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ABSTRACT 

 

Chlorinated solvents including trichloroethylene (TCE), tetrachloroethene 

(PCE), carbon tetrachloride (CT), and chloroform (CF) are common contaminants 

found in the groundwater of urban and industrial areas in Korea. The chlorinated 

solvent TCE has various uses across many industrial fields; for example, it has 

been used as a degreasing solvent, a heating transfer medium, and a solvent base. 

Recently, TCE has been detected in groundwater and soil in both residential and 

industrial areas in Korea. 

The study area is an industrial complex located in Wonju, Republic of Korea. 

Groundwater in the study area has been contaminated by TCE and CT. The main 

source of the chlorinated solvents has been identified as the Road Administrative 

Office (RAO) of Gangwon Province, and additional minor sources are scattered 

throughout the industrial area. The chlorinated solvents were mainly used by the 

RAO in laboratory tests over a 16-year period from 1981 to 1997. However, there 

are no accurate records of the amounts used or the treatment of the waste 

chlorinated solvents in the main source area. 

Pilot tests of the pump and treat system were conducted in front of the main 

building of the RAO. The KDPW7 and KDPW8 wells were used as pumping 

wells to constrain the migration of TCE towards the downgradient area. The 

KDMW7, KDMW8, KDMW9, KDMW10, and SKW2 wells were used as 

monitoring wells to evaluate the effectiveness of the pump and treat system to 

constrain TCE migration. Pilot tests of the pump and treat system were performed 

five times over 139 days in the TCE contaminated aquifer, and both groundwater 

levels and TCE concentrations were measured at two pumping and five 
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monitoring wells. Using the results of these tests, the relations between 

groundwater levels, TCE concentrations, and pumping rates were examined. The 

1
st
, 2

nd
, and 3

rd
 pilot tests were conducted during the wet season, while the 4

th
 and 

5
th

 pilot tests were conducted during the dry season. During the wet season, the 

TCE concentrations were negatively correlated with the groundwater levels at 

both pumping wells and some of the monitoring wells because TCE 

concentrations were considerably diluted due to heavy rainfall. While at the other 

monitoring wells, they were positively correlated, which could be attributed to the 

influence of residual TCE around the wells. During the dry season, there were 

positive correlations at the pumping wells and most monitoring wells, which 

suggest that the influence of residual TCE in the dry season was greater than that 

in the wet season. TCE concentrations were also influenced by the pumping rates 

during high groundwater level periods, when residual TCE was involved. 

However, TCE concentrations did not show any correlation with the pumping 

rates in times of low groundwater levels because they were hardly influenced by 

residual TCE, which suggests that residual TCE is present in the high groundwater 

level zone. Consequently, when the pump and treat approach is applied to this 

contaminated aquifer, the effects of rainfall and residual TCE in the unsaturated 

zone should be considered. 

 

Key Words: Trichloroethylene (TCE), Dense nonaqueous phase liquid (DNAPL), 

Groundwater, Industrial complex, Pump and treat, Remediation technology 

 



 

 

iii 

TABLE OF CONTENTS 

 

ABSTRACT ------------------------------------------------------------------------------ⅰ 

TABLE OF CONTENTS ---------------------------------------------------------------ⅲ 

LIST OF TABLES -----------------------------------------------------------------------ⅴ 

LIST OF FIGURES ---------------------------------------------------------------------ⅶ 

 

CHAPTER 1. INTRODUCTION 

 1.1 Overview of chlorinated solvents ------------------------------------------ 1 

 1.2 Remediation technology ---------------------------------------------------- 6 

1.3 Previous research ------------------------------------------------------------- 8 

1.4 Scopes and objectives of this study ---------------------------------------- 9 

 

CHAPTER 2. HYDROGEOLOGIC CHARACTERISTICS 

2.1 The Wonju site -------------------------------------------------------------- 10 

2.2 Geologic setting ------------------------------------------------------------- 14 

2.3 Groundwater flow ----------------------------------------------------------- 17 

2.4 Hydrogeologic parameters ------------------------------------------------- 20 

 

CHAPTER 3. CONTAMINANT CHARACTERIZATION  

3.1 Contamination history ------------------------------------------------------ 30 

3.2 Potential contamination sources ------------------------------------------ 34 

3.3 Contaminant distribution --------------------------------------------------- 36 

3.4 Redox conditions and water chemistry ---------------------------------- 41 



 

 

iv 

 

CHAPTER 4. PILOT REMEDIATION 

4.1 Remediation strategy ------------------------------------------------------- 48 

4.2 Pump and treat optimization ----------------------------------------------- 50 

4.3 Pilot tests --------------------------------------------------------------------- 58 

4.4 Factors affecting contaminants concentration --------------------------- 76 

  

CHAPTER 5. DISCUSSION 

 

CHAPTER 6. SUMMARY AND CONCLUSIONS 

 

REFERENCES ----------------------------------------------------------------- 92 

ABSTRACT (IN KOREAN) ---------------------------------------------- 105 

ACKNOWLEDGEMTNS (IN KOREAN) ---------------------------- 107 



 

 

v 

LIST OF TABLES 

 

Table 1.1 Physical and chemical properties of some representative components of 

DNAPLs (Mackay et al., 1993) ----------------------------------------------------- 2  

Table 1.2 Biodegradation processes for some chlorinated solvents (Wiedemeier et 

al., 1999) ------------------------------------------------------------------------------- 4 

Table 1.3 Recent characteristics of remediation technologies for DNAPL 

contaminated aquifers (Lee et al., 2010) ------------------------------------------- 6 

Table 1.4 Some major decision variables for optimizing pump and treat 

remediation system ------------------------------------------------------------------- 7 

Table 2.1 Results of geologic logging at an upper part of the Woosan Industrial 

Complex (Jo et al., 2010a) --------------------------------------------------------- 15 

Table 2.2 Water level monitoring results at 5 selected monitoring wells within the 

Woosan industrial complex (1 hr interval measurement) ---------------------- 19 

Table 2.3 Summary of slug test results (GeoGreen21, 2010) (see test well 

locations in Fig. 2.2) ---------------------------------------------------------------- 22 

Table 2.4 Specifications of the pumping wells --------------------------------------- 24 

Table 2.5 Analysis results of the pumping test data --------------------------------- 25 

Table 2.6 Well completions of the wells involved in the two step-drawdown tests 

(GeoGreen21, 2010; Jo et al., 2010b) -------------------------------------------- 27 

Table 2.7 Relevant conditions of the two step-drawdown tests (GeoGreen21, 

2010; Jo et al., 2010b) -------------------------------------------------------------- 27 

Table 2.8 Geometric mean values of transmissivity (T), hydraulic conductivity 

(K) and mean value of storativity (S) estimates obtained from the step-

drawdown tests (GeoGreen21, 2010; Jo et al., 2010b). The values of the 

pumping wells (marked *) are of low reliability due to well losses ---------- 29 

 



 

 

vi 

Table 3.1 Summary of companies in the industrial complex as of 2009 --------- 34 

Table 3.2 Summary of field measured parameters in 2009 ------------------------- 41 

Table 3.3 Statistics of major ions (mg/L) in May 2009 ----------------------------- 44 

Table 3.4 Statistics of major ions (mg/L) in August 2009 -------------------------- 46 

Table 3.5 Statistics of major ions (mg/L) in November 2009 ---------------------- 47 

Table 4.1 Remediation technologies considered for this site (SEEDS, 2011) --- 48 

Table 4.2 Specific drawdown and pumping rates of each step (Choi et al., 2010; 

GeoGreen21, 2010) ----------------------------------------------------------------- 50 

Table 4.3 Estimated optimum pumping rates for each permissible drawdown 

(Choi et al., 2010; GeoGreen21, 2010) ------------------------------------------- 51 

Table 4.4 Estimated ROI for steady-state condition (Choi et al., 2010; 

GeoGreen21, 2010) ----------------------------------------------------------------- 53 

Table 4.5 Estimated ROI for transient condition (Choi et al., 2010; GeoGreen21, 

2010) ---------------------------------------------------------------------------------- 54 

Table 4.6 Results of capture zone analysis for KDPW2 ---------------------------- 56 

Table 4.7 Specifications for the preliminary tests of the pumping ---------------- 59 

Table 4.8 Correlation between the water levels and the TCE concentrations for 

each well. The p is the probability that the parameters are un-correlated 

(Cheon et al., 2013) --------------------------------------------------------------------- 82 

 



 

 

vii 

LIST OF FIGURES 

 

Fig. 1.1 Conceptual sketch of DNAPL move in the subsurface --------------------- 3 

Fig. 1.2 Sequential biodegradation pathways of PCE and TCE (Wiedemeier et al., 

1999; Field and Sierra-Alvarez, 2004) --------------------------------------------- 5 

Fig. 2.1 Monthly precipitation and monthly mean air temperature for 2001-2010, 

measured at the Wonju weather station ------------------------------------------- 11 

Fig. 2.2 Location of the Wonju city and groundwater monitoring wells in the 

Woosan Industrial Complex. The figure was modified from Baek and Lee 

(2011) --------------------------------------------------------------------------------- 12 

Fig. 2.3 Topographic maps in 1964 and 2000, and air photos in 1981 and 2000 of 

the industrial complex. The maps and photos are from GeoGreen21 (2010)    

------------------------------------------------------------------------------------------ 13 

Fig. 2.4 Geologic map of the study area, which is obtained from Korea Institute of 

Geoscience and Mineral Resources (KIGAM) (2011) ------------------------- 14 

Fig. 2.5 Simplified vertical geological section, constructed from core loggings of 

some monitoring wells (GeoGreen21, 2010) ------------------------------------ 16 

Fig. 2.6 Distribution of groundwater levels measured in (a) May, (b) August, (c) 

September, and (d) November 2009 ---------------------------------------------- 18 

Fig. 2.7 Time series data of water levels at 5 monitoring wells for May 2009-

January 2010 (see well locations in Fig. 2.2) ------------------------------------ 19 

Fig. 2.8 Analysis results of the slug tests using Bouwer and Rice straight line 

method (1976) ----------------------------------------------------------------------- 21 

Fig. 2.9 Distribution of hydraulic conductivity (-log K) with photos of the slug 

tests ------------------------------------------------------------------------------------ 23 

 



 

 

viii 

Fig. 2.10 Results of the three pumping tests and analysis using the Theis (1935) 

solution ------------------------------------------------------------------------------- 25 

Fig. 2.11 Results of the step-drawdown tests, which is modified from Jo et al. 

(2010b). The left two are for test #1 and the right two are for test #2 ------- 28 

Fig. 3.1 Groundwater contamination with TCE in the industrial complex and well 

abandonment for 1995-1998 ------------------------------------------------------- 31 

Fig. 3.2 Groundwater contamination with TCE in the industrial complex and well 

abandonment for 1999-2002 ------------------------------------------------------- 32 

Fig. 3.3 Organization of a research group dedicated for developing remediation 

technologies for DNAPL contaminated groundwater (image from SEEDS, 

2011) ---------------------------------------------------------------------------------- 33 

Fig. 3.4 Detection of TCE contamination near Komotech area (up to 7.589 

mg/kg). The figure was modified from Gangwon Province (2005) ---------- 35 

Fig. 3.5 Distribution of TCE level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009 --------------------------------------------------- 37 

Fig. 3.6 Distribution of CT level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009 --------------------------------------------------- 38 

Fig. 3.7 Distribution of cis-DCE level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009 --------------------------------------------------- 39 

Fig. 3.8 Distribution of CF level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009 --------------------------------------------------- 40 

Fig. 3.9 Distribution of average values of ORP, DO, dissolved Fe (Fe
2+

) and Mn 

(Mn
2+

) for the three measurement campaigns in 2009 ------------------------ 43 

Fig. 3.10 Piper plot showing compositions of major ions of groundwater and 

stream water in May 2009 --------------------------------------------------------- 45 

Fig. 3.11 Piper plot showing compositions of major ions of groundwater and 

stream water in August 2009 ------------------------------------------------------ 46 



 

 

ix 

Fig. 3.12 Piper plot showing compositions of major ions of groundwater and 

stream water in November 2009 -------------------------------------------------- 47 

Fig. 4.1 Remediation (demonstration) target area of each project and this study is 

a part of Project #1 (EAPL). The figure is modified from Lim et al. (2011) 

and SEEDS (2011) ------------------------------------------------------------------ 49 

Fig. 4.2 Plots of specific drawdown versus pumping rate for the step-drawdown 

tests ------------------------------------------------------------------------------------ 51 

Fig. 4.3 Conceptual schematic of the capture zone analysis from USEPA (2008)  

------------------------------------------------------------------------------------------ 55 

Fig. 4.4 Selected pilot sites of the pump and treat system. The sites were selected 

considering the hydrogeologic condition and contamination levels ---------- 57 

Fig. 4.5 The pilot pump and treat system and layout of the pumping wells (blue 

colored) ------------------------------------------------------------------------------ 58 

Fig. 4.6 Results of the preliminary pumping at five wells, showing drawdown 

(black), TCE concentration (red) and CT level (blue line) -------------------- 60 

Fig. 4.7 Results of the pilot pumping at KDPW8 for 2011.06.13-17. The 

concentrations of TCE, CF and CT are those of pumped groundwater at the 

pumping well ------------------------------------------------------------------------ 61 

Fig. 4.8 Results of the pilot test for 2011.06.21-07.01. The pumping was 

conducted at two wells, PW1 (KDPW7) and PW2 (KDPW8) ---------------- 62 

Fig. 4.9 Levels of TCE, CF and CT in the effluent (discharged water) during the 

pilot test in 2011.06.21-07.01 ------------------------------------------------------ 63 

Fig. 4.10 Levels of TCE, CF and CT at the up- and down-gradient monitoring 

wells during the pilot test in 2011.06.21-07.01 --------------------------------- 64 

Fig. 4.11 Distribution of TCE and CT at the surrounding area of the pump and 

treat pilot tests (peak concentrations in 2010) ----------------------------------- 65 

 



 

 

x 

Fig. 4.12 Concentrations of TCE, CT and CF of the pumped and treated 

groundwaters and their removal amounts during the pilot test for July 6-

August 6, 2011 ----------------------------------------------------------------------- 66 

Fig. 4.13 Concentrations of TCE, CT and CF at the pumping and monitoring 

wells during the pilot test for July 6-August 6, 2011 --------------------------- 68 

Fig. 4.13 Continued ---------------------------------------------------------------------- 69 

Fig. 4.14 Concentrations of TCE, CT and CF of the pumped and treated 

groundwaters and their removal amounts during the pilot test for August 22-

September 6, 2011 ------------------------------------------------------------------ 71 

Fig. 4.15 Levels of TCE, CF and CT at the up- and down-gradient monitoring 

wells during the pilot test in 2011.08.22-09.06 --------------------------------- 72 

Fig. 4.16 Concentrations of TCE, CT and CF of the pumped and treated 

groundwaters and their removal amounts during the pilot test for September 

19-December 2, 2011 --------------------------------------------------------------- 74 

Fig. 4.17 Levels of TCE, CF and CT at the up- and down-gradient monitoring 

wells during the pilot test in 2011.09.19-12.02 --------------------------------- 75 

Fig. 4.18 TCE concentrations of groundwater in (a) total season, (b) wet season, 

and (c) dry season (Cheon et al., 2013) ------------------------------------------ 78 

Fig. 4.19 TCE concentrations and water levels in the pumping wells ((a) KDPW7 

and (b) KDPW8) from 13 June to 07 December 2011 (Cheon et al., 2013) ----

------------------------------------------------------------------------------------------ 80 

Fig. 4.20 TCE concentrations and water levels in the monitoring wells ((a) 

KDMW7, (b) KDMW8, (c) KDMW9, (d) KDMW10, and (e) SKW2) from 

13 June to 07 December 2011 (Cheon et al., 2013) ---------------------------- 81 

 



 

 

xi 

Fig. 4.21 Pumping rates and TCE concentrations of the pumping wells, (a) KDPW7 

and (b) KDPW8 from 19 September to 02 December 2011 (5th pilot test) (Cheon 

et al., 2013) ------------------------------------------------------------------------------- 84 

Fig. 4.22 TCE concentrations of the monitoring wells for (a) KDMW7, (b) 

KDMW8, (c) KDMW9, (d) KDMW10, and (e) SKW2 from 19 September to 

02 December 2011 (5
th 

pilot test) (Cheon et al., 2013) ------------------------ 85 

Fig. 5.1 Procedures for use of pump and treat system and findings in the study area --

------------------------------------------------------------------------------------------ 88



 

 

1 

CHAPTER 1. INTRODUCTION 

 

1.1 Overview of chlorinated solvents 

 

The chlorinated solvents, especially trichloroethylene (TCE) and tetrachloroethene 

(also known as perchloroethylene or PCE), have been widely used in various 

industrial sectors including metal degreasing, dry cleaning and electrical devices and 

the rubber industry (Rivett et al., 2001; Lenczewski et al., 2003; Baek and Lee, 2011) 

because they are excellent solvents for organic materials. Therefore, TCE and PCE 

are the most commonly occurring contaminants in the groundwater of industrial and 

urban areas worldwide (Lee and Lee, 2003a; Gerhard et al., 2007). These two 

representative chlorinated solvents are known to be a reasonably expected carcinogen 

and a probable (Group 2A) carcinogen, respectively (IARC, 2007). In addition, it is 

generally known that vinyl chloride (VC), a biodegradation byproduct of PCE and 

TCE, is more toxic to human health than the mother chemicals (Lee and Lee, 2003a). 

Thus exposure to these chemicals through contaminated soil and groundwater have 

become one of the most important environmental health issues in the last three 

decades in many industrialized countries (Yu et al., 2006; Baek and Lee, 2011).  

The chlorinated solvents are denser than water (density=1 kg/m3) and they are 

difficult to dissolve in water (in ppm levels; Table 1.1). Thus, they are also referred to 

as Dense Non-aqueous Phase Liquids (DNAPLs). Main components of the DNAPLs 

include TCE, PCE, tetrachloromethane, trichloromethane, chlorobenzene, and 1,1,1-

trichloroethane, which are volatile but have low flammability. They have been widely 

used in the 20th century and only recently, since 1980, has the health risk of these 

chemicals become consideration (Lee et al., 2010). However, it is still challenging to 

investigate DNAPL contamination and its remediation (Wiedemeier et al., 1999; 

USEPA, 2003; Siegrist et al., 2006; Cho et al., 2008; Baek and Lee, 2011; Lee, 2011). 
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Table 1.1 Physical and chemical properties of some representative components of 

DNAPLs (Mackay et al., 1993) 

Component 

M.W. 

(g) 

Solubility 

(mg/L) 

Density 

(kg/m3) 

Vapor 

pressure 

(Pa/oC) 

Viscosity 

(cP) 

Koc 

(L/kg) 

TCE 131.4 1,100 1,460 9,000 0.57 126 

PCE 165.8 200 1,620 2,600 0.90 364 

Tetrachloromethane 153.8 790 1,590 15,600 0.97 439 

Trichloromethane 119.4 8,000 1,480 26,000 0.56 44 

Chlorobenzene 112.6 500 1,110 1,580 0.80 330 

1,1,1-

trichloroethane 

133.4 1,320 1,330 16,000 0.84 152 

 

As stated above, the DNAPLs are heavier than water and, thus, if they spill from a 

surface or subsurface, they will move into deeper soil (vadose zone) due to gravity 

and their higher density. They will travel mainly in a vertical direction rather than 

horizontally (Fig. 1.1). Some of the DNAPLs become trapped as residual 

contaminants but their continuous spill will cause further migration, eventually 

reaching the water table (Kueper et al., 1993; Schnarr et al., 1998; Ross and Lu, 1999; 

Chambers et al., 2004). Unlike the light non-aqueous phase liquids (LNAPLs, lighter 

than water), the DNAPLs can move further downward throughout the groundwater. 

Some components will dissolve in water (at low concentrations) and they form a 

contaminant plume, spreading with groundwater flow (Chown et al., 1997; Kamon et 

al., 2004). If the amount of DNAPLs is sufficient, and they overcome an entrance 

pressure, then they migrate into the fractured aquifer system, moving further until 

they encounter the impermeable layer (Kueper and McWhorter, 1991; Slough et al., 

1999; Reynolds and Kueper, 2002; Levy, 2003; Ji et al., 2006). When the DNAPLs do 

not find a further pathway and are continuously supplied, they will be pooled 

(Mariner et al., 1999; Kram et al., 2001; Brooks et al., 2002).          
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Fig. 1.1 Conceptual sketch of DNAPL move in the subsurface. 

 

Like petroleum hydrocarbons, the chlorinated solvents also experience various 

natural attention processes, which are destructive or nondestructive (Barker et al., 

1987; Wiedemeier et al., 1999). The nondestructive processes such as dilution, 

dispersion and sorption only lower the concentrations of contaminants or slow the 

spreading velocity, but the destructive processes, including biodegradation, removes 

them from the subsurface (soil and groundwater). Table 1.2 summarizes the 

biodegradation processes of some representative chlorinated solvents. While 

components of petroleum hydrocarbons, especially benzene, toluene, ethylbenzene, 

and xylenes (BTEX) will degrade under aerobic conditions, the chlorinated solvents 

will not generally be degraded via a direct aerobic process (Atlas, 1981; Vroblesky 

and Chapelle, 1994; Lee and Lee, 2003a; 2003b). Chlorinated solvents are more 

readily degraded under anaerobic (reduced) conditions (at least denitrification 

conditions; generally dissolved oxygen<0.5 mg/L), with a supply of substances (e.g., 
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natural organic matter, alcohols, petroleum hydrocarbons) as carbon and energy 

sources (Lee et al., 1998; Wiedemeier et al., 1999; Field and Sierra-Alvarez, 2004; 

Aulenta et al., 2006). 

 

Table 1.2 Biodegradation processes for some chlorinated solvents (Wiedemeier et al., 

1999) 

Process PCE TCE cis-

DCE 

VC TCA DCA CT 

Direct aerobic × × O O × × × 

Cometabolic w/CH4 × O O O O × × 

Cometabolic w/toluene × O O O × × × 

Cometabolic w/NH4 × O O O O × × 

Direct anaerobic × × × O × × × 

Anaerobic/denitrification O O × × × × O 

Anaerobic/sulfate reduction O O O O O O O 

Anaerobic/methanogenic O O O O O O O 

*DCE (dichloroethene), TCA (trichloroethane), DCA (dichloroethane), CT (carbon 

tetrachloride) 

 

The biodegradation (dechlorination) of the representative chlorinated solvents, 

PCE and TCE, occurs sequentially (Wiedemeier et al., 1999; Field and Sierra-

Alvarez, 2004; Fig. 1.2). The PCE will be anaerobically degraded to TCE, DCE and 

VC, and the final byproducts include ethene (ETH), ethane (ETA), carbon dioxide 

(CO2), chlorine (Cl), and water (H2O). Relative anaerobic biodegradation rates are in 

the following order: PCE>TCE>VC>DCE (Maymo-Gatell et al., 1999; Wiedemeier 

et al., 1999; Lee and Lee, 2003a). However, this biodegradation will not occur in 

domestic aquifers (even in fractured aquifers) because they are mostly under aerobic 

conditions (DO levels are generally high) due to shallow water levels and frequent 

rainfall during wet seasons (Yu et al., 2006; Jo et al., 2010a; Baek and Lee, 2011). 
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Thus, intermediate byproducts, including cis-DCE and VC, are generally found in 

very low concentrations (Baek and Lee, 2011; Lee, 2011). 

 

 

Fig. 1.2 Sequential biodegradation pathways of PCE and TCE (Wiedemeier et al., 

1999; Field and Sierra-Alvarez, 2004). 
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1.2 Remediation technology 

 

The remediation of DNAPL contaminated groundwater has been a challenging 

task. Even though innovative technologies have been widely examined in the 

laboratory or in the field, some conventional remediation technologies, including 

pump and treat (P&T) and air sparging (AS), are still adopted in actual contaminated 

sites (Lee et al., 2010). Table 1.3 shows recent advancements of the DNAPL 

remediation technologies. However, these technologies still suffer from the 

disadvantages present in the previous form of each technology. 

 

Table 1.3 Recent characteristics of remediation technologies for DNAPL 

contaminated aquifers (Lee et al., 2010)  

Technology Explanation 

Pump and treat 

(P&T) 

·Detailed field investigation 

·Optimization of well installation and management 

·Integrated and smart pump and treatment optimization  

Air sparging (AS) ·Integrated treatment with Soil Vapor Extraction (SVE) 

·Pulsed air sparging 

Thermal treatment ·Integrated treatment with Soil Vapor Extraction (SVE) 

·Adjusted treatment tech depending on soil permeability 

·Heated barrier to contaminant spreading 

Zero-valent iron 

(ZVI) 

·Prolonged PRB operation using iron reducing bacteria 

·Enhanced efficiency of material transmission using nano iron 

Chemical 

treatment 

·Combined application of SVE for capturing off gas 

·Advanced oxidation using Fenton's reagent, ozone, peroxone, 

UV/O3, UV/H2O2 

Biological 

treatment 

·Using of dechlorination microorganisms, dehalococcoides  

·Enhanced biological decomposition using hydrogen and 

oxygen produced from electrolysis 

Nano/bio fusion 

technology 

·Integration of bio-catalyst with nano-material synthesis tech 

·Manufacturing of nano-catalyst material 
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Therefore, recent technical developments have focused on overcoming these 

disadvantages, including the inefficiency of the remediation time and cost (Voudrias, 

2001; Ko et al., 2005; Lee et al., 2010). The pump and treat system has been the most 

conventionally applied technology but it typically experiences a tailing effect and an 

inefficiency in remediation cost (Mackay and Cherry, 1989; Hoffman, 1993; Bau and 

Mayer, 2006). Thus, various efforts to improve these shortcomings have been made, 

including the optimization of well numbers, locations, pumping rates, and operation 

modes (McKinney, 1996; Huang and Mayer, 1997; Mackay et al., 2000; Matott et al., 

2006; Park et al., 2011; Table 1.4). This optimization is rather complicated because 

most of these variables are closely interrelated. 

 

Table 1.4 Some major decision variables for optimizing pump and treat remediation 

system 

Decision variables Explanation 

Remediation time Limit of available remediation time depending on site 

condition (site specific) 

Shorter as possible? 

Remediation cost Minimizing the remediation cost  

Target level (conc.) Legally permissible standard (groundwater standard)  

Background level before contamination 

Number of pumping 

wells 

Minimizing number of groundwater pumping wells 

Limit of available space for well installation  

Pumping rates Minimizing total amount of pumping 

Permissible drawdown Not drying the pumping wells 

Array of pumping 

wells 

Scattered or clustered 

Vertical or parallel to contaminant plume  

Operation mode Continuous pumping vs. intermittent or pulsed pumping  

Re-injection of pumped 

groundwater 

Recycling the pumped groundwater 

Discharged to other places  
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1.3 Previous research 

 

Groundwater contamination with TCE at the industrial complex site of Wonju was 

dectected in 1995 (Yu et al., 2006; Baek and Lee, 2011), and was additionally found 

at 7 wells from 1999 to 2002 (Yang 2003). Yu et al. (2006) observed groundwater 

contamination with TCE in bedrock aquifer and shallow alluvium. Therefore, a 

project on characterization of the study area and development of remediation 

technologies for groundwater contaminated with DNAPL has been performed from 

2009 to 2014.  

Lee and Lee (1999), Choi et al. (2010) and Jo et al. (2010b) estimated hydrological 

parameters including hydraulic conductivity, transmisssivity, optimal pumping rate, 

well efficiency and radius of influence using pumping, slug and stept-drawdown tests. 

Jo et al. (2010a) calculated distribution coefficient (Kd) of TCE in soil which ranged 

from 0.375 to 0.639 L/kg. Jo et al (2010c) evaluate groundwater chemistry and 

characterized distribution of TCE in groundwater using cluster analysis. To 

characterize the study area, Yang et al. (2011, 2013) and Yang and Lee (2012) 

demonstrated groundwater recharge, seasonal variations of TCE level, existence of 

residual TCE. In addition, because there are many potencial contaminants sources in 

the study area, research regarding identification of contaminents sources has been 

conducted continuously. According to the previous studies (Yu et al. 2006; Back and 

Lee, 2011, Yang and Lee, 2012), the asphalt test lavoratory of the Road 

Administrative office of Gangwon Province seems to be one of the major source and 

minor sources may be scattered across the study area. In addition, remediation for soil 

contaminated with TCE was conducted from 2004 to 2005 using low temperature 

thermal desorption (GeoGreen21, 2010; Back and Lee, 2011). However, the residual 

TCE may be trapped in unsaturated zone (Yang et al., 2013; Jeon, 2013).  
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1.4 Scope and objectives of this study 

 

This study focused on a DNAPL (PCE and TCE) contaminated aquifer in an 

industrial complex in the city of Wonju and included a hydrogeologic characterization 

of the study area, characterization of the contaminant plume and redox conditions, 

and remediation pilot tests focusing on pump and treat system. The specific objectives 

of this study were as follows: 

1) To characterize the hydrogeological conditions of the study area that affect 

the design, operation and management of the pump and treat remediation 

system. This included site geology, distribution of hydrogeological layers, 

hydraulic conductivity (and transmissivity) distribution, groundwater level 

distribution and its annual fluctuation, and groundwater recharge 

characteristics. 

2) To examin the contaminant distribution (spatial and temporal) and redox 

conditions affecting the remediation plan using the pump and treat system. 

The most concerning redox factors include pH, dissolved oxygen (DO) and 

oxidation and reduction potential (ORP). 

3) As a primary remedial technology, the pump and treat system was considered 

for treatment of the contaminated groundwater of the study site. The specific 

goal of this pump and treat system was to contain the contaminant plume, 

prohibiting further dispersion and to treat groundwater with very high 

contaminant concentrations. Thus, to optimize the pump and treat system, 

numerical optimization studies, including the number of wells, their locations 

and pumping rates were conducted, by considering actual hydrogeologic 

conditions. Furthermore, based on the optimization results, field pilot tests 

were conducted, which was the main focus of this study. 
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CHAPTER 2. HYDROGEOLOGIC CHARACTERISTICS 

 

2.1 The Wonju site 

 

The study site in Wonju (Woosan Industrial Complex) is located about 75 km east 

of Seoul, the capital city of the Republic of Korea. Wonju is the largest city in 

Ganwon province and one of the most rapidly developing cities in Korea, hosting 

many industrial and commercial facilities. The city borders Yangpyeong-gun and 

Hoengseong-gun in the north, Yeongwol-gun in the east, the city of Jecheon in the 

south, and the cities of Chungju and Yeoju-gun in the west, and is located in a 

relatively flat area. As of December 2010, the total population of the city was 

317,094, the total area was 867.48 km2 and, thus, the population density was 365 

people per km2 (Wonju City, 2011). There are 722 manufacturing factories in the city. 

The annual precipitation of the city for the last decade (2001-2010), measured at 

the Wonju weather station (a branch of Korea Meteorological Administration), which 

is about 4 km south of the study site, ranged from 775.7 mm in 2001 to 1,745 mm in 

2003 with a mean of 1,396 mm (Fig. 2.1). Over 60% of the total annual precipitation 

occurs in the wet season (late May to early September) (Lee and Lee, 2000; Yu et al., 

2006) and, therefore, a large proportion of the groundwater recharge also occurs in 

this season (Lee et al., 2005). The monthly mean air temperature for the same period 

ranged from -5.8 to 27.1oC with a mean of 11.9oC. The air temperatures were lowest 

in January to February and the highest in July to August. The air temperature for the 

decade gradually increased at a rate of 0.0046oC per year, which was inferred to be 

partly an effect of global warming and/or the urban heat island (Chung et al., 2004a; 

Chung et al., 2004b; Lee and Chung, 2007; Youn, 2008; Lee, 2011; Park et al., 2011). 
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Fig. 2.1 Monthly precipitation and monthly mean air temperature for 2001-2010, 

measured at the Wonju weather station. 

 

The Woosan industrial complex is located in the northern part of the city (Fig. 2.2) 

and was formed in 1970, covering 355,235 m2 (GeoGreen21, 2010; Baek and Lee, 

2011). The complex is situated in an alluvial flat area, bordering low relief mountains 

(topographic elevation 192 to 203 m) in the west and north, and streams in the east 

and south. The streams generally flow from southeast to northwest. As of 2005, the 

number of companies located in the complex was 28 but it had declined to 27 in 2009 

(Gangwon Province, 2005; GeoGreen21, 2010). Most of the companies were small 

and they included food companies, motor component manufacturing companies, and 

metal molding and electrical device manufacturing companies (Baek and Lee, 2011). 

In addition, the Road Administrative office of Gangwon Province is located to the left 

of the central area and an asphalt testing laboratory in the center has been operating 

for a period of time, where chlorinated solvents including TCE have been used (Yu et 

al., 2006; Baek and Lee, 2011). However, the use of TCE for various purposes at 

other companies in the complex has also been reported (Gangwon Province, 2005; 

GeoGreen21, 2010; Baek and Lee, 2011). 
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Fig. 2.2 Location of the Wonju city and groundwater monitoring wells in the Woosan 

Industrial Complex. The figure was modified from Baek and Lee (2011). 

 

Prior to the establishment of the complex, most of the area consisted of paddy 

fields (Fig. 2.3a), which was quite different from the land use in 2000. The 

accommodation of many industries was not completed until 1981 and, thus, some 

space was left vacant (GeoGreen21, 2010). The outskirts of the complex were still 

paddy and ordinary fields at that time. By 2000, most of the existing companies were 

accommodated in the complex, and the situation was very similar to the current state. 

To establish of the complex, a large proportion of the complex area was reclaimed 



 

 

13 

and the land surface was paved with concrete and asphalt (Yu et al., 2006; 

GeoGreen21, 2010; Jo et al., 2010a; Baek and Lee, 2011). 

 

 

Fig. 2.3 Topographic maps in 1964 and 2000, and air photos in 1981 and 2000 of the 

industrial complex. The maps and photos are from GeoGreen21 (2010). 
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2.2 Geologic setting 

 

The geology of the study area is composed of Jurassic biotite granite (Daebo 

granite) and Quaternary alluvial deposits (KIGAM, 2011; Fig. 2.4). The biotite 

granite is distributed in most of the outskirts of the city, and is moderately to highly 

weathered while the alluvial deposits are mainly distributed near streams. The granite 

is mainly composed of quartz, plagioclase, alkali-feldspar, and biotite and is medium 

to coarse grained, with a phaneritic texture (Park et al., 1989; Yun and Song, 2009). 

The accompanying minerals include muscovite, chlorite, apatite, amphibole, 

pyroxene and opaque minerals (Yun and Song, 2009). The land surface in the central 

part of the study area is now mostly paved (Baek and Lee, 2011). 

 

 

Fig. 2.4 Geologic map of the study area, which is obtained from Korea Institute of 

Geoscience and Mineral Resources (KIGAM) (2011). 
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Table 2.1 shows the result of core logging at the upper part (near the asphalt 

laboratory) of the Woosan Industrial Complex (GeoGreen21, 2010; Jo et al., 2010a). 

The uppermost surface is paved or reclaimed (thickness ~2.3 m). Below the surface 

layer, weathered soil or rock is encountered, which extends to approximately 30 m. 

The weathered soil (saprolite) and rock layer forms the main groundwater flow route 

(aquifer) at this site (Choi et al., 2010; Jo et al., 2010a; Baek and Lee, 2011). The 

upper part of the soft rock is slightly fractured, permitting a limited groundwater flow. 

 

Table 2.1 Results of geologic logging at an upper part of the Woosan Industrial 

Complex (Jo et al., 2010a) 

Classification Interval Explanation 

Reclamation/fill 

soil 

0~2.3 m · Upper 20 cm asphalt 

· Yellowish brown to dark brown 

· Silty sand with a small amount of gravel 

· Wet and generally loose 

Weathered soil 2.3~6 m · Brown to yellowish brown 

· Decomposed into silty fine to medium sands 

· Completely weathered 

· Moist to wet, tight to very tight 

Weathered rock 6~29 m · Brown to yellowish brown 

· Decomposed into silty fine to medium sands 

· Intercalated with soft rocks 

· Completely weathered 

· Moist to wet, very tight 

Soft rock 29~34 m · Biotite granite, greyey brown to light grey 

· Slightly to moderately weathered 

· 29~32.6 m: highly fractured (vertical fractures) 

· 32.6~34 m: fresh to slightly weathered, 

 partly fractured 

Hard rock 34~60.8 

m 

· Biotite granite, light grey 

· Fresh 

· Strong to very strong 
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Fig. 2.5 shows a vertical hydrogeologic section constructed from core logging of 

some monitoring wells (see locations in Fig. 2.2). The hydrogeological layers 

generally follow the topographic slopes with some undulations but the main upper 

aquifer (weather soil and rock, and upper soil/fill) is thickest in the central area. Even 

though it is the lowermost layer, the hard rock is only slightly fractured. Some 

hydraulic communication between the upper aquifer and the lower layer was found 

(GeoGreen21, 2009; 2010), which was again evidenced by the fact that groundwater 

was highly contaminated with TCE at some very deep (about 100 m) groundwater 

wells in the complex (GeoGreen21, 2010; Jo et al., 2010a; Baek and Lee, 2011). 

 

 

Fig. 2.5 Simplified vertical geological section, constructed from core loggings of 

some monitoring wells (GeoGreen21, 2010). 
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2.3 Groundwater flow 

 

Fig. 2.6 shows groundwater levels measured using a manual water level meter 

(Model 101, Solinst, Canada) at 33 groundwater monitoring wells (25~50 m depth; 

excludeding some deep groundwater wells tapping the deep bedrock aquifer) in May, 

August, September and November of 2009. The groundwater levels (depth to water: 

DTW) ranged from 0.92 to 14.84 m (average=5.74 m) in May, from 0 to 11.7 m 

(average=5.30 m) in August, from 0 to 12.42 m (average=5.25 m) in September, and 

from 0 to 13.14 m (average=5.60) in November. The groundwater levels were 

relatively deep in the dry season (late September to early May) while they were 

shallow in the wet season (June to early September) (Lee et al., 2005). Hydraulic 

gradients were very steep (~0.14) in the hill slope area around the asphalt laboratory, 

while they were gentle (~0.005) in the central area approaching the streams. The high 

hydraulic gradients found in the hill slope area may be attributed to the low 

permeability of the weathered rock in this area (GeoGreen21, 2010; Jo et al., 2010b). 

The hydraulic gradients did not vary much between seasons. 

The groundwater generally flowed from the southwest (the low relief mountain 

area) to northeast (streams) and the flow direction did not vary much with season, 

even though there have been groundwater pumping wells (as of 2009 there were four  

wells with a total pumping rate of 81.5 m3/day) operating at the site (GeoGreen21, 

2010; Baek and Lee, 2011). Table 2.2 and Fig. 2.7 show the results of long-term 

monitoring (May 2009 to January 2010) of water levels at five selected wells. The 

water levels (elevation, m) ranged from 102.63 to 124.08 m. Fluctuations for the 

period were between 0.84 and 2.27 m. The highest fluctuation was at the monitoring 

well, which had the most sensitive response to rainfall at the site (Lee et al., 2005; see 

Fig. 2.5). However, less sensitive behavior or stable water levels at the two uppermost 



 

 

18 

wells (KDPW 3 and KDPW 4; 50 and 30 m well depths within the asphalt laboratory; 

tapping mostly the partly fractured rock) were attributed to relatively low 

groundwater levels (longer travel path of rainfall; water levels 20-40 m DTW) and 

low permeability (GeoGreen21, 2010; Jo et al., 2010b), which was not confirmed due 

to the relatively shorter monitoring period (140 days) at these wells. As expected, the 

groundwater levels were high in the wet season and were lowest in the dry season, 

which is a typical characteristic of domestic groundwater wells (Lee and Lee, 2000; 

Lee et al., 2005). 

 

 

Fig. 2.6 Distribution of groundwater levels measured in (a) May, (b) August, (c) 

September, and (d) November 2009. 
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Table 2.2 Water level monitoring results at 5 selected monitoring wells within the 

Woosan industrial complex (1 hr interval measurement) 

OB well Max 

(El, m) 

Min  

(El, m) 

Mean  

(El, m) 

Range 

(m) 

Start date 

yy-mm-dd 

Duration 

(days) 

GW1 124.08 121.82 122.99 2.27 09-05-16 244 

MW3 104.16 102.63 102.96 1.53 09-05-16 244 

MW4 107.13 106.29 106.61 0.84 09-05-16 244 

KDPW3 117.67 115.81 116.90 1.85 09-08-28 140 

KDPW4 118.44 116.54 117.65 1.90 09-08-28 140 

 

 

 

Fig. 2.7 Time series data of water levels at 5 monitoring wells for May 2009-January 

2010 (see well locations in Fig. 2.2).  
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2.4 Hydrogeologic parameters 

 

The hydrogeologic parameters including hydraulic conductivity, transmissivity and 

storativity are very important because they have a big effect on the groundwater flow 

and the scheme (operating conditions) of the pump and treat systems. At this site, 

various hydraulic tests were conducted and have been documented in the literature 

(Choi et al., 2010; GeoGreen2010; Jo et al., 2010b). These are summarized below. 

 

2.4.1 Slug tests 

The slug test is a hydraulic test performed in a single well (Hvorslev, 1951; 

Bouwer and Rice, 1976; Butler et al., 1996; Butler and Healy, 1998; Lee and Lee, 

1999). Tests were conducted in July to September 2009 at 33 monitoring wells by 

bailing water or injecting a dummy. The initial water levels were between 5.79 and 

40.53 m (average=15.29 m) and the initial displacements were 0.01 and 0.6 m 

(average=0.18 m) (GeoGreen21, 2010; Jo et al., 2010b). 

Fig. 2.8 shows the slug test results and curve fittings by the Bouwer and Rice 

method (1976) at some selected wells. Double straight lines were obtained for the 

GW1 well and the first steep straight line represents the artificial zone of higher 

permeability around a test well installation or a wellbore storage effect (Lee and Lee, 

1999). The GW3 and GW7 wells displayed a normal and non-oscillatory response to 

the instantaneous stress, which is typical of a relatively low permeability medium 

(Cooper et al., 1967). However, GW8 displays very oscillatory attenuating behavior, 

which is a characteristic of higher permeability aquifers, with nonlinear effects 

(McElwee and Zenner, 1998; McElwee, 2001; Butler, 2002; Ostendorf et al., 2005). 

Analysis by the conventional Bouwer and Rice method (1976) using the initial falling 

segment of the test data can yield a significant overestimation of hydraulic 

conductivity (K) (Butler et al., 2003). 
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Fig. 2.8 Analysis results of the slug tests using Bouwer and Rice straight line method 

(1976). 

 

Table 2.3 summarizes the results of the slug tests. Estimates of hydraulic 

conductivity using the Bouwer and Rice method (1976) ranged from 2.90×10-5 to 

3.79×10-2 cm/sec (mean=4.48×10-3 cm/sec) while those of the Cooper et al. (1967) 

were between 9.59×10-5 and 3.77×10-3 cm/sec (mean=2.37×10-3 cm/sec) and, thus, 



 

 

22 

did not vary much according to the analysis method used. Fig. 2.9 shows the spatial 

distribution of the hydraulic conductivities obtained from the slug tests. As shown in 

the figure, the hydraulic conductivity is high in the low flat area near the stream while 

it is relatively low in the upper area of the site. The monitoring wells in the low flat 

area mostly tap the unconsolidated soil or fill soil while those in the hilly area tap the 

slightly fractured or weathered rock, which is the probable cause of the differences in 

hydraulic conductivity (Jo et al., 2010b). These estimates of hydraulic conductivity 

were higher than expected and, thus, may have originated as an artifact because the 

first data segment used in the Bouwer and Rice method (see Fig. 2.8) could have 

yielded an overestimation of hydraulic conductivity (Butler and Healy, 1998; Lee and 

Lee, 1999). 

 

Table 2.3 Summary of slug test results (GeoGreen21, 2010) (see test well locations in 

Fig. 2.2) 

Test well Bouwer & Rice (cm/sec) Cooper et al. (cm/sec) Mean K (cm/sec) 

GW01 2.10×10-4 1.22×10-4 1.06×10-4 

GW03 1.96×10-3 2.60×10-3 2.26×10-3 

GW07 3.05×10-4 4.09×10-4 3.53×10-4 

GW08 1.25×10-2 1.66×10-2 1.44×10-2 

GW09 2.34×10-3 7.17×10-4 1.29×10-3 

GW10 1.23×10-2 1.38×10-2 1.31×10-2 

GW12 8.73×10-4 5.30×10-4 6.80×10-4 

GW14 1.90×10-3 9.46×10-4 1.34×10-3 

GW15 1.07×10-2 5.16×10-3 7.44×10-3 

GW17 1.43×10-4 2.95×10-4 2.05×10-4 

GW18 2.90×10-5 1.20×10-4 5.91×10-5 

GW19 5.96×10-3 6.40×10-3 6.17×10-3 

MW01 2.44×10-3 1.92×10-3 2.16×10-3 

MW02 1.78×10-3 6.64×10-4 1.09×10-3 

MW03 1.69×10-3 1.19×10-3 1.42×10-3 

MW04 6.15×10-4 5.89×10-4 6.02×10-4 
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MW05 3.79×10-2 6.41×10-3 1.56×10-2 

MW06 1.28×10-3 5.94×10-4 8.71×10-4 

MW09 2.41×10-3 1.29×10-3 1.76×10-3 

MW11 3.23×10-3 4.77×10-4 1.24×10-3 

MW12 1.24×10-2 2.86×10-3 5.96×10-3 

MW15 7.71×10-4 4.21×10-4 5.70×10-4 

MW19 2.30×10-2 3.70×10-3 9.23×10-3 

MW20 5.01×10-4 7.09×10-4 5.96×10-4 

MW21 2.46×10-3 2.33×10-3 2.40×10-3 

MW22 1.54×10-3 5.96×10-4 9.59×10-4 

MW23 2.14×10-4 9.59×10-5 1.43×10-4 

MW25 3.85×10-3 4.69×10-4 1.34×10-3 

SR01 8.64×10-4 4.24×10-3 1.91×10-3 

KDPW1 9.64×10-4 1.00×10-3 9.82×10-4 

KDPW2 3.09×10-4 5.62×10-4 4.17×10-4 

KDPW3 2.03×10-4 1.98×10-4 2.00×10-4 

KDPW4 1.30×10-4 1.73×10-4 1.50×10-4 

 

 

Fig. 2.9 Distribution of hydraulic conductivity (-log K) with photos of the slug tests. 
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2.4.2 Single well pumping tests 

Single well tests were also conducted to obtain the lage scale hydrogeological 

parameters that could not be determined from slug tests (Lee and Lee, 1999). 

Pumping was performed using a small submersed pump on 14-15 January at the 

GW7, GW12 and MW9 wells (GeoGreen21, 2010; Jo et al., 2010b). The pumping 

duration was 60 minutes. The water level changes were monitored using an automatic 

waterlevel logger (Levelogger Gold, Solinst). For validation of the logged waterlevel 

data, manual water level measurements were also conducted. Table 2.4 shows the 

specifications of the pumping wells. 

 

Table 2.4 Specifications of the pumping wells 

Pumping 

well 

Well 

depth (m) 

Initial WL 

(DTW, m) 

Inner casing 

(mm) 

Screen interval 

(depth, m) 

Test date 

(mm-dd) 

GW7 24.0 3.57 50.8 10.5~24.0 01-15 

GW12 18.5 2.43 50.8 8.0~18.5 01-14 

MW9 21.0 7.01 50.8 15.0~21.0 01-15 

 

The test data were analyzed using the AQTESOLV program (Version 3.01, 

HydroSOLVE) for various aquifer assumptions (Fig. 2.10). The solutions used 

included Theis (1935), Cooper and Jacob (1946) and Papadopulos and Cooper (1967) 

for confined conditions and Theis (1935), Neuman (1974) and Moench (1997) for 

unconfined conditions. Table 2.5 shows the analysis results of the pumping tests using 

the above solutions. The transmissivity (T) ranged from 0.0322 to 3.457 cm2/sec with 

a mean of 1.662 cm2/sec and the corresponding hydraulic conductivity (K) was 

between 1.58×10-5 and 2.47×10-3 cm/sec (mean=1.10×10-3 cm/sec). These values are 

similar to those obtained from the slug tests. Estimates of the storage coefficient 

(storativity; S) ranged from 0.0003 to 0.761 (mean=0.231). 
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Fig. 2.10 Results of the three pumping tests and analysis using the Theis (1935) 

solution. 

 

Table 2.5 Analysis results of the pumping test data 

PW Condition Method T (cm2/sec) K (cm/sec) S 

GW7 Confined Theis (1935) 0.0397 1.94×10-5 0.584 

Cooper-Jacob (1946) 0.0710 3.48×10-5 0.433 

Papadopulos-Cooper 0.0322 1.58×10-5 0.065 

Geometric mean 0.045 2.20×10-5 - 

Unconfined Theis (1935) 0.0357 1.74×10-5 0.589 

Neuman (1974) 0.0468 2.29×10-5 0.584 

Moench (1997) 0.457 2.24×10-4 0.015 

Geometric mean 0.091 4.47×10-5 - 
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GW12 Confined Theis (1935) 1.804 1.12×10-3 0.074 

Cooper-Jacob (1946) 3.224 2.00×10-3 0.0005 

Papadopulos-Cooper 3.435 2.13×10-3 0.0004 

Geometric mean 2.713 1.69×10-3 - 

Unconfined Theis (1935) 1.918 1.19×10-3 0.045 

Neuman (1974) 1.836 1.14×10-3 0.068 

Moench (1997) 3.083 1.92×10-3 0.0003 

Geometric mean 2.214 1.38×10-3 - 

MW9 Confined Theis (1935) 1.787 1.28×10-3 0.341 

Cooper-Jacob (1946) 3.457 2.47×10-3 0.0045 

Papadopulos-Cooper 2.930 2.09×10-3 0.014 

Geometric mean 2.626 1.88×10-3 - 

Unconfined Theis (1935) 1.555 1.11×10-3 0.562 

Neuman (1974) 1.374 9.82×10-3 0.761 

Moench (1997) 2.842 2.03×10-3 0.007 

Geometric mean 1.824 1.30×10-3 - 

 

2.4.3 Step-drawdown tests 

The step-drawdown test is a single well hydraulic test that is used to examine well 

efficiency and productivity as well as to estimate hydraulic parameters (Helweg, 

1994; Choi et al., 2010). The step-drawdown tests were conducted on 14-15 January 

2010 using the KDPW1 and KDPW2 wells, which were located in the area of the 

Road Administrative office of Gangwon Province (GeoGreen21, 2010; Jo et al., 

2010b). The specifications of the groundwater wells involved in these tests are 

presented in Table 2.6. The groundwater level changes were monitored using pressure 

transducers (Hermit 2000 and Hermit 3000, In-Situ, Inc.) and level loggers 

(Levelogger Gold, Solinst). Table 2.7 shows the relevant conditions of the step-

drawdown tests. The pumping rates increased with each step and ranged from 4.30 to 

16.37 m3/day for the KDPW1 well and from 4.18 to 15.77 m3/day for the KDPW2 

well. The pumping duration of each step was 60 minutes. To distance from the 

pumping well was between 2.90 and 10.10 m (Choi et al., 2010; GeoGreen21, 2010; 

Jo et al., 2010b). 
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Table 2.6 Well completions of the wells involved in the two step-drawdown tests 

(GeoGreen21, 2010; Jo et al., 2010b)  

Pumping 

well 

OB well Depth (m) Inner casing 

(mm) 

Screen 

interval 

Waterlevel 

(DTW, m) 

KDPW1 

(2010-01-

15) 

KDPW1 50 101.6 30~50 m 11.36 

KDPW2 30 101.6 4.5~30 m 11.36 

KDPW3 50 101.6 30~50 m 11.20 

KDPW4 30 101.6 4.5~30 m 11.01 

KDPW2 

(2010-01-

14) 

KDPW1 50 101.6 30~50 m 11.37 

KDPW2 30 101.6 4.5~30 m 11.35 

KDPW3 50 101.6 30~50 m 10.89 

KDPW4 30 10.16 4.5~30 m 11.00 

  

Table 2.7 Relevant conditions of the two step-drawdown tests (GeoGreen21, 2010; Jo 

et al., 2010b) 

Step-drawdown test #1 (pumping wells: KDPW1) 

OB well KDPW1 KDPW2 KDPW3 KDPW4 

Distance 0.0 m 2.90 m 9.70 m 10.10 m 

Pumping rate 

and duration 

Q1=4.30 m3/day 

Q2=9.12 m3/day 

Q3=12.76 m3/day 

Q4=16.37 m3/day 

T1=60 minutes 

T2=60 minutes 

T3=60 minutes 

T4=60 minutes 

Step-drawdown test #2 (pumping wells: KDPW2) 

OB well KDPW1 KDPW2 KDPW3 KDPW4 

Distance 2.90 m 0.0 m 10.10 m 9.70 m 

Pumping rate 

and duration 

Q1=4.18 m3/day 

Q2=8.90 m3/day 

Q3=12.79 m3/day 

Q4=15.77 m3/day 

T1=60 minutes 

T2=60 minutes 

T3=60 minutes 

T4=60 minutes 

 

Fig. 2.11 shows the results of the step-drawdown test. The test data were analyzed 

to estimate hydraulic parameters using the AQTESOLV program (Version 3.01, 

HydroSOLVE). The analysis results of the test data are presented in Table 2.8. The 
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estimates of hydraulic conductivity were in the order of 10-3~10-4 cm/sec, which are 

very similar to those of the slug and pumping tests (see Tables 2.3 and 2.5). The 

storativity is in the average of 10-3, which indicates the tested aquifer is slightly or 

partially confined, and fractured (Sami and Hughes, 1996). 

  

 

Fig. 2.11 Results of the step-drawdown tests, which is modified from Jo et al. (2010b). 

The left two are for test #1 and the right two are for test #2. 
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Table 2.8 Geometric mean values of transmissivity (T), hydraulic conductivity (K) 

and mean value of storativity (S) estimates obtained from the step-drawdown tests 

(GeoGreen21, 2010; Jo et al., 2010b). The values of the pumping wells (marked *) 

are of low reliability due to well losses 

Test no. OB Well Condition T (cm2/sec) K (cm/sec) S (-) 

#1 

(pumping: 

KDPW1) 

KDPW1* Confined 1.756 8.78×10-4 0.0347 

Unconfined 1.289 3.34×10-4 0.0381 

KDPW2 Confined 4.187 2.25×10-3 0.0253 

Unconfined 1.946 3.62×10-4 0.0150 

KDPW3 Confined 4.813 1.24×10-3 0.0035 

Unconfined 2.648 6.82×10-4 0.0027 

KDPW4 Confined 3.958 2.08×10-3 0.0164 

Unconfined 5.035 2.65×10-3 0.0009 

#2 

(pumping: 

KDPW2) 

KDPW1 Confined 3.518 1.76×10-3 0.0334 

Unconfined 3.018 1.51×10-3 0.0399 

KDPW2* Confined 1.130 6.06×10-4 0.1199 

Unconfined 0.964 5.17×10-4 0.0811 

KDPW3 Confined 2.186 5.59×10-4 0.0013 

Unconfined 1.964 5.02×10-4 0.0014 

KDPW4 Confined 2.558 1.35×10-3 0.0021 

Unconfined 2.232 1.17×10-3 0.0023 
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CHAPTER 3. CONTAMINANT CHARACTERIZATION 

 

3.1 Contamination history 

 

Groundwater in the study site has been contaminated with TCE and PCE since 

1995 (Yu et al., 2006; GeoGreen21, 2010; Baek and Lee, 2011). In 1995, the Wonju 

Regional Environmental Office first found groundwater contamination with TCE that 

was linked to a food company in the complex (Fig. 3.1). The levels found exceeded 

the groundwater standard (0.03 mg/L). TCE was detected at four wells operated by 

the company, of which two exceeded the standard. To identify the potential 

contamination sources, a survey of TCE use in and around the complex was 

undertaken but the source was not identified. Finally, the two wells exceeding the 

groundwater standard were closed. During the period 1996-2001, the Gangwon 

Institute of Health & Environment conducted a groundwater quality monitoring 

program and found five additional wells whose groundwater was contaminated with 

TCE, which were then also closed (Fig. 3.2). The water supply of the food company 

was switched from groundwater to the municipal waterworks. 

During 2002-2003, the Gangwon Regional Environmental Technology 

Development Center conducted a research project, named “A study on investigation 

and management strategy of potential soil contaminated area in Wonju city”. In the 

study, five additional groundwater wells contaminated with TCE were found around 

the complex, one of which exceeded the groundwater standard for industrial use and 

was therefore abandoned. The continued groundwater contamination issues resulted 

in a detailed investigation of contaminated soil and groundwater conducted by the 

city of Wonju and the Environmental Management Corporation (EMC) (Yu et al., 

2006). The investigation concluded that the source of the TCE contamination was the 
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Road Administrative office of Gangwon Province, located upgradient of the 

contaminated groundwater wells (Yu et al., 2006; see the location in Fig. 2.2). Thus, 

the city of Wonju issued an order for the Road Administrative Office to clean up the 

contaminated soil and groundwater. 

 

 

Fig. 3.1 Groundwater contamination with TCE in the industrial complex and well 

abandonment for 1995-1998. 

 

Complying with the remediation order, the Road Administrative Office of 

Gangwon Province conducted a remediation project for the contaminated soil (about 

960 m3) in 2004-2005 using low temperature thermal desorption (GeoGreen21, 2010; 
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Baek and Lee, 2011). However, there was no action taken for the contaminated 

groundwater because controversy remained regarding its exact source and, therefore, 

whose responsibility it was for remediation was in question (Baek and Lee, 2011). 

 

 

Fig. 3.2 Groundwater contamination with TCE in the industrial complex and well 

abandonment for 1999-2002. 

 

Irrespective of the unreconciled dispute regarding the source of the groundwater 

contamination, the Road Administrative Office of Gangwon Province additionally 

conducted a remedial investigation of the contaminated groundwater and an 

evaluation of the natural attenuation capacity in 2005-2006. Furthermore, the 
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Gangwon office extended the project to evaluate the natural attenuation into 2007-

2008, and this was conducted by the EMC. According to the results of this project, it 

was concluded that some natural attenuation by biodegradation was occurring at this 

site but more active remediation was required for the contaminated groundwater with 

very high TCE concentrations. The area was designated as a demonstration site for a 

five-year (2009-2014) research project designed to develop site characterization and 

remediation technologies for DNAPL contaminated aquifers at industrial sites (Fig. 

3.3; Lim et al., 2011). This study is a part of this research project. 

 

 

Fig. 3.3 Organization of a research group dedicated for developing remediation 

technologies for DNAPL contaminated groundwater (image from SEEDS, 2011). 
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3.2 Potential contamination sources 

 

A dispute remains regarding the origin of the TCE contaminated groundwater and 

the responsibility for remediation because the contaminant might have been widely 

used for various purposes across the site, apart from at the asphalt testing laboratory 

of the Road Administrative Office of Gangwon Province (Baek and Lee, 2011). To 

investigate the possible TCE sources, an inventory of all 27 companies in the 

complex was conducted (Table 3.1). 

 

Table 3.1 Summary of companies in the industrial complex as of 2009 

No. Company name Business Address 

1 Dondo-jomyeong Fluorescent light devices Woosan-dong 339-17 

2 Superpeed Combined livestock feed Woosan-dong 400-3 

3 Taeguk General Foods Bean curds Woosan-dong 333-6 

4 Gold Foods Wheat flour Woosan-dong 333-6 

5 Natural Foods Steamed bun Woosan-dong 333-1 

6 Otoogi Foods Food distribution Woosan-dong 33-14 

7 Hanju Products Fluorescent light devices Woosan-dong 333-15 

8 Fruwell Corrugated cardboard Woosan-dong 390 

9 Samyang Foods Noodles Woosan-dong 390 

10 Cheonil Medicines Korean herbal medicines Woosan-dong 411-13 

11 Jawon Foods Korean herbal medicines Woosan-dong 411-13 

12 Komotech Motorcar components Woosan-dong 405-6 

13 Deokwon Industry Welding wires, steel plate Woosan-dong 405-6 

14 KMtech Motorcar components Woosan-dong 405-6 

15 Sinwon Chemistry Styrofoam Woosan-dong 405-13 

16 Yusung Chemistry PVC, tiles Woosan-dong 405-15 

17 Yujung Development Hume concrete pipes Woosan-dong 411-3 

18 Hanil Electrics Ventilation fan, mixer Woosan-dong 411-6 

19 Saehan Industry Vacant Drums Woosan-dong 411-7 

20 Daesin Metals Motorcar components Woosan-dong 411-7 
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21 Green Resources Renewed metals Woosan-dong 411-12 

22 Wonju Korean Paper Korean paper Woosan-dong 411-18 

23 Hana Precision Machine components Woosan-dong 411-18 

24 Ansan Agricultural Pro.  Starch Woosan-dong 411-42 

25 Jeongdo Chemical  PS print plate Woosan-dong 428-62 

26 Food School Bun Woosan-dong 428-62 

27 Donga SF Animal feeds Woosan-dong 333-3 

 

As shown in Table 3.1, some companies manufacturing motorcar and machine 

components were identified as possible sources of TCE. The asphalt laboratory of 

Gangwon Province claimed not to use TCE (Gangwon Province, 2005). The use of 

TCE by other companies was further supported by soil survey results, which found 

that the soil near the Komotech was contaminated with TCE (Fig. 3.4; Gangwon 

Province, 2005; Baek and Lee, 2011). Thus, it was concluded that there were multiple 

contamination sources (at least two) for TCE in this area, even though the asphalt 

testing laboratory was still considered to be the main source (Yu et al., 2006; Baek 

and Lee, 2011). 

 

 

Fig. 3.4 Detection of TCE contamination near Komotech area (up to 7.589 mg/kg). 

The figure was modified from Gangwon Province (2005). 
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3.3 Contaminant distribution 

 

Groundwater samples were collected from available monitoring wells and 

groundwater wells in May, August and November of 2009 and they were analyzed for 

chlorinated solvents including TCE, PCE, carbon tetrachloride (CCl4; CT) and 

chloroform (CF). Fig. 3.5 shows the spatial distribution of TCE and the peak 

concentration for the period. The highest TCE level was detected at the area of the 

Road Administrative Office of Gangwon Province (RAO), which coincides with the 

previous location of the contaminated soil remediation area. The TCE contamination 

extended from the northern boundary of the RAO to the Komotech area near the 

stream. A spreading of the contaminant plume to the northern area of the RAO, which 

was a deviation from the general groundwater flow direction, occurred due to the 

sustained groundwater use in the area. During the monitoring period, the TCE levels 

were almost sustained except that those in the southeast region fell slightly in August 

when a large rainfall event occurred. 

Interestingly, a separate groundwater contamination plume around the Komotech 

area near the stream indicated another contamination source, taking into 

concideration the plume shape and groundwater flow direction (Jo et al., 2010c; Baek 

and Lee, 2011). As previously noted, noticeable levels of soil contamination with 

TCE were found in this area. The high TCE levels of groundwater at the southestern 

boundary also suggested other TCE sources because the area was largely separated 

from the main groundwater flow and no significant groundwater pumping was 

reported in this area. According to a previous report (Yang et al., 2003), there were 

some other sources of TCE (use and treatment of TCE) in this area including car 

maintenance centers and car washing lots. Consequently, the assertion of a single 

source (the asphalt laboratory) for the TCE appears to be implausible (Baek and Lee, 

2011). 
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Fig. 3.5 Distribution of TCE level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009. 

 

Fig. 3.6 shows the spatial distribution of CT levels in groundwater. CT is a solvent 

used prior to adoption of TCE. The distribution of CT is very similar to that of TCE, 

with the exception that it was not detected in the eastern half of the industrial 

complex. Thus, considering the fact that CT was used before TCE and that there was 

another TCE source in the eastern part of the site, it can be inferred that the spatial 
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extent of the CT plume represents the limit of the TCE contamination attributable to 

the asphalt laboratory of the RAO (Baek and Lee, 2011). 

 

 

Fig. 3.6 Distribution of CT level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009. 

 

Levels of cis-DCE (dichloroethylene), a byproduct of TCE biodegradation, are 

presented in Fig. 3.7. Two main plumes were found, with one located in the area of 

the RAO and the other in the Komotech area near the stream, and they were clearly 
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separated. Considering the cis-DCE levels and redox conditions, including dissolved 

oxygen (DO) and oxidation-reduction potential (ORP) (discussed in a later section), 

biodegradation processes such as reductive dechlorination may be limited in this area 

(Jo et al., 2010c; Baek and Lee, 2011). However, the relatively high DCE levels in the 

eastern part of the site could be attributed to more depleted DO conditions because 

this area was covered by impermeable asphalt pavement and the groundwater was 

discharging in the area (Lee et al., 2005). 

 

 

Fig. 3.7 Distribution of cis-DCE level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009. 
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Fig. 3.8 Distribution of CF level in groundwater in (a) May, (b) August, (c) 

November and (d) peak in 2009. 

 

Fig. 3.8 shows the spatial distribution of chloroform (CF). CF is a biodegradation 

product of CT and its spatial distribution is very similar to that of the mother material. 

The highest concentrations were found in the area of the asphalt testing laboratory 

and its downgradient area. However, the detection of CF at noticeable levels in the 

Komotech area was unexpected because CT was not found in this area. Thus its 

presence appears to be the result of the CF plume spreading from an upgradient area. 
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3.4 Redox conditions and water chemistry 

 

3.4.1 Field measured parameters 

The field parameters including pH, temperature, DO, EC, ORP and TDS were 

measured using standard probes in May, August and November, 2009, at 45, 51 and 

51 observation wells and streams (four points), respectively. Levels of dissolved iron 

(Fe2+) and manganese (Mn2+) were determined using a field spectrophotometer 

(DR2010, Hach). The groundwater temperatures ranged from 13.1 to 20.2oC 

(mean=15.6oC) in May, 14.9 to 26.2oC (mean=18.3oC) in August, and 11.3 to 18.8oC 

(mean=15.6oC) in November, which reflects the seasonal variation of ambient air 

temperatures (Table 3.2). The pH of water samples was slightly acidic, 5.4-7.8 

(mean=6.7) in May, 4.2-8.4 (mean=6.2) in August and 4.7-7.9 (mean=6.1) in 

November. Electrical conductivity (EC), indicative of dissolved solutes, ranged from 

111 to 1,128 S/cm (mean=400 S/cm) in May, 86 to 1,830 S/cm (mean=496 

S/cm) in August and 116 to 2,612 S/cm (mean=536 S/cm) in November. EC 

values greater than 500 S/cm generally indicate some groundwater contamination. 

 

Table 3.2 Summary of field measured parameters in 2009 

Date Stat. pH EC  

(S/cm) 

DO 

(mg/L) 

ORP 

(mV) 

Temp 

(oC) 

Fe2+ 

(mg/L) 

Mn2+ 

(mg/L) 

TDS 

(mg/L) 

May Mean 6.7 400 3.8 148 15.6 1.1 0.6 321.6 

Max 7.8 1,128 7.9 743 20.2 11.5 5.3 881.0 

Min 5.4 111 1.0 -113 13.1 0.0 0.0 87.0 

SD 0.5 208 1.7 147 1.6 2.8 1.2 168.0 

Aug Mean 6.2 496 3.9 173 18.3 0.6 0.5 326.7 

Max 8.4 1,830 7.9 741 26.2 21.5 5.4 1189.0 

Min 4.2 86 1.2 0.1 14.9 0.0 0.0 56.0 

SD 0.7 291 1.9 116 2.4 3.0 1.1 191.5 
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Nov Mean 6.1 536 3.8 162 15.6 0.2 0.3 348.0 

Max 7.9 2,612 9.6 765 18.8 1.2 2.0 1698.0 

Min 4.7 116 0.3 -113 11.3 0.0 0.0 77.0 

SD 0.7 449 2.5 132 1.7 0.3 0.5 292.2 

 

Dissolved oxygen (DO) levels averaged 3.8, 3.9 and 3.8 mg/L in May, August and 

November, respectively, which indicates that the groundwater was generally under 

aerobic conditions while some groundwater had very low levels of DO (< 1 mg/L) 

with negative values of ORP. The average ORP levels were 148, 173 and 162 mV in 

May, August and November, respectively, which also indicates mostly oxic 

conditions, except for some monitoring wells. The peak concentrations of ferrous iron 

(Fe2+) were 11.5 mg/L (mean=1.1 mg/L), 21.5 mg/L (mean=0.6 mg/L) and 1.2 mg/L 

(mean=0.2 mg/L) in May, August and November, respectively, which indicates the 

occurrence of a limited extent of iron reduction. Peak manganese (Mn2+) 

concentrations were 5.3 mg/L (mean=0.6 mg/L), 5.4 mg/L (mean=0.5 mg/L) and 2.0 

mg/L (mean=0.3 mg/) in the three sampling campaigns, respectively, which implies 

little manganese reduction in this area. Total dissolved solids (TDS) in this area were 

on average 322, 327 and 348 mg/L, in May, August and November, respectively, 

which is generally indicative of groundwater contamination. 

Fig. 3.9 shows the spatial distribution of average values of ORP, DO, Fe2+ and 

Mn2+ for the three rounds of measurements. The lower values of ORP and DO and 

higher values of Fe2+ and Mn2+, compared with background values, indicate the 

prevalence of anaerobic conditions, which is favored by the anaerobic biodegradation 

of chlorinated solvents (Vroblesky and Chapelle, 1994; Wiedemeier et al., 1999). 

However, in this study area, anaerobic conditions were only temporarily found in the 

RAO and the Komotech areas (ERM and GeoGreen21, 2008). The less oxic or 

anaerobic conditions were directly related to the detection of biodegradation products 

such as cis-DCE and chloroform in these areas (see Figs. 3.7 and 3.8). 
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Fig. 3.9 Distribution of average values of ORP, DO, dissolved Fe (Fe2+) and Mn 

(Mn2+) for the three measurement campaigns in 2009. 
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3.4.2 Water chemistry 

Water chemistry can affect the efficiency of the treatment of contaminated 

groundwater. Table 3.3 summarizes the analysis results for major cations and anions 

in May. Ca2+ (mean=49.8 mg/L) was dominant among the cations, while HCO3
- 

(mean=68.6 mg/L) was dominant among the anions, which is a characteristic of 

shallow and bedrock groundwaters (Kim et al., 2005). Average values of Na+ and Cl- 

were 26.6 and 59.5 mg/L, but they were widely distributed. The much higher values 

of Cl- (up to 295.3 mg/L), far exceeding the mean value (10 mg/L) of granite and 

granitic gneiss aquifers (Min et al., 2003; Chae et al., 2004; Kim et al., 2005a; Kim et 

al., 2005b), indicate additional anthropogenic sources of this ion. The higher values 

can be attributed to the frequent application of road salts (CaCl2) in the winter and 

leakage of sewer lines in this industrial area (Jo et al., 2010c; Baek and Lee, 2011). 

 

Table 3.3 Statistics of major ions (mg/L) in May 2009 

Stat. Ca2+ Mg2+ Na+ K+ Cl- NO3
- SO4

2- HCO3
- 

Mean 49.8 8.5 26.6 5.0 59.5 8.6 19.9 68.6 

Max 124.9 19.9 121.3 33.3 295.3 34.1 81.9 148.8 

Min 16.8 2.1 8.0 0.9 3.9 0.0 4.5 14.0 

Ran 108.1 17.8 113.3 32.4 291.4 34.1 77.4 134.8 

SD 23.7 3.9 20.3 6.0 66.1 7.7 13.6 31.2 

 

Fig. 3.10 shows a Piper plot of the water chemistry analyzed in May, 2009. Two 

main water types, Ca + HCO3 and Ca + Cl, were found. The former is typical of 

shallow or bedrock groundwaters in Korea (Kim et al., 2005) and the latter might be 

affected by road salts and/or urban sewer leakage (Jeong, 2001; Choi et al., 2005; 

Chae et al., 2008). Interestingly, sulfate (SO4
2-) and nitrate (NO3

-) were not very 

enriched in these waters. 
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Fig. 3.10 Piper plot showing compositions of major ions of groundwater and stream 

water in May 2009. 

 

Table 3.4 and Fig. 3.11 show a summary of the chemical composition of waters 

sampled in August, 2009. Of all substances tested for, the calcium ion (Ca2+) had the 

highest concentration (mean=52.6 mg/L), with a range of 13.9 to 107.4 mg/L, which 

was slightly lower than the values for May, due to a heavy rainfall in this month. The 

bicarbonate ion (HCO3
-) was generally elevated (mean=67.4 mg/L), which was 

derived from rainfall infiltration and subsequent additional groundwater recharge 

(supply of CO2). In general, elevated levels of dissolved species with higher ECs in 

this season indicate an aggravation of water quality originating from the surface due 

to rainfall from storm events. 
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Table 3.4 Statistics of major ions (mg/L) in August 2009 

Stat. Ca2+ Mg2+ Na+ K+ Cl- NO3
- SO4

2- HCO3
- 

Mean 52.6 8.2 29.2 5.1 63.1 10.7 22.5 67.4 

Max 107.4 18.9 202.8 31.7 376.9 76.9 82.2 202.5 

Min 13.9 1.8 7.4 0.8 1.3 0.7 4.5 20.1 

Ran 93.5 17.1 195.4 30.9 375.6 76.2 77.7 182.4 

SD 22.5 4.1 30.6 6.8 78.1 11.7 17.1 35.6 
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Fig. 3.11 Piper plot showing compositions of major ions of groundwater and stream 

water in August 2009. 



 

 

47 

Table 3.5 and Fig. 3.12 show the water chemistry in November 2009, which was 

not very different from August and November. However, the concentration of Cl- was 

greatly elevated, which was due to the frequent application of road salts for de-icing 

the snow in winter. 

Table 3.5 Statistics of major ions (mg/L) in November 2009 

Stat. Ca2+ Mg2+ Na+ K+ Cl- NO3
- SO4

2- HCO3
- 

Mean 62.0 9.5 38.7 5.8 84.6 8.7 21.4 72.2 

Max 253.3 33.5 346.6 35.5 855.4 45.5 79.2 253.7 

Min 18.1 2.9 8.3 1.0 3.2 0.0 3.8 15.3 

SD 35.0 5.3 58.4 7.8 138.1 8.5 14.9 42.9 
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Fig. 3.12 Piper plot showing compositions of major ions of groundwater and stream 

water in November 2009. 
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CHAPTER 4. PILOT REMEDIATION 

 

4.1 Remediation strategy 

 

As shown in Figs. 3.5-3.8, the contaminants including TCE and CT, were widely 

dispersed across almost the whole study area and appeared to have a scattered 

distribution. Thus, a single remediation technology may be appropriate to attain some 

level of remediation within a reasonable time frame. For the full scale remediation of 

this site, three integrated remediation systems were considered (for demonstration at 

the field scale) for a specific target area and contamination levels (Lim et al., 2011; 

SEEDS; Table 4.1). This study is part of the EAPL (Enhanced Attenuation and Plume 

Capture) project, which proposes an environmentally sustainable and cost-effective 

DNAPL plume capture system based on a conventional pump and treat (Fig. 4.1). 

This chapter focuses, in particular, on the optimization of the pump and treat system 

and the field demonstration results, with a view to mainly containing the plume rather 

than achieving a remediation target level (e.g., a concentration level such as the 

Korean groundwater standard). 

Table 4.1 Remediation technologies considered for this site (SEEDS, 2011) 

Project Target area Goal and remediation technologies 

EAPL Hot zone, 

partly 

dispersed 

plume  

To capture plume and control the plume dispersion 

Pump and treat with optimum capture system 

Reactive zone for dispersed plume  

ENHO Hot zone Integrated technologies mainly including 

bioaugmentation and cosolvent/surfactant flushing  

DIPL Dispersed 

plume zone 

Integrated technologies using advanced oxidation 

process and bioremediation process  
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Fig. 4.1 Remediation (demonstration) target area of each project and this study is a 

part of Project #1 (EAPL). The figure is modified from Lim et al. (2011) and SEEDS 

(2011). 

 

The conventional P&T system has suffered from tailing and rebound effects 

(Cohen et al., 1997; Voudrias, 2001). Thus, this study focused on capture of the plume 

and the control of further plume migration using a hydraulic control method. In 

addition, as a specific goal of this system, the aim was to reduce the number of 

pumping wells and the amount of groundwater pumping as much as possible within a 

given time frame (Park et al., 2011). 
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4.2 Pump and treat optimization 

 

4.2.1 Optimum pumping rate 

The optimum pumping rates were determined based on the results of the step-

drawdown tests at this site (Choi et al., 2010; GeoGreen21, 2010; see the detailed 

specification of the tests in section 2.4.3). The results of the step-drawdown tests were 

analyzed using the flow equation of Jacob (1947). 

2CQBQsw                                                   (4.1) 

where ws is drawdown, B is a coefficient of linear well loss, C is a coefficient of 

nonlinear well loss and Q is pumping rate. Generally, specific drawdown (sw/Q) and 

optimum pumping rates are determined using the following equation (a modification 

of equation 4.1). 

CQBQsw /                                                         (4.2) 

By plotting the specific drawdown versus pumping rate, the coefficients B and C 

can be estimated (Fig. 4.2; Bierschenk, 1963). The calculated coefficients for the tests 

are given in Table 4.2. 
 

Table 4.2 Specific drawdown and pumping rates of each step (Choi et al., 2010; 

GeoGreen21, 2010) 

KDPW1 Sw (m) Pumping rate (L/min) Specific drawdown (min/m2) 

Step 1 0.197 2.99 65.886 

Step 2 0.499 6.33 78.831 

Step 3 0.749 8.86 84.537 

Step 4 0.989 11.37 86.983 

KDPW2 Sw (m) Pumping rate (L/min) Specific drawdown (min/m2) 

Step 1 0.230 2.90 79.310 

Step 2 0.576 6.18 93.206 

Step 3 0.854 8.88 96.172 

Step 4 1.171 10.95 106.925 
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Fig. 4.2 Plots of specific drawdown versus pumping rate for the step-drawdown tests. 

 

 

By setting a permissible drawdown for a pumping well, an optimum pumping rate 

can be obtained from the regression equations in Fig. 4.2. In this case, the permissible 

drawdown for each well was set to 0.5 and 1.0 m and, thus, the optimum pumping 

rates were determined to be as 6.51 and 11.25 L/m for KDPW1 and 5.63 and 9.79 

L/min for KDPW2, respectively (Table 4.3). 

 

Table 4.3 Estimated optimum pumping rates for each permissible drawdown (Choi et 

al., 2010; GeoGreen21, 2010) 

Pumping 

well 

B (min/m2) C (min2/m5) Permissible 

drawdown (m) 

Optimum pumping 

rate (L/min; m3/day) 

KDPW1 60.2872 2541.08 0.5 6.51; 9.37 

1.0 11.25; 16.20 

KDPW2 70.8606 3188.06 0.5 5.63; 8.11 

1.0 9.79; 14.10 
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4.2.2 Radius of influence 

The radius of influence (ROI) is an important factor to consider when designing 

the pump and treat system. In this study, the ROI was estimated using the Theim 

(1887) equilibrium equation with the Dupuit (1863) assumption for steady-state 

conditions, and the Cooper-Jacob straight line method (1946) for transient conditions 

(Choi et al., 2010). In this calculation, the aquifer is assumed to be homogeneous and 

isotropic. The resulting equations used for estimating the ROI for steady-state 

conditions were as follows: 

i
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hHT
R ln
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 for confined aquifer                        (4.3) 
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 for unconfined aquifer                     (4.4) 

where R is ROI, T is transmissivity, K is hydraulic conductivity, H is initial head, Q is 

pumping rate and hi is heat at a distance of ri. The equation used to estimate ROI for 

transient conditions was as follows: 
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                                             (4.6) 

where s1 is drawdown at the observation well 1, s2 is drawdown at the observation 

well 2, r1 and r2 are the distances of observation wells 1 and 2 from the pumping well, 

respectively, and ∆st is the rate of the decrease of the water level with time. Here, the 

ROI indicates the distance where the drawdown (s) is zero. This can be an 

overestimation of the ROI; thus, s=0.1 m was assumed to be a practical application in 

this study (Choi et al., 2010). 

Table 4.4 shows the estimated ROI for steady-state conditions. The results 
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indicated an increase of the ROI with an increase of the pumping rate. The ROI 

ranged from 0.14 to 37.43 m, which means the aquifer is anisotropic even though it 

was assumed to be isotopic in the above equations. Thus, this anisotropy can 

significantly affect the capture zone, and the design and performance of the pump and 

treat system (Bair and Lahm, 1996; Yeo and Lee, 2003; Fienen et al., 2005). 

 

Table 4.4 Estimated ROI for steady-state condition (Choi et al., 2010; GeoGreen21, 

2010) 

Direction Step Q (m3/min) H (m) hi (m) ri (m) R (m) 

KDPW1 

↔KDPW2 

1 0.00299 18.54 18.52 2.9 3.50 

2 0.00633 18.54 18.48 2.9 3.67 

3 0.00886 18.54 18.45 2.9 3.80 

4 0.011337 18.54 18.41 2.9 3.84 

KDPW1 

↔KDPW3 

1 0.00299 19.90 19.88 9.7 21.91 

2 0.00633 19.90 19.86 9.7 24.40 

3 0.00886 19.90 19.82 9.7 30.57 

4 0.01137 19.90 19.80 9.7 31.82 

KDPW1 

↔KDPW4 

1 0.00299 18.89 18.88 10.1 17.16 

2 0.00633 18.89 18.86 10.1 22.63 

3 0.00886 18.89 18.84 10.1 26.75 

4 0.01137 18.89 18.82 10.1 31.92 

KDPW2 

↔KDPW1 

1 0.0029 19.90 19.97 2.9 0.14 

2 0.00618 19.90 19.94 2.9 1.38 

3 0.00888 19.90 19.90 2.9 2.78 

4 0.01095 19.90 19.87 2.9 3.90 

KDPW2 

↔KDPW3 

1 0.0029 19.90 19.87 2.9 8.87 

2 0.00618 19.90 19.84 2.9 9.76 

3 0.00888 19.90 19.80 2.9 10.87 

4 0.01095 19.90 19.77 2.9 11.76 

KDPW2 

↔KDPW4 

1 0.0029 18.90 18.86 9.7 28.79 

2 0.00618 18.90 18.81 9.7 32.03 

3 0.00888 18.90 18.76 9.7 34.79 

4 0.01095 18.90 18.72 9.7 37.43 



 

 

54 

Table 4.5 shows the estimated ROI under transient conditions. The ROI ranged 

from 0.0 to 9.68 m, which was smaller than the range obtained for steady-state 

conditions. This may be an artifact caused by setting the ROI at the distance or point 

where the drawdown is 0.1 m, instead of strictly 0.0 m. 

 

Table 4.5 Estimated ROI for transient condition (Choi et al., 2010; GeoGreen21, 

2010) 

Direction Step Q (L/min) ∆st s1 (m) ri (m) R (m) 

KDPW1 

↔KDPW2 

1 2.99 0.0170 0.022 2.9 0.02 

2 6.33 0.2520 0.037 2.9 2.17 

3 8.86 0.4870 0.036 2.9 2.49 

4 11.37 0.6350 0.032 2.9 2.57 

KDPW1 

↔KDPW3 

1 2.99 0.016 0.018 9.7 0.03 

2 6.33 0.209 0.026 9.7 6.44 

3 8.86 0.439 0.033 9.7 8.13 

4 11.37 0.577 0.025 9.7 8.36 

KDPW1 

↔KDPW4 

1 2.99 0.0090 0.008 10.1 0.00 

2 6.33 0.2090 0.019 10.1 6.45 

3 8.86 0.2970 0.019 10.1 7.37 

4 11.37 0.46 0.024 10.1 8.34 

KDPW2 

↔KDPW1 

1 2.90 0.0340 0.027 2.9 0.24 

2 6.18 0.2930 0.035 2.9 2.25 

3 8.88 0.5320 0.035 2.9 2.52 

4 10.95 0.7160 0.030 2.9 2.59 

KDPW2 

↔KDPW3 

1 2.90 0.048 0.047 10.1 2.85 

2 6.18 0.574 0.066 10.1 9.44 

3 8.88 0.924 0.058 10.1 9.58 

4 10.95 1.295 0.052 10.1 9.68 

KDPW2 

↔KDPW4 

1 2.90 0.0510 0.038 9.7 2.39 

2 6.18 0.4540 0.051 9.7 8.56 

3 8.88 0.7680 0.048 9.7 8.97 

4 10.95 1.02 0.042 9.7 9.08 



 

 

55 

4.2.3 Capture zone analysis 

The capture zone is very important in designing the pump and treat system. In this 

study, the following equations suggested by USEPA (2008) were used to delineate the 

capture zone (Fig. 4.3). The equations assume a homogeneous aquifer of constant 

thickness and full penetrating wells. 

Ti

Q
X

2
0


 , 

Ti

Q
X

2
max  , 

Ti

Q
Ywell

4
                            (4.7) 

where Q is pumping rate, T is transmissivity, i is hydraulic gradient, X0 is the distance 

from the pumping well to the downgradient end of the capture zone, Ymax is the 

maximum capture zone width and Ywell is the capture zone width at the location of the 

pumping well. 

 

 

Fig. 4.3 Conceptual schematic of the capture zone analysis from USEPA (2008). 

 

To demonstrate of the capture zone delineation, the analysis was performed for the 

pumping well KDPW2. Table 4.6 shows the results of the calculation. X0 ranged from 
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-6.69 to -25.26 m, Ymax ranged from ±21.01 to ±79.31 m, and Ywell ranged from 

±10.50 to ±39.66 m. 

 

Table 4.6 Results of capture zone analysis for KDPW2 

Division Q (m3/min) T (m2/min) i (m/m) X0 (m) Ymax (m) Ywell (m) 

Step 1 0.0029 0.0134 0.005 -6.69 ±21.01 ±10.50 

Step 2 0.0062 0.0134 0.005 -14.26 ±44.76 ±22.38 

Step 3 0.0089 0.0134 0.005 -20.48 ±64.32 ±32.16 

Step 4 0.0110 0.0134 0.005 -25.26 ±79.31 ±39.66 

Optimal 

pumping 

(s=0.5 m) 

0.0056 0.0134 0.005 -12.99 ±40.78 ±20.39 

Optimal 

pumping 

(s=1.0 m) 

0.0098 0.0134 0.005 -22.58 ±70.91 ±35.46 

 

4.2.4 Determination of the pilot pump and treat location 

The pilot test of the pump and treat system was selected after considering all the 

investigation results above, including the permeability distribution and contamination 

levels (Fig. 4.4). The priority sites included the area of the RAO in the upgradient and 

the Komotech area in the downgradient. Both areas had very high hydraulic 

conductivity (K), which is an important factor in the performance of the pump and 

treat system (USEPA, 2008), and also had very high TCE concentrations (a main 

target material of the remediation system) (Choi et al., 2010; GeoGreen21, 2010). 

However, the field conditions, including the available space for the pump and treat 

system installation and the permit or cooperation by the land owner resulted in the 

final selection of the RAO area as the pilot test site. Because the RAO site was the 

most heavily contaminated location in this complex, the use of the pilot system over a 

certain time interval can contribute to the removal or containment of the targeted 

materials including TCE and CT. 
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Fig. 4.4 Selected pilot sites of the pump and treat system. The sites were selected 

considering the hydrogeologic condition and contamination levels.
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4.3 Pilot tests 

 

As of December 2011, five times of pilot operations of the pump and treat system 

were conducted. The following are the details of the operations and their results. 

 

4.3.1 Installation of the pilot system 

The pilot system was installed in 2010, and consisted of pumping wells (4 inch 

diameter; depth=25-30 m), observation wells, submersible pumps (0.5 HP), a flow 

rate controller, and a water treatment plant (Fig. 4.5). The pumped groundwater was 

air stripped and the stripped gas was removed by activated carbon. The treated 

groundwater was discharged to a nearby drainage ditch. During the pilot operations, 

groundwater was frequently collected and analyzed for contaminant levels. 

 

 

Fig. 4.5 The pilot pump and treat system and layout of the pumping wells (blue 

colored). 
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4.3.2 Preliminary test 

Prior to the pilot tests, a preliminary pumping and subsequent contaminant 

analysis were conducted for five wells in 2010. The specifications of the preliminary 

tests are shown in Table 4.7. 

 

Table 4.7 Specifications for the preliminary tests of the pumping 

Pumping well Type Analysis 

interval 

Pumping rate 

(L/min) 

Duration 

(min) 

KDPW1 Step 30 min 2.99; 6.33; 

8.86; 11.37 

60 each 

KDPW2 Step 30 min 2.90; 6.18; 

8.88; 10.95 

60 each 

GW7 Single 20 min 3.11 60 

GW12 Single 20 min 4.28 60 

MW9 Single 20 min 3.32 60 

 

Fig. 4.6 shows the drawdown and levels of TCE and CT (CCl4) during the 

pumping. The CT levels had little variation while the TCE levels did somewhat 

meaningful behaviors. The TCE levels showed largely two types of variation with 

either an increase or decrease with pumping duration (time). The KDPW1 and MW9 

wells revealed a trend for TCE concentrations to increase over time compared with 

the initial concentrations. This indicates that there was groundwater, heavily 

contaminated with TCE, surrounding the pumping wells and that the pumping 

induced a movement of this groundwater toward the pumping wells (Bauer et al., 

2004). Conversely, the KDPW2 and GW7 wells showed a continuously decreasing 

TCE levels, which indicates that the groundwater near the pumping wells was more 

contaminated with TCE (higher concentrations), as compared to the surrounding 

groundwater. Pumping for a longer duration may confirm this interpretation. 
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Fig. 4.6 Results of the preliminary pumping at five wells, showing drawdown (black), 

TCE concentration (red) and CT level (blue line). 
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4.3.3 1
st
 pilot operation 

The first pilot operation was conducted in 2011 for five consecutive days 

(2011.06.13-17). The pumping was performed at the KDPW8 (PW2) well at a rate of 

5.7 m3/day. The levels of TCE and CT gradually decreased with time while the levels 

of CF were maintained through the pumping time (Fig. 4.7). For the 90-hours of 

pumping, 26.2 g of TCE, 5.0 g of CT and 1.6 g of CF were removed, which were 

calculated using the concentration data and the volume of pumped groundwater. 

However, the performance or efficiency of the containment by the pumping operation 

was not evaluated because there were no appropriate monitoring wells at that time. 

 

 

Fig. 4.7 Results of the pilot pumping at KDPW8 for 2011.06.13-17. The 

concentrations of TCE, CF and CT are those of pumped groundwater at the pumping 

well. 

 

4.3.4 2
nd

 pilot operation 

The second pilot operation was conducted for 240 hours (2011.06.21-07.01). The 

groundwater pumping was conducted simultaneously at the KDPW7 (PW1) and 

KDPW8 (PW2) wells. The pumping rates were 7.0 and 6.1 m3/day, respectively. 

During the pumping, levels of TCE, CT and CF were monitored in the pumped 
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groundwater at the two pumping wells and in the effluent after treatment (before 

discharge) (Fig. 4.8). Unlike the first operation in 2010 (see above 4.3.2), TCE levels 

were elevated or sustained during the pumping, which was considered to be an effect 

of the heavy rainfall in the wet season that induced more leaching from the residual 

contamination source (Yang et al., 2011). The CT and CF showed similar variations to 

that TCE, but had no distinctive trends. A total of 148 g of TCE, 26 g of CT and 10 g 

of CF were removed during this pilot operation. The contamination levels of all 

effluents produced during the pumping operation met the Korean discharged water 

standard (0.3 mg/L of TCE) (Fig. 4.9). 

 

 

Fig. 4.8 Results of the pilot test for 2011.06.21-07.01. The pumping was conducted at 

two wells, PW1 (KDPW7) and PW2 (KDPW8). 
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Fig. 4.9 Levels of TCE, CF and CT in the effluent (discharged water) during the pilot 

test in 2011.06.21-07.01. 

 

Fig. 4.10 shows contamination levels at the upgradient and downgradient 

monitoring wells from the pumping wells in the 2nd pilot test. At the upgradient well 

(KDMW7), the contamination levels gradually increased with pumping, which 

indicated that more heavily contaminated groundwater moved to this monitoring well 

from the upper area. This is consistent with the distribution of TCE and CT from the 

most recently gathered data in 2010 (Fig. 4.11). 

Conversely, the downgradient wells (KDMW8, KDMW9, KDMW10) showed a 

sustained or decreasing trend of contaminant levels with time, which indicated that 

less contaminated groundwaters were moving to the pumping wells and that this 

pumping effectively worked to contain the groundwater plume (restricting plume 

spread downward). Interestingly, all of the groundwater levels at the monitoring wells 

were elevated during the pumping operation, which was due to heavy rainfall over 

this period. 
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Fig. 4.10 Levels of TCE, CF and CT at the up- and down-gradient monitoring wells 

during the pilot test in 2011.06.21-07.01. 

 



 

 

65 

 

Fig. 4.11 Distribution of TCE and CT at the surrounding area of the pump and treat 

pilot tests (peak concentrations in 2010). 
 

4.3.5 3
rd

 pilot operation 

The 3rd pilot operation was conducted for 31 days (744 hours) from July 6 to 

August 6 in 2011. The pumping was conducted at two wells, KDPW7 and KDPW8. 

The mean pumping rates were 8.4 and 14.2 m3/day, respectively. Unlike the previous 

tests, the pumped groundwater was re-injected for flow control. In general, the 

concentrations of TCE in the pumped groundwater decreased with pumping time 

while those of CT and CF showed little variation (Fig. 4.12). The treated groundwater 

was generally at concentrations below the Korean discharged water standard (0.3 

mg/L TCE), with the exception of one measurement. 

The amounts of TCE, CT and CF removed during this pilot test were 647, 124 and 

58 g, respectively. Even though the TCE showed a gradual decreasing trend, very 

high concentrations of TCE at the pumping wells indicate that the groundwater 

contamination with TCE around these wells is widespread and it will take quite a long 

time to obtain some low TCE level by only these pumping remedies (even though this 

pilot test was not for final or actual remedy). 
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Fig. 4.12 Concentrations of TCE, CT and CF of the pumped and treated groundwaters 

and their removal amounts during the pilot test for July 6-August 6, 2011. 
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Fig. 4.13 shows variations of the contamination levels at the pumping and 

monitoring wells with pumping duration (GeoGreen21, 2011). Generally the 

contamination levels showed decreasing trends at KDPW7, KDPW8 and KDMW7 

while those at the monitoring wells including KDMW9, KDMW10 and SKW2 

showed distinctive increasing trends, which was accompanied with rising 

groundwater levels. The rising water levels were due to heavy rainfall during the pilot 

test. The elevating contaminant levels can be related to further leaching of the 

contaminants in the unsaturated or saturated zones, triggered by the heavy rainfall 

(Yang et al., 2011; Jeon, 2013; Jeon et al., 2013). In addition, the contamination levels 

sometimes showed some erratically low concentrations, which were not exactly 

explained for this time. 
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Fig. 4.13 Concentrations of TCE, CT and CF at the pumping and monitoring wells 

during the pilot test for July 6-August 6, 2011. 
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Fig. 4.13 Continued. 
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4.3.6 4
th

 pilot operation 

The 4th pilot operation was conducted for 16 days (384 hours) from August 22 to 

September 6 in 2011. The amount of rainfall during the 4th pilot test was very small 

(1.5 mm) compared with that of the previous pilot tests. The mean pumping rates of 

KDPW7 and KDPW8 for the 4th pilot test were 8.2 and 15.8 m3/day, respectively. 

During the pumping, levels of TCE, CT and CF were monitored for pumped 

groundwaters at the two pumping wells and effluent after treatment (before discharge) 

(Fig. 4.14). The treated groundwater showed generally concentrations below the 

Korean discharge water standard (0.3 mg/L TCE). Removed amounts of the TCE, CT 

and CF during this pilot test reached 60, 11 and 7 g, respectively. 

Fig. 4.15 shows variations of the contamination levels at the pumping and 

monitoring wells with pumping duration (GeoGreen21, 2011). The pumping wells 

groundwater levels continuously decreased, and this trend was distinctive at KDPW8 

compared with KDPW7, as groundwater levels decreased by 4.09 m within one 

pumping day at KDPW8. However, the groundwater levels at KDPW8 only showed a 

small change during the remainder of the 4th pilot test period. Groundwater levels at 

the monitoring wells significantly decreased by 0.99 to 1.48 m (Fig. 4.15). During the 

4th pilot test, the influence of pumping was dominant, without any rainfall effect. 
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Fig. 4.14 Concentrations of TCE, CT and CF of the pumped and treated groundwaters 

and their removal amounts during the pilot test for August 22-September 6, 2011. 
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Fig. 4.15 Levels of TCE, CF and CT at the up- and down-gradient monitoring wells 

during the pilot test in 2011.08.22-09.06. 
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4.3.7 5
th

 pilot operation 

The 5th pilot test was conducted over 75 days (September 19 to December 2 in 

2011). During the 5th pilot test, the rainfall amounted to 119.6 mm, and it rained for 

15 days. The mean pumping rates of the KDPW7 and KDPW8 wells were 8.2 and 

13.3 m3/day, respectively. During the pumping, levels of TCE, CT and CF were 

monitored for pumped groundwaters at the two pumping wells and effluent after 

treatment (before discharge) (Fig. 4.16). Totally 351 g of TCE, 63 g of CT and 41 g of 

CF were removed from this pilot operation. The groundwater pumped out from the 

pumping wells during the period of pump and treat pilot tests was treated using 

remediation system for TCE, CT and CF which installed on site. Contamination 

levels of all the effluent during the pumping operation met the Korean discharge 

water standard (0.3 mg/L of TCE) (Fig. 4.16). 

Groundwater levels at the pumping and monitoring wells continuously decreased 

(Fig. 4.17). Even though amount of rainfall (119.6 mm) in this period was not so 

small, much was concentrated for a limited number of days (Sep. 29=19.5 mm, Nov. 

6=19 mm, and Nov. 30=29.5 mm). Thus, the rainfall effect was scattered over the 

period, which supports the continuous groundwater level decline during the pumping. 
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Fig. 4.16 Concentrations of TCE, CT and CF of the pumped and treated groundwaters 

and their removal amounts during the pilot test for September 19-December 2, 2011. 
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Fig. 4.17 Levels of TCE, CF and CT at the up- and down-gradient monitoring wells 

during the pilot test in 2011.09.19-12.02. 
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4.4 Factors affecting contaminants concentration 

 

4.4.1 Variations in TCE concentration 

TCE concentrations gradually decreased along the groundwater flow path prior to 

the pilot tests of the pump and treat system (Fig. 4.11). TCE concentrations ranged 

from 8.77 to 14.3 mg/L at the source zone in front of the old RAO asphalt laboratory 

in November 2010, and the mean TCE concentration for the 40 wells distributed in 

the downgradient area was 0.98 mg/L. The highest TCE concentration was 15.7 mg/L 

at the source zone in August 2009 (Yang and Lee, 2012). For about one year, the 

maximum TCE concentrations at the source zone decreased by 1.4 mg/L. Anaerobic 

dechlorination did not occur sufficiently because the groundwater in the industrial 

complex, including the RAO, was under aerobic conditions (Jo et al., 2010c; Yang et 

al., 2011). Therefore, the decrease in TCE concentrations in the groundwater may be 

mainly attributed to dispersion and some dilution by rainfall. 

The mean TCE concentrations in the groundwater collected during the entire pilot 

tests of the pump and treat system ranged from 0.13 to 1.26 mg/L (Fig. 4.18a). TCE 

concentrations in the pumping wells were higher than those in most monitoring wells 

except KDMW7, which was installed higher in the groundwater flow path than the 

pumping wells to monitor the TCE released from the source zone (Jeon, 2013; Jeon et 

al., 2013). Therefore, the TCE concentrations at KDMW7 were slightly influenced by 

pumping at KDPW7 and KDPW8. The mean TCE concentration at KDMW7 was the 

highest (1.26 mg/L) among all wells. The mean TCE concentrations at KDPW7 and 

KDPW8 were 0.54 and 1.16 mg/L, respectively. The mean TCE concentration at 

KDPW8 was approximately two times that found at KDPW7 because the TCE 

concentrations at KDPW8 (2.01 mg/L in November 2010) before the pump and treat 

was employed were higher than those at KDPW7 (0.93 mg/L in November 2010). 



 

 

77 

The mean TCE concentrations at KDMW8, KDMW9, KDMW10 and SKW2 were 

relatively less (0.13 to 0.65 mg/L) than those at the pumping wells. These results 

indicate that TCE migration was constrained by pumping at KDPW7 and KDPW8. 

TCE concentrations also showed significant seasonal variations. They showed a 

wide range and were higher at most wells except KDMW7 in the wet season 

compared with during the dry season (Figs. 4.18b and c), a difference which may be 

attributed to the influence of residual TCE in the unsaturated zone during the wet 

season (Jeon, 2013; Jeon et al., 2013). Some studies have suggested that residual TCE 

seems to be present in the unsaturated zone in RAO (Yang et al., 2011; Yang and Lee, 

2012). Recently, the distribution of residual contaminants including TCE in the RAO 

unsaturated zone was evaluated by using the relationship between 222Rn activities and 

relative contaminants concentrations (Yang et al., 2013). The TCE concentrations at 

KDMW7 were less in the wet season than those in the dry season because of dilution 

by heavy rainfall that occurred in the wet season, when 58.8% of the total annual 

precipitation occurred. 
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Fig. 4.18 TCE concentrations of groundwater in (a) total season, (b) wet season, and 

(c) dry season (Cheon et al., 2013). 
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4.4.2 Relationship between groundwater level and TCE concentration  

In the wet season, groundwater levels and TCE concentrations showed a negative 

correlation at the pumping and three of the monitoring wells (KDMW7, KDMW8, 

and KDMW10) and had a positive correlation at the other monitoring wells (Figs. 

4.19 and 20). Their correlation coefficients ranged from -0.217 to -0.734 at the 

pumping wells and from -0.935 to 0.519 at the monitoring wells (Table 4.8). When 

TCE concentrations were largely affected by groundwater recharge via rainfall, both 

groundwater levels and TCE concentrations showed a negative correlation (Jeon, 

2013; Jeon et al., 2013). In addition, they showed a positive correlation when the TCE 

concentrations were mainly influenced by residual TCE. Submergence of residual 

TCE in the unsaturated zone due to groundwater level rise would produce additional 

dissolution of TCE in groundwater (Yang et al., 2011). Therefore, existence of 

residual TCE in unsaturated zone may be found by using relationship between 

groundwater levels and TCE concentrations (Jeon, 2013). However, this method can 

not identify an exact position of residual TCE. 

In the dry season, the correlation coefficients of groundwater levels and TCE 

concentrations ranged from 0.310 to 0.902 at the pumping wells and from 0.084 to 

0.931 at the four monitoring wells except KDMW7 (see Table 4.8). The correlations 

of groundwater levels and TCE concentrations were strong at high groundwater levels 

and weak at lower groundwater levels (Figs. 4.19 and 20). These results suggest that 

TCE concentrations were mainly affected by residual TCE (Yang et al., 2011, 2013). 

However, in this study, groundwater levels and TCE concentrations did not show any 

significant correlations at KDMW7 and KDMW8 (Fig. 4.20), which may not be 

influenced by the residual TCE around the pumping and monitoring wells. Therefore, 

these relationships between groundwater levels and TCE concentrations can be used 

to identify the presence of residual TCE near the water table.  
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Fig. 4.19 TCE concentrations and water levels in the pumping wells ((a) KDPW7 and 

(b) KDPW8) from 13 June to 07 December 2011 (Cheon et al., 2013). 
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Fig. 4.20 TCE concentrations and water levels in the monitoring wells ((a) KDMW7, 

(b) KDMW8, (c) KDMW9, (d) KDMW10, and (e) SKW2) from 13 June to 07 

December 2011 (Cheon et al., 2013). 
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Table 4.8 Correlation between the water levels and the TCE concentrations for each 

well. The p is the probability that the parameters are un-correlated (Cheon et al., 

2013) 

Wells 
Correlation (p) 

1st 2nd 3rd 4th 5th 

KDPW7 -0.734 

(0.158) 

-0.678 

(0.022) 

-0.474 

(0.006) 

0.633 

(0.008) 

0.310 

(0.007) 

KDPW8 -0.604 

(0.281) 

-0.217 

(0.522) 

-0.240 

(0.186) 

0.902 

(1.839E-06) 

0.577 

(5.976E-08) 

KDMW7 -0.935 

(0.020) 

0.328 

(0.325) 

-0.731 

(2.068E-06) 

-0.942 

(5.247E-08) 

0.567 

(1.173E-07) 

KDMW8 -0.056 

(0.928) 

-0.828 

(0.002) 

-0.448 

(0.010) 

0.305 

(0.250) 

0.084 

(0.476) 

KDMW9 0.519 

(0.370) 

-0.174 

(0.609) 

0.368 

(0.038) 

0.931 

(1.621E-07) 

0.788 

(5.223E-11) 

KDMW10 -0.481 

(0.412) 

-0.532 

(0.092) 

-0.59 

(0.001) 

0.792 

(0.001) 

0.771 

(5.927E-16) 

SKW2 -0.565 

(0.321) 

0.021 

(0.950) 

0.519 

(0.002) 

0.877 

(8.026E-06) 

0.379 

(0.001) 

 

4.4.3 Relationship between pumping rate and TCE concentration 

The relationship between pumping rates and TCE concentrations was evaluated 

using data collected in the 5th pilot test because those TCE concentrations were not 

affected by groundwater recharge. Additionally, this test period was the longest (75 

days) among the five pilot tests (Figs. 4.21 and 22). The 5th pilot test was classified 

into A and B periods according to relationship between pumping rate and TCE 

concentration. A period consisted of A-1 and A-2 periods. Groundwater levels were 

higher in A period than in B period. Pumping rates and TCE concentrations showed 

significant positive correlations in A period (Fig. 4.21). These correlations are 
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obvious in A-1 period compared with A-2 period. In A period, TCE concentrations 

showed wide ranges and were changed by pumping rates because residual TCE 

influenced the concentrations and migration of TCE in groundwater. However, 

pumping rates and TCE concentrations did not show a significant correlation during 

B period. Although the pumping rate had a wide range, TCE concentrations at 

KDPW7 (0.46 to 0.59 mg/L) and KDPW8 (0.95 to 1.05 mg/L) showed a narrow 

range. These results suggest that TCE concentrations at KDPW7 and KDPW8 were 

not significantly affected by residual TCE in B period.  

Fig. 4.22 shows variations in TCE concentrations at the monitoring wells together 

with pumping rates at the pumping wells. TCE concentrations at KDMW9, 

KDMW10, and SKW2 decreased greatly in A-1 and A-2 periods. These correlations 

were more significant in A-1 period than in A-2 period. TCE concentrations at 

KDMW9, KDMW10, and SKW2 in A-1 period ranged from 0.13 to 0.46, 0.11 to 

0.28, and 0.07 to 0.21 mg/L, respectively and from 0.17 to 0.27, 0.14 to 0.24, and 

0.10 to 0.15 mg/L, respectively during A-2 period. In B period, TCE concentrations at 

KDMW9 (0.14 to 0.21 mg/L), KDMW10 (0.12 to 0.17 mg/L), and SKW2 (0.10 to 

0.14 mg/L) were lower than those in A period. Additionally, TCE concentrations 

showed narrow ranges at KDMW9, KDMW10, and SKW2 compared with A period, 

similar to the trend observed at the pumping wells. However, TCE concentrations at 

KDMW8 did not increase or decrease because the influence of residual TCE was less 

in KDMW8 than in the other monitoring wells (Fig. 4.22b). From these results, it can 

be concluded that TCE concentrations may be varied by changing pumping rates 

when residual TCE is present around the water table. Therefore, it can be inferred that 

residual TCE is located in the high groundwater level zone, in keeping with previous 

studies (Yang et al., 2011, 2013). 
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Fig. 4.21 Pumping rates and TCE concentrations of the pumping wells, (a) KDPW7 

and (b) KDPW8 from 19 September to 02 December 2011 (5th pilot test) (Cheon et 

al., 2013). 
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Fig. 4.22 TCE concentrations of the monitoring wells for (a) KDMW7, (b) KDMW8, 

(c) KDMW9, (d) KDMW10, and (e) SKW2 from 19 September to 02 December 2011 

(5th pilot test) (Cheon et al., 2013). 
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4.4.4 Variation in the TCE concentrations after the pump and treat 

After discontinuation of pumping operations in each pilot test, there were intervals 

between the 1st to 5th pilot tests, lasting 3 to 15 days, which were prior to restarting 

pumping for the next pilot test. TCE concentrations from the last samples of the 

previous pilot test were compared with the first samples of the new pilot test. They 

increased by 0.01 to 0.89 mg/L owing to rebound. These variations were more 

significant at the pumping wells (0.01 to 0.89 mg/L) than at the monitoring wells 

(0.02 to 0.32 mg/L). Increases in TCE concentrations at many sites using pump and 

treat frequently occurs after pumping ceases owing to rebound (USEPA, 1996). This 

rebound after pumping mainly occurs due to changes to the dissolved TCE migration 

path in groundwater. It therefore follows that reaction times between groundwater and 

TCE can be changed by pumping (USEPA, 1996). In contrast, TCE concentrations 

decreased by 0.68 to 0.01 mg/L because of the heavy (205 mm) rainfall that occurred 

after the 2nd pilot test. Therefore, in this interval, groundwater levels increased by 

2.79 to 2.96 m at the pumping wells and by 0.99 to 1.59 m at the monitoring wells.     

After pumping operations stopped in the 5th pilot test, variations in TCE 

concentrations were monitored for five days. TCE concentrations significantly 

increased by 0.28 mg/L at KDPW8 and slightly increased by 0.01 mg/L at KDPW7. 

These results may be attributed to differences between pumping rates. The pumping 

rates at KDPW8 (8.1 to 10.7 L/min) were about two times those at KDPW7 (4.5 to 

6.6 mg/L). On the other hand, TCE concentrations at KDMW9 and KDMW10 

increased by 0.06 and 0.02 mg/L, respectively. Additionally, the patterns of TCE 

concentration increases were different at the pumping wells. TCE concentrations at 

KDPW7 were highest in first day out of all five days, then gradually decreased 

throughout the remaining rest days, whereas they gradually increased without peak at 

KDPW8. The variation patterns of TCE concentrations at KDMW9 and KDMW10 
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were very similar to those observed at KDPW8. However, TCE concentrations 

decreased by 0.09 and 0.01 mg/L at KDMW8 and SKW2, respectively. In this study, 

these decreasing patterns are not explainable. To clearly understand these reasons, an 

additional study on the exact distribution and anaerobic dechlorination of TCE will be 

performed in the study area. 
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CHAPTER 5. DISCUSSION 

 

This study includes data regarding soil profiles, distribution of water levels, 

hydrologic parameters, distribution of contaminants, and water chemistry collected 

from site contaminated with the chlorinated solvents in Wonju, Korea. Using these 

data, hydrogeological conditions of the study area were characterized. This work is 

very important because a remediation strategy is designed based on the site 

characterization. Fig. 5.1 shows the simplified procedure for using the pump and treat 

system which can be used at the contaminated site. 

 

 

Fig. 5.1 Procedures for use of pump and treat system and findings in the study area. 

 

In the study area, the groundwater flow system is complex and hydraulic 

conductivities showed wide ranged from 5.91×10-5 to 1.56×10-2 cm/sec. Groundwater 

and TCE levels also showed significant seasonal variations. These hydrogeological 
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properties were affected to operate pump and treat system. The pump and treat system 

is good to constrain dispersion of contaminants and to treat highly contaminated 

groundwater. However, optimization of positions of pumping and monitoring wells 

and pumping rates and duration must be necessary to enhance efficiency of the pump 

and treat system. In addition, some problems occurred during the operating period of 

the pump and treat system. During the wet season, controling pumping rates was 

somewhat difficult because groundwater levels fluctuated from 0.84 to 2.27 m (see 

Table 2.2). During winter season, it was difficult to pump groundwater from pumping 

wells to the remediation system because the groundwater was frozen in the pipeline. 

In addition, the pipeline broke because of frozen groundwater. These results 

demonstrate that the operating period of the pump and treat system is limited. It 

seems that the pump and treat system shoud be operated during the dry season and 

exclude the winter season. Otherwise, it may be necessary to develop an operating 

strategy suitable for the wet season or improve the assemblage of the system for use 

during the winter season. 

Identifying the sourec of contamination is very important when the pump and treat 

system is used to constrain the dispersion. Unfortunately, this work is not completed 

in the study area even though TCE might have been widely used for various purpose 

at potential contamination sources (see Table 3.1). Additionally, there are no records 

regarding the use of TCE. Based on the results of this study, the TCE sources may be 

scattered across the study area, and the residual TCE seems to remain in an 

unsaturated zone. To identify the TCE sources, direct evidence has to be found in 

order to determine those responsible for the remediation. This will require additional 

research on the environmental forensics. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 

 

This study characterized the hydrogeological and chemical properties, and relevant 

redox conditions of an aquifer contaminated with TCE at an industrial complex site in 

Wonju, Korea. The TCE contamination at the site was traced to 1995, when 

groundwater contamination was first recorded in a pumping well in the complex. 

Since then, a debate on the apportionment of the origin of the contamination and the 

responsibility for remediation has prevented active remediation work. In 2008, the 

Korean Ministry of Environment designated this contaminated aquifer as a 

demonstration site of DNAPL remediation technology development research project. 

The TCE contamination of groundwater including CT and CF is widespread, covering 

almost the entire complex and reaching the nearby streams.  

Although natural attenuation is occurring, it is insufficient to obtain the Korean 

groundwater standards within a reasonable time frame. Hence, the pump and treat 

method was considered as an option for plume migration control and a prior remedy. 

To design and optimize the pump and treat system, various field tests and laboratory 

analyses were conducted, including slug tests, pumping tests, step-drawdown tests, 

analyses of optimum pumping rates and radius of influence at selected pumping 

wells, and capture zone analysis. To demonstrate the efficiency of the designed pump 

and treat system, five pilot operations were conducted since December 2011, whose 

durations were 5, 10, 31, 16, and 75 days, respectively. The pilot tests demonstated 

that the pump and treat system can contain the contamination plume and remove the 

contaminants from the aquifer to a limited extent. The five pilot tests were conducted 

in an aquifer contaminated with TCE, from which we evaluated the relationship 

between groundwater levels, TCE concentrations, and pumping rates. Groundwater 

levels and TCE concentrations were monitored at two pumping wells and five 
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monitoring wells. The relationship between groundwater levels and TCE 

concentrations showed significant seasonal variations. During the wet season, 

groundwater levels and TCE concentrations showed a significant negative correlation 

in the pumping wells and in some monitoring wells, which may suggest that TCE 

concentrations were mainly controlled by dilution via rainfall. Groundwater levels 

and TCE concentrations distinctly showed a positive correlation in most wells during 

the dry season, suggesting that the concentrations of TCE were mainly influenced by 

residual TCE in the unsaturated zone. TCE concentrations were also affected by the 

pumping rates at high groundwater levels because of the influence of residual TCE in 

the unsaturated zone above the water table. However, TCE concentrations were not 

affected by the pumping rate at low groundwater levels. These results may indicate 

that residual TCE is distributed in the high groundwater level zone. Consequently, 

seasonal factors, such as the amount and frequency of rainfall, should be considered 

when strategies for employing the pump and treat systems are designed, especially in 

areas where precipitation is concentrated during the wet season. Additionally, the 

optimal pumping rates and periods should be determined according to the existence or 

nonexistence of residual TCE in the unsaturated zone. However, the efficiency has 

not yet been determined. A more detailed or in-depth analysis of the results of the 

pilot tests is still required. 
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국문 초록 

 

염화용제는 trichloroethylene (TCE), tetrachloroethene (PCE), carbon 

tetrachloride (CT), chloroform (CF) 등이 있으며 우리나라의 도시와 

산업지역에서 주요한 지하수 오염물질로 보고되고 있다. 이러한 

염화용제는 degreasing solvent, heating transfer medium, solvent base 

용도로 다양하게 사용된다. 최근에는 산업단지뿐만 아니라 주거지역의 

지하수와 토양에서도 염화용제가 검출되기도 한다. 

연구지역인 강원도 원주시 우산공단의 지하수는 TCE와 CT로 오염되어 

있다. 주 오염원의 위치는 강원도 도로관리사업소(RAO)이며 나머지 

오염원도 우산공단 지역에 산재되어 있다. 도로관리사업소에서는 

1981년부터 1997년까지 16년 동안 염화용제를 사용하여 아스팔트 재료 

실험을 하였다. 사용된 염화용제의 종류와 양에 대한 기록은 없으나, 

폐염화용제의 부적절한 처리가 연구지역의 주요한 오염원인 중 하나로 

지적되었다. 

양수처리시스템 운영은 도로관리사업소의 본부건물 앞에서 수행되었다. 

KDPW7과 KDPW8 관정은 양수정으로 오염된 지하수가 하류방향으로 흘러 

오염이 확산되는 것을 방지하기 위해 설치되었다. KDMW7, KDMW8, 

KDMW9, KDMW10, SKW2 관정은 관측정으로 KDPW7과 KDPW8 

양수정에서 양수시 주변지역의 농도 변화를 관측하고 양수처리시스템 

운영에 따른 효율을 평가하기 위해 설치되었다. TCE로 오염된 대수층에서 

5차례에 걸쳐 총 139일 동안 양수처리시스템을 운영하였고 2개의 

양수정과 5개의 관측정에서 지하수위와 TCE 농도 자료를 획득하였다. 
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획득한 자료를 통해 TCE 농도와 지하수위 및 양수량과의 상관관계를 

분석하였다. 1차, 2차, 3차 양수처리시스템 운영기간은 우기이며 4차와 5차 

운영기간은 건기에 해당한다. 우기에는 2개의 양수정과 대부분의 

관측정에서 지하수위와 TCE 농도가 음의 상관성을 보였다. 이것은 강우에 

따른 지하수위 상승의 영향으로 TCE 농도가 희석되어 나타난 결과로 

해석된다. 음의 상관성을 보이지 않은 나머지 관측정은 관측정 주변에 

잔류 오염물의 영향으로 양의 상관성을 보였다. 건기에는 2개의 양수정과 

대부분의 관측정에서 양의 상관성을 보였다. 지하수위 하강에 따라 TCE 

농도도 낮아졌다. 또한 지하수위가 높아 잔류 오염물 주변에 지하수위가 

위치하였을 때 양수량의 변화에 따른 TCE 농도 변화가 컸다. 하지만 잔류 

오염물 아래로 지하수위가 낮아지면 양수량 변화에 따른 TCE 농도 변화가 

거의 없었다. 이번 연구결과로 볼 때, 유기용제로 오염된 대수층에 

양수처리시스템을 적용할 경우, 오염대수층에 대한 강우의 영향과 

불포화대에 존재하는 잔류 오염물의 분포에 관한 보다 정확한 이해가 

필요하다.  

 

주요어: 삼염화에틸렌, 고밀도비수용성유체, 지하수, 산업단지, 양수처리법, 

정화기술 
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