.5 15.3 17.9 

B-5 12.5 24.5 26.9 27.8 26.3 -1.3 26.4 28.7 18.1 23.4 

B-6 15.0 24.4 25.5 27.9 24.8 -1.4 25.7 26.5 18.0 22.3 

B-7 17.5 31.2 32.9 36.3 36.1 -4.2 34.1 28.8 29.2 29.0 

B-8 20.0 33.6 34.8 37.9 39.8 -4.6 36.5 29.3 29.8 29.6 

B-9 22.5 33.7 35.8 38.3 39.8 -4.3 36.9 29.3 30.0 29.7 

B-10 25.0 40.6 42.2 43.9 45.3 -3.2 43.0 32.1 30.5 31.3 

B-11 27.5 39.8 45.8 46.4 53.0 -6.9 46.3 35.6 33.3 34.4 

OB-1 

OB-0 3.5 - - - -  - 1.2 0.2 0.7 

OB-A 20.0 - - - -  - 52.2 55.4 53.8 

OB-B 24.0 - - - -  - 49.4 53.1 51.2 

OB-C 27.5 - - - -  - 55.9 63.5 59.7 

OB-3 

OF-0 2.0 - - - -  - 1.6 0.8 1.2 

OF-A 22.5 - - - -  - 67.6 72.7 70.2 

OF-B 26.0 - - - -  - 70.8 85.4 78.1 

a Diff. is the difference between the average of the mixing ratio using oxygen and 

hydrogen isotopes and the average of the mixing ratio using EC and Cl. 
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Figure 4-3. Vertical distributions of mixing ratios of seawater and fresh water.  
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4.2. Solubilization of iron and trace elements 

 If the mixing of saltwater and freshwater by seawater intrusion was 

excluded, the most significant factor to characterize groundwater quality in the 

study area was the high concentration of metals (Fe, Mn, etc.).  

 First, in order to find out rock forming minerals and chemical component, 

two samples of typical rock facies in the study site were analyzed by polarization 

microscopy, XRD, and XRF methods (Fig 4-4). Very hard massive rock was mainly 

composed of quartz (SiO2), and small amount of muscovite ((K,Na)Al3lSi3O10) was 

included. The amount of Si was more than 93% based on the result of XRF (Table 

4-2). Another rock which could be classified as black slate was composed of silicon 

oxide (SiO2) and muscovite (KAl3lSi3O10) in the result of XRD analysis. However, 

in the result of XRF, carbon content was more than 37.6%, and was the most 

amount element (i.e., similar to anthracite). In the composition except carbon, Si, Al, 

and K which are the configuration elements of quartz and muscovite were dominant, 

and their contents were 54.4%, 19.7%, and 10.5%, respectively. However, the 

content of Fe was more than 10.5%, and Ti, Ca, Mg, Mn, S, and P were included 

about 2.3–0.1%. Although the mineral types of iron had not bee identified by 

polarization microscopy and XRD, a large amount of iron could be included in the 

rock of study site as rock forming minerals in the forms of oxide, hydroxide, and so 

on. Also, the occurrence of sulfur in rock could be assumed that a significant 

amount of iron sulfide (i.e., generally identified in anthracite coal) was contained in 
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an aquifer material. Low pH values in the results of groundwater quality analysis 

were very likely to be related to the oxidation of iron sulfide and acidity generation.   

 

 

Table 4-2. Results of XRF analysis. 

Elements DH-1 

(%) 

DH-2 

(%) 

DH-2-1 

(%) 

C -  37.623   - 

Si 93.441  34.399  54.364  

Al 3.299  13.516  19.756  

K 2.684  6.001  10.476  

Fe 0.325  5.691  10.586  

Ti 0.253  1.245  2.256  

Ca -  0.785  1.410  

Mg -  0.460  0.649  

Mn -  0.089  0.164  

S -  0.075  0.129  

P -  0.066  0.113  

Zr -  0.051  0.098  
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(a) DH-1 (microscopy) 

 

(b) DH-1 (XRD) 

 

(c) DH-2 (microscopy) 

 

(d) DH-2 (XRD) 

 

Figure 4-4. Results of polarization microscopy and XRD
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 Iron sulfides are commonly associated with metal ores and coal, 

predominantly in form of pyrite (FeS2). Pyrite oxidation takes place when the 

mineral is exposed to water and air. The process of pyrite oxidation is complex and 

involves both chemical and biological mechanisms (Akcil and Koldas, 2006; 

Blodau, 2006). The first reaction is the oxidation of pyrite into dissolved iron, 

sulfate, and hydrogen: 

 
+−+ ++→++ HSOFeOHOFeS 222/7 2

4

2

222    (4-2) 

 The dissolved Fe2+, SO4
2-, and H+ represent an increase in the total 

dissolved solids and the acidity of the water and, unless neutralized, induce a 

decrease in pH. If the surrounding environment is sufficiently oxidizing, much of 

the ferrous iron will oxidized to ferric iron. Ferric iron may precipitate or be used to 

oxidize additional pyrite, according to the following: 

   
++ +→+ HOHFeOHFe soild 3)(3 _32

3
     (4-3) 

   
+−++ ++→++ HSOFeOHFeFeS 16215814 2

4

2

2

3

2    (4-4) 

 Acid generation that produces iron which eventually precipitates as 

Fe(OH)3 may be represented as follow:    

   
+− ++→++ HSOOHFeOHOFeS 42)(2/74/15 2

43222   (4-5) 

 The equation for stable ferric iron that is used to oxidize additional pyrite 

is:  

 
+−++ ++→+++ HSOFeOHFeOFeS 2/1722/154/172/138/15 2

4

2

2

3

22  (4-6) 
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 Considering the basic oxidation processes of iron sulfide, the very high 

iron concentration of the groundwater at deep depths in study site was expected to 

be related to the oxidation of iron sulfide which was contained in the rock of study 

site.   

 Generally, the recirculated saline groundwater in seaside of saltwater-

freshwater transition zone contains relatively higher concentration of dissolved 

oxygen than the fresh groundwater which travels long distance with undergoing 

bacterial activity. So, the dissolved oxygen contained in recirculated saline 

groundwater was able to promote the oxidation of iron sulfide in the seaside area of 

saltwater–freshwater transition zone. Although pH of seawater is generally in the 

range of neutral ~ weak alkaline, the hydrogen which was formed in the process of 

iron sulfide oxidation could make the acid condition of pH.   

 Fig. 4-5 shows the relationships between the chemical components related 

to the oxidation of iron sulfide. The pH and iron (Fe) showed good negative 

correlations of exponential function type except the data at shallow depths in July 

2006, and the correlation coefficients in BH-1 were higher than 0.8 (Fig. 4-5 (a), 

(b)). The relationship between pH and sulfate (SO4) also showed negative 

correlations similar to the relationship between pH and Fe (Fig. 4-5 (c), (d)). The 

correlation coefficients in July were higher than in January, and those in BH-1 were 

higher than in BH-5. Fe and SO4 showed positively linear correlations except the 

data at shallow depths in July 2006 (Fig. 4-5 (e), (f)).  
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 Stoichiometric mass ratio of Fe/SO4 generated by the oxidation of iron 

sulfide is about 0.29 (i.e., molar ratio of 0.5), but the ratio of groundwater in study 

site could be much small value because of the influence by mixing with seawater. 

In July 2006, the mass ratio in BH-1 had slightly smaller value of 0.244 than 

stoichiometric mass ratio, but that in BH-5 had much smaller value of 0.058. The 

mass ratio in BH-5 was the reasonable value considering the high concentration of 

SO4 influenced by mixing of seawater and relatively low concentration of Fe. But, 

in July 2006, the mass ratio in BH-1 became large to 0.437, and that in OB-1 and 

OF-3 had the much large value of 2.47. These values may indicate that soluble iron 

had been generated by other chemical reactions. The reduction of iron precipitate 

(hydroxide), dissolution of mineral contained iron by acidic condition, etc. could be 

considered to the generation mechanisms of soluble iron except the oxidation of 

iron sulfide (Zachara et al., 2001; Blodau, 2006).   
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(a) pH-Fe (January) 

 

(b) pH-Fe (July) 

 

(c) pH-SO4 (January) 

 

(d) pH-SO4 (July) 

 

(e) SO4-Fe (January) 

 

 

(f) SO4-Fe (July) 

 

Figure 4-5. Relationships between chemical components related to the oxidation of 

iron sulfide.  
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 Regarding to the generation mechanisms of soluble iron, Eh-pH diagram 

for iron was plotted in order to estimate the geochemical state of groundwater in the 

study site (Fig. 4-6). Eh–pH diagram illustrates the general rules for the aqueous 

geochemistry of iron. Where, the solubility of iron is favored under acidic, reducing 

conditions and disfavored under basic, oxidizing conditions (Goldschmidt, 1958).  

 In January 2006, the analytical data of groundwater in BH-1 and BH-5 

were linearly distributed in the area of ferric iron near the contact line with ferrous 

iron. In July 2006, analytical data in BH-1 except data at shallow depths were 

linearly distributed in the area of ferrous iron, and analytical data in BH-5 except 

data at shallow depths were mostly plotted beneath of contact line (i.e., area of 

ferrous iron). 

 In terms of physico-chemical conditions, the concentration of dissolved 

oxygen in July became lower than January in both wells. However, in BH-1, pH 

mainly became lower, and, in BH-5, Eh mainly became lower (Fig. 3-1). As a result, 

the state of iron in almost points had changed from the area of ferric iron to that of 

ferrous iron. The pH values in OB-1 and OF-3 were smaller than those in BH-1 in 

July 2006, and the data in OB-1 and OF-3 were distributed in the area of ferrous 

iron far from contact line. Due to these changes of redox condition, the 

concentrations of iron in July were estimated to become much greater than those in 

January 2006. Also, major mechanism of additional soluble iron generation was 

assumed to be related to the dissolution of iron hydroxide by the transition from 
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oxidation condition to reduction condition.   

 Meanwhile, based on the vertical profile and cross-section for Al (Fig. 3-7 

(b), 3-8 (b)), the dissolution of rock forming mineral could be considered as other 

cause of the increase for iron concentration. But, the concentrations of Al were 

much smaller than those of Fe, and the portion of mineral dissolution was assumed 

to be weak.  
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Figure 4-6. pH–Eh diagram of groundwater condition for geochemical state of iron. 
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 Manganese is a metal element which has chemical properties similar to iron, 

and forms oxide, hydroxide, sulfide, etc. similar composition to iron. In the results 

of correlation between analytical items of groundwater in study site, manganese 

showed the highest correlation with iron (Table 3-2). Therefore, the oxidation of 

manganese sulfide was investigated using the relationship with pH and SO4 (Fig. 4-

7). The pH and manganese (Mn) showed a good negative correlation of exponential 

function type except the data at shallow depths in BH-1, but, almost didn’t show any 

correlation in BH-5 (Fig. 4-7 (a), (b)). SO4 and Mn showed a negatively linear 

correlation in BH-1 in January 2006, but didn’t show any correlation in BH-5 as pH 

and Mn (Fig. 4-7 (c)). However, SO4 and Mn in July had good positive correlations 

in all wells (i.e., BH-1, BH-5, OB-1 and OF-3) except the data at shallow depths 

(Fig. 4-7 (d)). 

 Generally the correlations of Mn were similar to Fe, however, in BH-5 and 

January, Mn of groundwater showed other aspect. In the vertical profile of 

concentration, Mn in January showed peculiarly higher concentrations at shallow 

depths than deep depths (Fig. 3-7 (d)). The increase of concentration with increasing 

depth was expected to be related to the oxidation of sulfide, but the higher 

concentration at shallow depth could be related to other geochemical reaction. In the 

previous research about geochemical process in saltwater-freshwater transition zone 

(i.e., subterranean estuary) where the aquifer didn’t compose of anthracite unlike the 

study site, it was reported that two distinct sources of high concentration of Fe and 
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Mn reside in the upward rising plume of freshwater and the salt-wedge zone of mid 

to high salinity pore water (Charette and Sholkovitz, 2006). Mentioned another key 

feature in the salt-wedge section was that a lens of high Mn concentration lies over a 

lens of high Fe concentration. This phenomenon is caused by the difference in redox 

condition between Fe and Mn (Stumm and Morgan, 1996). In BH-5, the Eh values 

increased with increasing depth in January 2006, and the condition for soluble Mn 

created at only shallow depths (Fig. 3-1 (d)). On the contrary, Eh values in BH-5 

were almost low except at shallow depth in July 2006. These conditions were 

assumed to make high concentrations of Mn at shallow depths in BH-5. 
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(a) pH-Mn (January) 

 

 

(b) pH-Mn (July) 

 

 

(c) SO4-Mn (January) 

 

 

(d) SO4-Mn (July) 

 

Figure 4-7. Relationships between manganese sulfide oxidation related components. 
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4.3. Exchange and transformation of major ions   

 Remaining primary problems were cation exchange and anion 

transformation in coastal aquifer of study site. In order to examine the presence of 

enrichment or deficiency in ion composition of groundwater compared to that of 

seawater, the ratios of each ion and Cl were plotted by non-reactive Cl (Fig. 4-8). 

The ions with clearly higher ratio in groundwater than seawater were Ca and HCO3 

in the study site. 

 This enrichment of Ca is general phenomenon by cation exchange in 

salinization process (Appelo and Postma, 1993; Cruz and Silva, 2000). Fresh 

groundwater in coastal area is usually dominated by Ca, and cation exchange site 

are mostly occupied by Ca. In seawater, Na and Cl are the dominant ion, and the 

adsorbed cation on the sediments in contact with seawater should consist 

dominantly of Na. When seawater intrudes in a coastal aquifer, the cation exchange 

reaction takes place as follows: 

  XNaCaXCaNa −+⇔−+ ++ 2

2
2

1

2

1
   (4-7) 

where X indicates the exchanger (site). The above equation shows that Na is taken 

up by the exchanger Ca, which is consequently released into the water. The reverse 

process also takes place with refreshening of groundwater. Sequential exchange 

processes and zonation also had been reported (Andersen et al., 2005). During 

freshening, the cation affinity order is normally Ca > Mg > K > Na. 
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(a) Na (January) 

 

(b) Na (July) 

 

(c) K (January) 

 

(d) K (July) 

 

(e) Ca (January) 

 

(f) Ca (July) 

 

(g) Mg (January) 

 

(h) Mg (July) 

 

(i) SO4 (January) 

 

(j) SO4 (July) 

 

(k) HCO3 (January) 

 

(l) HCO3 (July) 

Figure 4-8. Plot of chloride versus major ions over chloride.
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 In order to find out the presence of cation exchange and temporal variation 

over time, Chebotarev diagram (1955) was plotted (Fig. 4-9). Generally, this figure 

represents the percentages of HCO3 ions, against the sum of Cl, SO4, and NO3 

percentages, being representative, respectively, of the fresh and saline water 

component involved in the mixing. In the study site, SO4 played an important role in 

water chemistry, and the diagram of alternative form (i.e., B type) was plotted 

(Gimnez and Morell, 1997). Also, NO3 had very low concentration of less than 1 

mg/L, and was excluded in plot.  

 With the respect to the cation percentage, the analytical data of almost 

groundwater in January 2006 were in a position that represents a loss in Na+K 

against a gain in Ca+Mg, explicable by a direct cation exchange (Fig. 4-9 (a), (b)). 

In July 2006, the fresh groundwaters were in a position that represents a loss in 

Ca+Mg against a gain in Na+K, but, relatively saline water showed only very small 

deviation from mixing line (Fig. 4-9 (c), (d)). With regard to the processes of cation 

exchange, it seemed that the deviation direction from mixing line was related to the 

movement of saltwater–freshwater transition zone, in dry and wet period (i.e., 

January and July). During dry season, the falling of groundwater level inland could 

induce the advance of saline wedge, and Ca and Mg (mainly Ca) in aquifer materials 

were assumed to be exchanged by Na and K. However, during wet season, the 

process could reverse itself, and groundwater was assumed to give Ca into aquifer 

materials and be comparatively enriched in Na.  
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(a) A type (January) 

 

 

(b) A type (July) 

 

 

(c) B type (January) 

 

 

(d) B type (July) 

 

Figure 4-9. Chebotarev diagrams of groundwater. 
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 By the way, because the pH of groundwater indicated acidic condition, the 

dissolution of calcium carbonate could be considered the cause of enrichment in Ca 

in groundwater. Fig. 4-10 shows the relationships between pH, Ca, and HCO3. The 

pH and Ca had a good negative correlation of exponential function except the data 

at shallow depths in BH-1, but didn’t show any correlation in BH-5 (Fig. 4-10 (a), 

(b)). It indicates that the dissolution of calcium carbonate could have impacted on 

the enrichment of Ca at deep depths in seaside wells. However, pH and HCO3 

showed good positive correlations of exponential function in almost wells (Fig. 4-10 

(c), (d)). In the area of low pH, the dissolution of calcium carbonate may have 

generated HCO3, but HCO3 was likely to be transformed to H2CO3 along the 

equilibrium pathway of carbonic acid (Appelo and Postma, 1993). HCO3 and Ca 

had negative correlations in BH-1 where had acidic pH values, but positive 

correlation in BH-5 (Fig. 4-10 (e), (f)). The positive correlation in BH-5 could be 

related to the dissolution of calcium carbonate based on stoichiometry, and the 

generated HCO3 might play a role of the buffer of weak acid.  

 In briefly summary, the cation exchange and the dissolution of calcium 

carbonate could have a influence on the enrichment of Ca in saltwater–freshwater 

transition zone, but it was assumed that the impact of cation exchange in landside 

well was larger than seaside wells, and the dissolution of calcium carbonate was 

larger in seaside well than landside well. 
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(a) pH - Ca (January)  

 

(b) pH - Ca (July) 

 

(c) pH - HCO3 (January) 

 

(d) pH - HCO3 (July) 

 

(e) HCO3 - Ca (January) 

 

 

(f) HCO3 - Ca (July) 

 

Figure 4-10. Relationships between pH, Ca, and bicarbontate.
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 Another hydrogeochemical process, which may occur in the study area, is 

the reduction-oxidation (redox) reaction. Sulfate is the second abundant anion in 

seawater so that it can also be used as a tracer without chemical reactions like 

sulfate reduction or gypsum precipitation (Richter and Kreitler, 1993). Sulfate 

reduction coupled to organic matter oxidation is carried out by bacterial activities 

according to the overall reaction: 

  SHHCOSOOCH 23

2

42 22 +→+ −−
   (4-8) 

where CH2O is a simplified representation of organic matter. Sulfate reduction only 

takes place under anoxic condition at pe values low than zero (Appelo and Postma, 

1993). But, some studies had reported the possibility of sulfate reduction in the 

condition of nitrate reduction (Bocanegra et al., 1992).  

 Almost pe values (i.e., pe value is 16.9 times of Eh value) of groundwater in 

the study site were higher than zero, and redox condition was not suitable for sulfate 

reduction (Fig. 4-6). However, the pe values in BH-5 were sufficiently low enough to 

reduce ferric iron to ferrous iron, and the possibility of sulfate reduction existed 

obviously. Fig. 4-10 shows the relationships between SO4, TOC, and HCO3. HCO3 

and SO4 had a negatively linear correlation in BH-1, but, a positively linear 

correlation in BH-5 (Fig. 4-11 (a), (b)). The negative correlation in BH-1 was 

assumed to be the indirect result by low pH condition (Fig. 4-10 (c), (d)), but the 

meaning of positive correlation in BH-5 was somewhat ambiguous. SO4 and TOC 
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showed negatively linear correlations in almost wells (Fig. 4-11 (c), (d)). The 

negative correlations might be related the consumption of organic matter by sulfate 

reduction. However, the concentrations of TOC unaffected by geochemical reaction 

were too low to change the concentration of SO4 by sulfate reduction. TOC and 

HCO3 had a positively linear correlation in BH-1, but, a negatively linear correlation 

in BH-5 (Fig. 4-11 (e), (f)). The negative correlation in BH-5 could be related to the 

sulfate reduction because organic matter is consumed and HCO3 is produced in the 

process of sulfate reduction. Based on above correlation results, it was estimated that 

the sulfate reduction could occur but the impact was relatively small in the study site. 

 Anion exchange on aquifer material is a possible mechanism for the 

removal of dissolved sulfate. However, the removed anions are displaced by high 

concentrations of chloride in seawater, therefore dissolved sulfate could increase 

reversely. Gypsum precipitation is also a possible mechanism for sulfate removal. 

The requirements are the high concentration of sulfate and calcium enough to reach 

the solubility product of gypsum (Gomis-Yagües et al., 2000). In the study site, the 

concentrations of sulfate in saline groundwater were relatively high, and those of 

calcium in freshwater were higher than seawater. These conditions might lead to 

gypsum precipitation. However, the saturation indexes of gypsum and anhydrite 

estimated by geochemical modeling were too low to precipitate sulfate. Thus, anion 

exchange and gypsum precipitation cannot be considered the mechanism for the 

removal of dissolved sulfate.   
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(a) SO4 - HCO3 (January)  

 

(b) SO4 - HCO3 (July) 

 

(c) TOC - SO4 (January) 

 

(d) TOC - SO4 (July) 

 

(e) TOC - HCO3 (January) 

 

 

(f) TOC - HCO3 (July) 

 

Figure 4-11. Relationships between sulfate and other factors.   
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5. Summary and conclusions 

 The aquifer of the study site is located near the estuary, and consists of 

estuarine deposits and fractured rocks with anthracite. Not only general mixing 

process and geochemical reactions in saltwater–freshwater transition zone but also 

geochemical reaction like pyrite oxidation could have influenced the groundwater 

quality of study site. Based on the vertical distributions of chemical components and 

their correlation, the physical or geochemical reaction processes were investigated, 

and the characteristics in those processes were studied in a coastal aquifer 

containing coal. 

 The main features of analytical results were as follows. The vertical 

distribution of EC showed a saltwater intrusion of transition zone type. Most of 

major ions had similar vertical distribution to EC, and very good positive 

correlations with EC and mutually. The groundwater of landside well had low DO 

and Eh values, and the groundwater at deep depths in seaside wells had low pH, low 

DO, and high Eh values. The pH had good negative correlations with almost major 

ions, and became lower depending on the progress of saltwater intrusion. The 

vertical sections for Fe and Mn showed high concentrations at deep depths in 

seaside wells. Most of trace elements had good positive correlations mutually, but 

negative correlations with pH. Isotopic values of oxygen and hydrogen were on the 

mixing line of seawater and fresh groundwater, and isotopic values and ECs had 

very good positive correlations. 
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 To estimate saltwater intrusion quantitatively, the mixing ratios of seawater 

and fresh groundwater were calculated using isotopic values of oxygen and 

hydrogen, EC, and Cl. The averages of mixing ratio in January 2006 were ranged 

from 15.7% to 55.4%, and the mixing ratios by isotopic values were larger than 

those by EC and Cl about 3% on average. Weak high mixing ratios by isotopic value 

compared to those by EC and Cl at deep depths in seaside well could indicate not 

the increasing effect of salinity by high Fe concentration but the isotopic 

fractionation of groundwater by acidity generation. The mixing ratios in July 2006 

ranged from 0.2% to 46.2%, and were smaller than those in January about 7.9%. 

 The causes of high Fe and low pH were discussed using the correlation 

between the related chemical items. The pH showed good negative correlations with 

Fe and SO4, but Fe and SO4 showed good positively linear correlations. Based on 

these correlations, the high concentration of iron was expected to be generated by 

the oxidation of iron sulfide contained in the rock of the study site. However, the 

mass ratios of Fe/SO4 in linear correlation were much larger than the stoichiometric 

value. The Eh-pH diagram for iron indicated the state of ferrous iron in July, 

because of low pH values in BH-1 and low Eh values in BH-5. Other production 

mechanism of soluble iron except oxidation of iron sulfide was assumed to be the 

dissolution of iron hydroxide (or oxide). The distributions and correlations of Mn 

were generally similar to Fe. However, in January, Mn concentrations at shallow 

depths in landside well showed a peculiar high values. This phenomenon which a 
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lens of high Mn concentration lies over a lens of high Fe concentration could be 

caused by the difference of the redox conditions between Fe and Mn. 

 To find out the causes of relatively high concentration of Ca and HCO3, 

firstly cation exchange process was investigated using Chebotarev diagram. In 

January, the groundwater in landside well showed a distinct Ca exchange by Na, but, 

in July, didn’t show distinct exchange. The dissolution of calcium carbonate was 

also discussed because of the condition of low pH. In seaside well, the pH showed 

good negative correlation with Ca, and it could indicate the dissolution of calcium 

carbonate by low pH value. However, the pH showed a good positive correlation 

with HCO3, because HCO3 formed by dissolution were transformed to H2CO3 by 

low pH. In the study site, the cation exchange could be dominant in landside area, 

and the dissolution by acidity could be dominant in seaside area. 

 Sulfate reduction was also discussed as removal mechanism of dissolved 

SO4 and high concentration of HCO3 at shallow depths in landside well. TOC, SO4, 

and HCO3 had meaningful correlations, but the impacts of that process was 

estimated to be relatively low and small considering low concentration of TOC. 
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 The hydrogeological characteristics and mechanisms of dynamic variation 

in the saltwater–freshwater transition zone were investigated using physical and 

geochemical approaches in a coastal aquifer along the East Sea. The study site is 

located along a fully open coast, and waves, tides, and precipitation influenced the 

fluctuations in groundwater level (GWL), electrical conductivity (EC), and 

groundwater temperature (GWT). Further, the aquifer consists of estuarine deposits 

and fractured rocks with anthracite, and not only mixing process and geochemical 

reactions in saltwater–freshwater transition zone but also oxidation or reduction of 

sulfide and hydroxide were found to influence the groundwater quality. 

 Long-term monitoring and time series analyses of GWL, EC, and GWT 

were carried out to determine the dynamic variations and mechanisms of the 

saltwater–freshwater transition zone. A correlation analysis, spectral analysis, and 

multi-variable regression analysis of monitored data were performed to deduce the 

relationships between hydrological factors. The variations of EC in groundwater 

reflected the changes in the saltwater–freshwater transition zone at the study site, 

and the major mechanisms of EC fluctuations could be explained by using the major 

analyses results. The EC values at shallow depths were generally increased by the 

increases in the wave setup and tidal fluctuations during the rising GWL events, but 

these fluctuation patterns were disturbed by heavy precipitation and were somehow 

influenced by the prior EC conditions. The EC values at greater depths were 

typically reduced by the seaward or downward movement of the saltwater–
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freshwater mixing zone during the rainy season, but these fluctuations were also 

disturbed by the irregular changes in the background EC distribution caused by 

saline water intrusion during the dry season. In exceptional cases, during extreme 

increases in the GWL resulting from seawater flooding, the rapid downward flow of 

the flooding saltwater through the well bore caused synchronous EC fluctuations at 

all depths.  

 The time series analyses used in this study played a complementary role in 

the interpretation of the overall and individual variations in EC. Long-term 

monitoring and these analytical methods are expected to be useful in studying the 

dynamic mechanisms of saltwater–freshwater transition zones in coastal aquifers. 

 Hydrogeochemical studies were performed to identify the complex 

geochemical reaction processes in saltwater–freshwater transition zone in a coastal 

aquifer containing anthracite coal. The governing geochemical processes were found 

to be the mixing of saltwater and freshwater, the oxidation of sulfide and the 

reduction of hydroxide. The mixing process had intensively influences on the 

concentration of the major ions, whereas the oxidation of iron sulfide and the 

reduction of hydroxide controlled the trace elements. High concentration of soluble 

iron was assumed to be caused by sequential reaction. The relatively high dissolved 

oxygen of recirculated saline water in saltwater–freshwater transition zone had 

promoted the oxidation of iron sulfide, which caused low pH values. The 

consumption of dissolved oxygen and presence of low pH made the favorable 
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environment for the reduction of iron hydroxide. Further, the cation exchange by 

saltwater intrusion, dissolution by acidity, and reduction/precipitation by redox 

condition led to the enrichment or deficiency of ion compositions. With the respect 

to the enrichment of Ca, cation exchange was dominant in landside, and dissolution 

by acidity was dominant in seaside.  

 To the best of our knowledge, this study is the beginning attempt to study 

geochemical processes in the coastal aquifer containing anthracite coal. The major 

findings about the enrichment/deficiency of ion compositions by change of redox 

conditions and ion exchange/transformation could play an important role in the 

identification of geochemical processes in coastal aquifers with various 

hydrogeological conditions. 
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ABSTRACT IN KOREA (국문 초록) 

 

 동해의 연안 대수층에서 염수-담수 전이대의 수리지질학적 특성과 

변동 원인을 파악하기 위하여 물리적인 측면과 지구화학적 측면의 연구를 

수행하였다. 연구지역은 동해를 향해 완전히 열린 해안으로 파고, 조석, 강수 

등의 수문학적 조건이 지하수의 수위, 전기전도도(EC), 온도 등에 강한 영향

을 미칠 수 있다. 또한 연구지역의 암반 대수층은 석탄층을 함유한 단열암반

으로 구성되어 있어 일반적인 연안 대수층에서의 염수-담수의 혼합 기작 외

에도 탄층에 함유된 광물과 관련된 여러 지구화학적 반응이 연구지역의 지

하수 수질에 영향을 미칠 수 있다.  

 염수-담수 전이대의 물리적인 변동 특성과 원인을 규명하기 위하여 

지하수의 수위, 전기전도도(EC), 온도를 심도별로 장기간 관측하였으며, 관

측된 시계열 자료를 이용하여 교차상관분석, 스펙트럼 분석, 다중회귀분석을 

수행하였다. 연안 대수층에서 염수-담수 전이대의 분포 및 변동은 지하수 

EC 값을 통하여 확인될 수 있다. 관측 및 분석결과, 염수-담수 전이대의 일

반적인 분포형태는 주로 계절적인 지하수위 변화에 영향을 받으며, 일시적인 

변동은 국지적인 지하수위 상승 사건에 의하여 강한 영향을 받고 있음을 확

인하였다. 국지적인 지하수위 상승 사건에 가장 큰 영향을 미치는 요소는 파

고로 나타났다. 지하수 EC 값은 대수층 심도 및 시기에 따라 각기 다른 형

태의 변동을 나타내었는데, 얕은 심도에서 EC 값은 주로 파고 상승, 조석 

변동 등에 의하여 일시적인 증가를 나타내었으며, 깊은 심도에서 EC 값은 

담수 지하수의 바다 또는 하부 방향의 흐름 증가에 의한 감소를 나타내었다. 

그러나, 변동전 EC 값의 분포 및 수리지질학적 불균질성이 전형적인 변동형

태에 교란을 발생시켰다. 한편, 해수 범람에 의한 지하수위의 극도 상승 시

기에는 지하수 관정을 통한 염수의 매우 빠른 하향 흐름으로 인하여 모든 

심도에서 EC 값의 동시적인 상승 변동이 나타났다.    
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 연구지역 염수-담수 전이대의 지하수질 특성과 수질에 영향을 미칠 

수 있는 지구화학적 기작을 파악하기 위하여 심도별 지하수 시료를 채취하

여 주요 이온성분, 미량성분, 안정동위원소 등의 분석을 수행하였다. 수질분

석 항목간의 상관분석을 통하여, 지하수의 주요 이온성분의 농도 변화에 지

배적인 영향을 미치는 것은 해수-담수의 혼합 기작이며, 미량성분의 농도 변

화에 강한 영향을 미치는 것은 황화철 산화 및 수산화철 환원 등의 지구화

학적 반응기작임을 확인하였다. 물의 안정동위원소, EC 값, 염소 농도를 이

용하여 평가한 해수와 담수 혼합비는 0.2 ~ 55.4%로 나타났다. 매우 높은 

철 농도는 산화환원조건의 변화에 따른 연속적인 지구화학적 반응에 의해 

형성된 것으로 추정되었다. 우선 염수-담수 전이대에서 재순환되는 염수에 

포함된 상대적으로 높은 농도의 용존 산소가 황화철의 산화를 촉진시키고, 

낮은 pH 조건을 형성시켰다. 이후 용존 산소의 소모와 낮은 pH 조건은 철

의 환원조건을 형성하여 수산화철의 환원을 가능케 하였다. 망간은 철과 유

사한 화학적 특성을 가지나, 산화환원 발생조건의 차이가 육지쪽 천부층에서 

특이한 높은 농도 영역을 형성시키는 것으로 추정된다. 한편 염수 침입에 의

한 양이온 교환, 산성조건에 의한 용해, 산화환원조건에 의한 분해/침전 등

의 반응은 지하수 내 주요 이온성분의 부화 또는 결핍을 발생시켰다. 특히 

칼슘 이온의 부화와 관련하여 육지쪽에서는 양이온 교환이 우세하게 나타났

으며, 바다쪽에서는 산성조건에 의한 용해가 우세하게 나타났다.  

 

주요어 : 연안 대수층, 해수-담수 전이대, 시계열 분석, 다중회귀분석, 염수-

담수 혼합, 황화철 산화. 
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