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Consideration of Trends and Applications of Groundwater Vulnerability
Assessment Methods in South Korea

Gyoo-Bum Kim*
Korea Institute of Water and Environment, KWATER

ABSTRACT

There are generally two types of groundwater vulnerability assessments. Intrinsic vulnerability is based on the assessment
of natural climatic, geological and hydrogeological attributes and specific vulnerability relates to a specific contaminant,
contaminant class, or human activity. Several methods to assess groundwater vulnerability, which are based on
hydrogeologic setting and socio-economical environment, have been developed in USA and Europe. A Modified-
DRASTIC model including a lineament factor has been developed in South Korea, but it still has some limitations. To
develop a solid and applicable method in this country, many data of quality, hydraulic features, GIS data, and pollution
source, produced from a Basic Survey based on Article 5 of the Groundwater Act and other research projects, need to be
collected, analyzed and verified introducing the previous methods.

Key words : Intrinsic vulnerability, Specific vulnerability, Modified-DRASTIC, Logit regression model
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Table 1. Methods for groundwater vulnerability assessment
Methods Description Developer Group? Applications
USA(Aller and Ballou, 1991;
Hamerlinck and Ameson, 1998;
- Rating and weighting method (7 factors) ShUkl.a et al,, 2000),
- Nation, state, and county scale maps Aller et al.(1985) S.Affica(lynch et al,, 1997),
DRASTIC*? , state, ty P : IV Israel(Melloul and Collin, 1998),
- Potential = Dy x Dyy+ Rgx Ryy+ Agx Ay+ Sgx Sy+  US. EPA .
Tost Tt Tox ot Cosxt oo Nicaragua(Johansson et al.,1999),
RE DT IRZ AT RS W S.Korea(Kim and Hamm, 1999;
Lee, 2003)?,
Mexico(Leal and Castillo, 2003)
Pesticide - Rating and weighting method (7 factors)
- Different weightings from DRASTIC U.S. EPA IV Many USA applications
DRASTIC . . .. ..
- Agricultural region (herbicides and pesticides)
Modified -DRASTIC+Lineament density and/or Landuse factors (8 S-Korea(Cho et.al, 1999; Yoo,
IV 2001; Cho and Son, 2004; MOCT
DRASTIC* or 9 factors)
et al., 2007)
- Pesticide assessment tool for rating investigation of
transport (PATRIOT) B
PATRIOT - Based on PRZM(Pesticide root-zone model) US. EPA SV
- Nation, state, and county scale analysis/mapping
- Rating method (3 factors)
-GODzRGXRLXRpV .
GOD * Rg;: score for groundwater occurrence, R;: score for Foster(1987) IV Turkey(Simsek et al., 2008)
overall lithology, Ry: score for depth to water
- For unsaturated layer
- To assess a protective effectiveness of soil
-P;=P,+P,+0O+
Pr=Pi+ P+ Q+HP State Geological
o P\= 1= S X W
cPy=Wx R xT\+Rix T+ RyxT) Survey of
* 2= 1 n n,
GLA S: effective field capacity of soil Germ.an Y IV Jordan(Margane et al., 1997)
. Hoelting et al.
W: percolation rate, : rock type (1995)
T thickness of soil/rock cover
Q: bonus points of perched aquifer system
HP: bonus points of hydraulic pressure condition
- Karst region
- Rating and weighting method (7 factors) : Depth to
water, Infiltration, Unsaturated zone, Type of soil, Char-
acteristics of the aquifer, Hydraulic conductivity, Topo- .. . . Jordan(Kuisi et al. 2006)
SINTACS graphic surface CivitaanddeMaio 1y, o0 Cormiello et al., 2004; Marsico
(1997)
7 et al., 2004)
- Lantacs= Z(P o W)
i=1
* P;: scores, W;: weights
Statistical ~ ~ Us¢ Some statistics of quality items . USA(Welch et al., 2000; Ryker,
. * Descriptive statistics: mean, SD, median, percentiles - SV
analysis 2001)

* Linear regression model

Remarks) 1) IV: Intrinsic Vulnerability, SV: Specific Vulnerability, 2) *: See more detailed descriptions at Section-4, 3) See more appli-
cations at Section-4.
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Table 1. Continued

Methods Description Developer  Group Applications

- Tobit regression model
)% =In(N)) = o+ fln(x) + &
* y*: dependent variable

* N;: concentration of quality item Tobin (1958) SV USA (Gardner and Vogel, 2005)
* o constant

Regression * [ vector of parameter slope estimates

Model ¢ In(X): vector of independent variables

- Logit regression model
¢ Predict probabilities of contamination with hypothesis testsHelsel and Hirsch

USA (Erwin and Tesoriero, 1997;
slog(p/ (1 =p))=by+ by*var,+ byevar, + -+

* vary: independent variables (1992) Nolan et al., 2002)
* by, by: statistically derived coefficients
- Rating method (2 factors) : thicknesses of sediments,
hydraulic conductivities for each layer
&4, Portugal (Ferreira and Oliveira, 2004)
AVI - AV ’I;Ei van Sempvoort g oi” (Vias et al, 2005)

. . t al. (1993) Mexico (Leal and Castillo, 2003)
» n: number of sedimentary units
* d: thickness of each sedimentary unit

* k: estimated hydraulic conductivity of each unit

- Use an Infiltration Time (IT) factor in Poland

- Applied to intrinsic and specific vulnerability: Two dis-
tribution maps from 1)travel time of material and 2)con-
centration of nitrate

o m,ew,

a P.((:l

Similar researches:
Jordan (Brosig et al., 2008)
Europe (Voigt et al., 2004)

* m,: thickness of vadose zone Foster et al. 1V,
*w,: average volumetric water content (2002)

* P: mean annual precipitation

* g: effective infiltration coefficient

IT

Lyek
_ =Ny
- CNO3_ Per 0443
* Ly: load of nitrogen in the fertilizer
* ky: fraction of nitrogen leached to groundwater

- Rating method
- Use an Contamination Index (CI)
cr=¥c,, ¢ =i Back I
-CI= ' = t al.
I+ ; e GiTE, ackman et al

(1998) SV Poland (Dragon, 2007)

1
* Cy4: contamination factor for the i-th component
* Cy: analytical value of the i-th component
« Cy;: upper range of natural hydrogeochemical background

- Groundwater Protection Assessment Model

- Rating and weighting method (5 factors)

- Calculate a protection index (PI): 5~500

-PI=W W+ YV, Y,+ V.V, + UU,+L,L,

o W: water quality(weight: 5)

¥ yield of the aquifers(4)

¢ V: vulnerability index of groundwater to pollution(3) using
DRASTIC index

* U: use value of the groundwater(2)

 L: land use characteristics(1)

WYVUL Mato (2004) IV Tanzania (Mato, 2007)
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Table 1. Continued

oE

Methods Description Developer Group Applications
Flemish - Rating method (3 factors) : Rock type of aquifer, Soil, p o\ .\, IV S.Korea (MOCT and KORES, 1998)
Depth to water
- Vulnerability and Risk Assessment for Alpine Aquifer
Systems in karst region, Austria
- Rating method
- To make a risk map to a contamination by combining a
vulnerability map and a hazard map
1) Vulnerability map
* Three parameters used: input, infiltration, exfiltration
VURAAS - Input=P— ETa— Ao + (Rt AS) COST (2002) IV Austria (Laimer, 2005)
- Infiltration: using PI method
- Exfiltration: hydrographs x storage x residence time
2) Hazard map using hazard index(HI)
*HI=Hx O, xRy
- H: weighting factor
- O,: ranking factor
- Ry: reduction factor
- Modified method of GLA for karst region
- Rating method to draw P map and I map
- Composed of P(Protective cover) factor and I(Infil-
tration) factor .
- Paramz,ters for P : Top soil, Recharge, Subsoil, Thick- Goldscheider Germ'an Y (Goldsch'elder, 2002, 2005),
PT* . . . IV Austria (Goldscheider, 2002),
ness of strata, Artesian pressure, Lithology, Fracturing (2002) Spain (Brech her. 2002
- Parameters for I : Permeability, Hydraulic conductivity, pain (Brechenmacher, )
Slope, Flow process
- Protection factor (range: 0 ~5)
F=Pe<]
- Karst region
- Rating and weighting method (4 factors)
-F=aE+pP+y+ 5K Swiss (SAEFL, 2000),
* E: development of Epikarst(1,3,4) Belgium (Gogu and Dassargues,
EPIK* * P: effectiveness of the Protective cover (1,2,3,4) SAEFL (2000) v 2000; Gogu et al., 2003)
« I conditions of Infiltration(1,2,3,4) Italy (Barrocu et al., 2007)
* K: development of the Karst network(1,2,3)
* Weights o, g, 5 : 3,1, 3,2
- Karst region
COP* -Rz?ting method (3 ffic.tors) : Concentration of flow, Over- Vias et al. (2002) IV Spain (Vias et al, 2006)
lying layers, Precipitation
- COP — Index = C score x O score x P score
- MODFLOW USA (Holtschlag and Luukkonen,
Process-based - Solute Transport Modelling Tools 3 v 1997; Synder et al., 1998; Shelton et
methods * VULK code : 1-D transport model for Karst region al.,, 2001)

- Particle tracking model etc.

Europe (Cornaton et al., 2004)
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Remotely sensed data
and Reference
Net Recharge ——
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Impact of | | Weighting Estimation
Vadose zone using Statistical Method
Hydraulic | | |
Conductivity |
Modified DRASTIC

Map Construction

Fig. 1. Flow chart to construct a modified DRASTIC map
(Modified from Cho et al.(1999)).
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Fig. 2. Comparison of the average values of nitrate and
chloride for National Groundwater Monitoring Station and
Groundwater Quality Monitoring Station.
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Fig. 3. Cumulative frequency diagrams for nitrate and chloride in groundwater sampled at National Groundwater Monitoring Wells.
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Table 2. Example of CI application to groundwater vulnerability assessement for 13 landuse types of Groundwater Quality Monitoring

Well sites
Nitrate Chloride
Land use (Cni=2.37mg/L) (Cyi=17.21 mg/L) Total (C,)
Cai Cii Cai Chi
Agricultural region using agricultural water (S) 4.15 0.75 2434 0.41 1.17
Farm production complex (N) 4.56 0.92 18.67 0.08 1.01
River and nearby region (O) 5.17 1.18 40.31 1.34 252
Industrial complex (F) 2.20 -0.07 40.00 1.32 1.25
General waste dumping region (P) 571 1.41 35.70 1.07 248
Specification waste dumping region (Z) 6.00 1.53 88.87 4.16 5.70
Metallic mine region (K) 5.57 1.35 26.27 0.53 1.88
Human waste treatment facility and nearby region (B) 6.71 1.83 44.62 1.59 342
Public health investigation region (J) 6.49 1.74 59.30 245 4.18
Recreation parks (U) 3.08 0.30 46.62 1.71 2.01
Golf course and nearby region (G) 3.06 0.29 20.23 0.18 0.47
Residential region of urban (C) 4.75 1.00 51.96 2.02 3.02
Storage tank and nearby region (T) 5.38 1.27 58.79 242 3.69
17.619 =°] S FogkE0] 0.0392 =& gl B Rlo] a7ETh AFATEAAL eRie] Ak A
S Ao UERITE Pseudo-R AlFgke] oF 0330% I GH3E Aol vkl e A7AkEel ofsie] 433
alid vl Jeh} el e we dolth E 28 of go 23 54 2 A5

m[o

o}g-5t]

O:l/\o],Q‘l.:J: =

EEEE A5S A7 l721mg/L—
ZIRE 7B 91%°] IS Zke AoE yEkth
& 50, 54 Axe] siHleERE °F 75m HolA U
, TSAlH, EXET} F24HE @P%Zla‘r‘ﬁ s
_,_.»]—o]——— o:‘l/\o]glm:A I 3;].

}Jn

K

Nr

LOGIT=1.383-0.091 x 1 +0.279 x 1 —2.222 x 1 =-0.651

__EXP (-0.651)

Prob [Chloride = 1721 mg/ L] TTEXP (L0.631)

=034
22X oF 34%0 Edste] VIE sE olsid 7ol
66%2A LQ7FsAo] We ACE HrE. o]9} 2o,
=7F sl A5 AR 54 ARS 83l Haol

7\

el 71F 2} PsAel Ui FES AT 5 9
ovf olzRE WY IF FIEE AT F Ao} 24
Ao W} ThHoRAY B84 k. 53, Fujel

gy sASAe 14 BP0 104 oldE &
25 At Sl ol S3Y A9 9 3
BYEANE Folo] A B4 AWk 9, 2P

net 21314 e 23 B} P Aelch

\I

i mE

5.3. 8 DRASTICS| HEM
o] 79 HEE DRASTIC 71§ 2= Al Sl
2853 o} old gk B} AAF] HE dF

J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008

Hido)] #ge] spto 1

A a7 M S wEtE A= oS Sk
Daniel(1989) Al=uljol] =2 ¥ TAEY 99
oA 22 FART oF 3o =
A3 v} 9JoH, Sami(1996)E H55, AS74AM,
Ao T Tt AT XS ¥

of e} "%’\*Oﬂ z}0]7} 9 3

i
=o A
s A W

EIE

741E s “Jrﬁit‘r TSk 9 *MH Azds
=& eolle siddETE 2
TEA9 o] depd 4= Q7] wiizel] ofe] Wl A%
AETZ] 75 T2 BHebEo] aETal Sl Sidle
and Lee(1995)y= e Fejdets A2720] Wk
o wet xfel7t Y-S THEsHTt

THME Asl Ada AdTEde] g WA
A7k R wk gl 772005y A P
o] FAolA S ek *%H(FHE_ 10 m3/m o] ‘ﬂ
_?_)o] AAFZA Qo) Y

U3l v Qlok mg ﬁPJ?% 2L Jiﬂ}f’
/\]-EHQ__E -T-,L;daL o]—)d 1_ T2
X]—7]—,] AHAjo] o =

]_—7

=

1__ UE

= -ri Td% 0]

Hol= gk F 9l

o2 et} @849

=

wo >
RS A w
&

A721(2004) 47| ]?_ AATzHe] T2} Zo]
T T 84F B 13Hd 2 A = UTHE



A3 2 @Ak W) AT S ) 484 12 )

Table 3. Result of logistic regression analysis

(a) Coefficients of regression model

Variables Regression coefficient ~ Wald statistics Degree of freedom p-value
Intercept 1.383 5.263 1 0.022
ST1 (Distance to stream > 1 km) —0.756 0.425 1 0.514
ST2 (500~ 1 km) 1.460 1.453 1 0.228
ST3 (100~ 500 m) 0.637 0.281 1 0.596
ST4 (50~ 100 m) —0.091 0.005 1 0.942
STS (<50 m) 0 0
SL1 (Steep slope) —20.756 . 1 .
SL2 (Moderate slope) 0.481 0.255 1 0.614
SL3 (Hilly area) 0.279 0.075 1 0.785
SL4 (Plain area) 0 . 0 .
LDI (Land type S) —0.687 0.903 1 0.342
LD2 (Land type N) —2.222 5.532 1 0.019
LD3 (Land type C) 0 0
(b) Model fitting information
Model Model Fitting Criteria Likelihood Ratio Tests
—2 Log Likelihood Chi-Square df Sig.
Intercept Only 51.051
Final model 33432 17.619 9 0.039

(¢) Comparison of observed and predicted values

Observed value

Predicted value

1 (>17.21 mg/L)

0 (=<17.21 mg/L) Percent Correct

1 (>17.21 mg/L) 41
0 (=<17.21 mg/L) 11

Overall Percentage 78.79

4 91.11
10 47.62
21.21 7727

sl on, o]25E 4AHgE AETRd Dot #y
o] Al AREAE Blagt Ay AT s
aEgh Ao dEevh O3] gL dro) Hlgl e
FHAEE Kol Z10F M)

AETZAe] siAell oM EAlR o g2e AETEA
FEA] G el ofste] oR77F AT 4 lvke
Holrh, A o] AFAELS oleh 22 QIS oF
g Has), B skl AATRY F2 dwel
2 BN 229388 st tH(Caponera, 1989; Koike
et al, 1995; Karnieli et al.,, 1996; Kim et al., 1999;
Park et al, 2000; Casas et al., 2000; Costa et al.,
2001; Kim et al, 2004a; Kim et al., 2004b). Kim et
al.(1999)= 939 A2 RE AAFRHAS A502
FEol= EaElES /NS, Casas et al. (2000
ARG F=E ARTERNY] U AR %
Fortran X2 131-5- 3-83191+=1]|, Delauney triangulation
e Agale] olgalt AATENS Aolel s

Arkglo 2 A7z D Aktel Badk 7 o]
715 A3t Kim et al(2004a, 2004by= A&
ZAe] Hw 2Hgs flate] HF ARl 2718 A=
37Ae EEeidleon, dF Axple AdTERAY] &
A, 2, 2E F)s A & AES ArcView
ZZ IS o&sto] ATt uh ok

HBHOY Cho et al.(2002, 2003)S AF-FA|ge] A
TE B3] IA5AS Hole Ishuelre T4l
of w} hasial #ge AEAE oo wet Fof
= Z0= siMEo] AFFEMe] JEFRthe AR
7 &% 9 F3e] e ol B Y I3
vxcial AAJSE vl Atk Dewandel 5(2006)2 1%=2
St BEAGe tig A7E Tt T3kl olst
of e RS HEE 5ol Fadel d3kE vl
A HaL A= Aol S ol AATERA AA9
FIFHT= SO 2ol WE ks aEsfor gtk
3 ARG v Qi o]9} e AFAve AFTRAS

o>
(I

¢

HE

J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008



12 4

DRASTIC®] 37} ¢IAkg 118fdlrol] oA A2
Al ARl sk A5 gRlo] e3hs HoFal
Atk A Fol] ZL&Eal 0E DRASTIC 2 HEd
DRASTICS Th ARRS 3-23] aefsie] H8xojof &
Ao},

-DRASTIC AA9] FA1-A 7] Alz=Hle] A1

2w 7sx|e] 2784

- LEHKY 7t At Al I e

e

- A]

=1

d

Sy

N olN

i

1724 QL] i b5 BA
4 ARt QY B A7) Sl B A7
F39) Aol A A

o1} o], @A) FelA] olg F

A3 FHF HrF Ha= A @Y
o H3} A9 Blwsle] FeedbackS
=] Aol 2= VA 2 HeE sl
=

5.4. 7|E} WHo| Mg

A FulellME 1099397 29 Al #B=54 A
Sl oJsle] FeaEl = H=re] XJslg WAl digh 4=
A 727 Bol BEAEY Aok &3k, A 100397t #]sh
F7NE2ZAL 2 28 S8 AT AKRES Skl 2 A
oW 712F9] FElEA AR EC] FRE0 = AElo]
o wEhA, 7oA AFe BAF W 9 Wy
DRASTIC®JollE Lukz|e] @ axokA] B} WhHSl GOD,
GLA, AVI 2 IT 5 AZ% A BHe] 28 9 A=
7} 7FsE Aot} ol el 7] 5= = GIS
tolE(H 3, EXolE, EY, 2, % 54, A )&
o]83t IT 7|&S 83 &3 Hr} 7] H8o]
7Fsd Zlolm ofZ# <IEl &3 AR H2A
84T B} /)KE Aol

[ R e ==

=4e)
o=

=i
=

6. & '

U] Al L9F e HHE e A I
LAFR] Hrlel B 295 o9 Hrlel tigk A
| Ao] 7=y ol Age] FHE 7V, =l

J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008

_‘H_

=2
=

o AYH 54o] 3elH P, AATRMS B4 74,
At NEEAL B B Sed B4 9 S0l A,
[e)

REoloR ok AAA el 1f 2AF
HWHE A% T e e Alsl ghor 53] A
= el o] gt ARSAL 5 deiRe] el ot
2 54 LMl Wi Hos d8d Zloly ®Bn
AR 54 AwE 889 - LHFAeel tid A
o] dasitt. gkt A7k st bkt s
o] A AHEHI 1 A= AA A Aws} vl
wAo] ofFeffoss g5HoE Sl A Be 2
FFE 7t =t ApEE le® Eot

3L 7HE wlolE Y] g &8} % AT 3 AR
o A7) §F wEeite] S, Awme] el vo]
Blo] AlE, 471 i 5 AT o] o] Wt
9, el PR A B gte]Fola 3}
Q1 2A} Sle =7 sl Fgele edFerd ¥
7t =E AR F 02 Slolnk. B3 oAk A
Sl L.t AhE B4 ol 8ol At WeF Al=E PF
dlaL 71 AsA 27l &8 7k’ E=rEAM B T
& ARSRITh B} AxiskE E de7h 7Rs e Aotk

ik

F 1

o
o

VA E, IR AN EAL, 1998, HH LA A8k 7]
ZZALBIA, T, p. 504.

A FH, S A EAY, 2005, A A5k 7|22
B, i,

A AEH, F= AL AL, 2007, BE A & A8l 7| 2241
B A, i,

AR, A AL, T g A R1E-SAE, 2006, 2JAHA]
o Al 712Z2A BalA, T,

A WFH, AL FAL, s EF AL, 2007, M3 A S A
3l 7122AL B, A,

AR, S=AABAY, A AR AT 2007, SAHA]
A A5k 712FAT BaA], Ui, p. 136.

P, 2005, A8k TS5 2 4A] D AAIE AFs A, A
Skl B =1, A2

73E], o] FE, oIAE, AEE, §87, 1996, DRASTICS: ©]
|8 A8l 2.4 7Fed w4 B el AREAL Q1E o] 7Y
1k A7, 2314817, 3(2), 101-109.

€, 2001, GISE ©]-8-3H 77 2|42 A} LA4F°Hd 3
7}, AAskL AA8Ee] =, A2

oJA}Z, 718, 1996, DRASTIC system- ©|-&3F 2|3}

jale



A3 2 @Ak W) AT S ) 484 12 13

7Fsd 2 913 w4 A, S GISERElA] 4(1), 1-11.

oJALR, <=8}, 1997, GIS 7S o83 FA] <] A &
AFFS 7T, Ak, 4(4), 223-230.

o] &8F, ¥ket, 2735, ¥H71E, 2008, DRASTIC &4l % #]3}
T A EA AA| 28] ogk Fofg Arie] A|ek L AFHS
74, ASESR, 13(1), 77-91.

ZAW, 1739, 33, o)ALE, 1999, GISE ] 43} 7 7|% 3
gl 2] Zel @ 7Fs A 7 A, AskEd, 6(2), 87-
94,

AT} 58, 2004, A3 29 oI5 918 GIS E&- A,
ATEE], 7(2), 121-134,

A AAA AT, 2004, AAE GIS A28 75 B A, =
T, e

A1, AAE, A3, 715, $5HA, 2004, DRASTICH A
Sk el 9§k A Asl L A3 H7E A g A
A, 37(6), 631-645.

Albinet, M. and Margat, J., 1970, Cartographie de la vulnerabi-

lite a la pollution des nappes d'eau souterraine, Bulletin BRGM
2nd Series, 3(4), 13-22.

Aller, L. and Ballou, K., 1991, Ground Water Pollution Poten-
tial of Lake County, Ohio, Ohio Department of Natural
Resources, p. 39.

Aller, L., Bennett, T., Lehr, J.H., and Petty, R.J., 1985, DRAS-
TIC: A Standardized System for Evaluating Groundwater Pollu-
tion Using Hydrogeologic Settings, EPA/600/2-85/018, Oklahoma,
USA, p. 163.

Backman, B., Bodis, D., Lahermo, P., Rapant, S., and Tar-
vainen, T., 1998, Application of a contamination index in Fin-
land and Slovakia, Environ. Geology, 36, 55-64.

Barrocu, G., Muzzu, M., and Uras, G., 2007, Hydrogeology and
vulnerability map (Epik method) of the "Supermonte" karstic
system, north-central Sardinia, Environ. Geology, 51(5), 701-
706.

Brechenmacher, J., 2002, Vulnerability mapping in the karst sys-
tem, Sierra de Libar, Andalusia, MSc thesis, University of
Karlsruhe, Karlsruhe, Germany.

Brosig, K., Geyer, T., Subah, A., and Sauter, M., 2008, Travel
time based approach for the assessment of vulnerability of karst
groundwater: the Transit Time Method, Environ. Geology,
54(5), 905-911.

Caponera, F., 1989, Remote Sensing Applications to Water
Resources: Remote Sensing Image Interpretation for Ground
Water Surveying, Food and Agriculture Organization of the
United Nations, Rome, p. 234.

Casas, A.M., Cortes, A.L., Maestro, A., Soriano, M.A., Riaguas,
A., and Bernal, J., 2000, LINDENS: A program for lineament
length and density analysis, Comp. Geosci., 26(9/10), 1011-

1022.

Cho, M., Choi, Y., Ha, K., Kee, W., Lachassagne, P., and Wyns,
R., 2002, Paleoweathering covers in Korean hard rocks: a meth-
odology for mapping their spatial distribution and the thickness
of their constituting horizons; Applications to identify brittle
deformation and to hard rock hydrogeology, KIGAM Bulletin
6(2), 12-25.

Cho, M., Choi, Y., Ha, K., Kee, W., Lachassagne, P., and Wyns,
R., 2003, Relationship between the permeability of hard-rock
aquifers and their weathered cover based on geological and
hydrogeological observations in South Korea, International
Association of Hydrogeologist IAH Conference on "Groundwa-
ter in Fractured Rocks", Prague, Czech Republic, p. 41-42.

Civita, M. and de Maio, M., 1997, Assessing groundwater con-
tamination risk using Arc/Info via GRID function, Proceedings
of ESRI User Conference, San Diego, USA.

Cornaton, F., Goldscheider, N., Jeannin, P.Y., Perrochet, P.,
Pochon, A., Sinreich, M., and Zwahlen, F., 2004, The VULK
analytical transport model and mapping method, In: F. Zwahlen
(ed.), Vulnerability and Risk Mapping for the Protection of Car-
bonate (Karst) Aquifers, Final report (COST Action 620).

Corniello, A., Ducci, D., and Monti, GM., 2004, Aquifer pollu-
tion vulnerability in the Sorrento peninsula, southern Italy, eval-
uated by SINTACS method, Geofisica Internacional, 43(4),
575-581.

COST, 2002, Vulnerability and Risk Mapping for the Protection
of Carbonate (Karst) Aquifers, COST Action 620-Final Report
Ist draft.

Costa, R.D. and Starkey, J., 2001, Photolin: a program to iden-
tify and analyze linear structures in aerial photographs, satellite
images and maps, Comp. Geosci., 27, 527-534.

Daniel, C.C.IIIL., 1989, Statistical Analysis Relating Well Yield
to Construction Practices and Siting of Wells in the Piedmont
and Blue Ridge Provinces of North Carolina, U.S. Geological
Survey Water Supply Paper 2341-A, 27 p.

Dewandel, B., Lachassagne, P., Wyns, R., Marechal, J.C., and
Krishnamurthy, N.S., 2006, A generalized 3-D geological and
hydrogeological conceptual model of granite aquifers controlled
by single or multiphase weathering, J. Hydro., 330, 260-284.

Dragon, K., 2007, Application of a groundwater contamination
index to assessment of confined aquifer vulnerability, In: Wit-
kowski et al. (ed.), Groundwater Vulnerability Assessment and
Mapping, Taylor and Francis, London, p. 87-93.

Duijenbooden, W. and Waegeningh, H.G., 1987, Vulnerability of
soil and groundwater to pollutants, Proceedings and Informa-
tion, No.38 the International Conference held in Netherlands,
1987, TNO Committee on Hydrological Research, Delft, The
Netherlands.

J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008



14 ¥al

EPA, 1993, PRZM-2: A Model for Predicting Pesticide Fate in
the Crop Root and Unsaturated Soil Zones: User Manual for
Release 2.0, US Environmental Protection Agency, EPA 600/R-
93/045, 406 p.

Erwin, M.L. and Tesoriero, A.J., 1997, Predicting Groundwater
Vulnerability to Nitrate in the Puget Sound Basin, US Geologi-
cal Survey Fact Sheet 061-97, 4 p.

Ferreira, J.P.L. and Oliveira, M.M., 2004, Groundwater vulner-
ability assessment in Portugal, Geofisica Internacional, 43(4),
541-550.

Focazio, M.J., Reilly, T.E., Rupert, M.G,, and Helsel, D.R.,
2002, Assessing Ground-water Vulnerability to Contamination:
Providing Scientifically Defensible Information for Decision
Makers, U.S. Geological Survey Circular 1224, U.S. Depart-
ment of the Interior and U.S. Geological Survey, Reston, Vir-
ginia, USA.

Foster, S., 1998, Groundwater recharge and pollution vulnerabil-
ity of British aquifer: A critical review, In: N.S. Robins (ed.),
Groundwater Pollution, Aquifer Recharge and Vulnerability,
Geological Society of London, London, p. 7-22.

Foster, S. and Hirata, R., 1988, Groundwater pollution risk
assessment-A methodology using available data, Pan-American
Center for Sanitary Engineering and Environmental Sci-
ences(CEPIS), Lima/Peru, p. 73.

Foster, S., Hirata, R., Gomes, D., D'Elia, M., and Paris, M.,
2002, Groundwater Quality Protection: A Guide for Water Util-
ities, Municipal Authorities and Environmental Agencies, The
World Bank, Washington DC, p. 103.

Gardner, K.K. and Vogel, R.M., 2005, Predicting groundwater
nitrate concentration from landuse, Ground Water, 43(3), 343-
352.

Goldscheider, N., 2002, Hydrogeology and vulnerability of karst
systems-examples from the Northern Alps and Swabian Alp,
PhD thesis, University of karlsruhe, Karlsruhe, p. 229.

Goldscheider, N., 2005, Karst groundwater vulnerability map-
ping: Application of a new method in the Swabian Alb, Ger-
many, Hydrogeo. J., 13(4), 555-564.

Gogu, R.C. and Dassargues, A., 2000, Sensitivity analysis for
the EPIK method of vulnerability assessment in a small karst
aquifer, Southern Belgium, Hydrogeo. J., 8, 337-345.

Gogu, R.C., Hallet, V., and Dassargues, A., 2003, Comparison
of aquifer vulnerability assessment techniques, Application to
the Neblon river basin (Belgium), Environ. Geology, 44(8), 881-
892.

Hamerlinck, J.D. and Ameson, C.S., 1998, Wyoming Ground
Water Vulnerability Assessment Handbook-Spatial Data and
Visulaization Report 98-01, University of Wyoming, Laramie,
Wyoming, www.sdvc.uwyo.edu/groundwater/report.html.

J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008

=2
=

Helsel, D.R. and Hirsch, R.M., 1992, Statistical Methods in
Water Resources. Elsevier Publishers, New York, 529 p.

Hoelting, B., Haertle, T., Hohberger, K.H., Nachtigall, K.H., Vil-
linger, E., Weinzierl, W., and Wrobel, J.P., 1995, Concept for the
Determination of the Protective Effectiveness of the Cover
above the Groundwater against Pollution, Ad-hoc Working
Group on Hydrogeology, Hannover, p. 28.

Holtschlag, D.J. and Luukkonen, C.L., 1997, Vulnerability of
Ground Water to Atrazine Leaching in Kent County, Michigan,
U.S. Geological Survey Water Resources Investigations Report
96-4198, Reston, USA, p. 49.

Johansson, P.O., Scharp, C., Alveteg, T., and Choza, A., 1999,
Framework for ground-water protection-the Managua Ground
Water System as an example, Ground Water, 37(2), 204-213.

Karnieli, A., Meisels, A., Fisher, L., and Arkin, Y., 1996, Auto-
matic extraction and evaluation of geological linear features
from digital remote sensing data using a Hough transform,
Photo. Eng. Re. Sens., 62, 525-531.

Kim, GB., Lee, J.Y., and Lee, K.K., 2004a, Construction of lin-
eament maps related to groundwater occurrence with ArcView
and AvenueTM scripts, Comp. Geosci., 30, 1117-1126.

Kim, GB,, Lee, J.Y., and Lee, K.K., 2004b, Application of rep-
resentative elementary area (REA) to lineament density analysis
for groundwater implication, Geosci. J., 8, 27-42.

Kim, S.W., Won, J.S., Kim, W.K., and Min, K.D., 1999, Linea-
ment analysis in the Euseong area using automatic lineament
extraction algorithm, Econ. Environ. Geol., 32, 19-31.

Kim, Y.J. and Hamm, S., 1999, Assessment of the potential for
ground water contamination using the DRASTIC/EGIS tech-
nique, Cheongju area, South Korea, Hydrogeo. J., 7(2), 227-235.

Koike, K., Nagano, S., and Ohmi, M., 1995, Lineament analy-
sis of satellite images using a segment tracing algorithm (STA),
Comp. Geosci., 21, 1091-1104.

Kuisi, M.A., El-Naqa, A., and Hammouri, N., 2006, Vulnerabil-
ity mapping of shallow groundwater aquifer using SINTACS
model in the Jordan Valley area, Jordan, Environ. Geology,
50(5), 651-667.

Laimer, H.J., 2005, Die Erfassung der Karstgrundwasser-Vul-
nerabilitat mit der Methode "VURAAS" (Karst groundwater
vulnerability assessment with the "VURAAS" method), Grund-
wasser, 10(3), 167-176.

Leal, J.LA.R. and Castillo, R.R., 2003, Aquifer vulnerability map-
ping in the Turbio river valley, Mexico: A validation study,
Geofisica Internacional, 42(1), 141-156.

Lee, S., 2003, Evaluation of waste disposal site using the
DRASTIC system in Southern Korea, Environ. Geology, 44(6),
654-664.



Asl A7 B7E 7T T = A8 i 15

Lynch, S.D., Reynders, A.G, and Schulze, R.E., 1997, A
DRASTIC approach to ground water vulnerability in South
Africa, S. African J. Sci., 93(2), 59-60.

Mabee, S.B., Hardcastle, K.C., and Wise, D.U., 1994, A method
of collecting and analyzing lineaments for regional-scale frac-
tured-bedrock aquifer studies, Ground Water, 32, 884-894.

Margane, A., 2003, Management, Protection and Sustainable
Use of Groundwater and Soil Resources in the Arab Region-
Volume 4-Guideline for Groundwater Vulnerability Mapping
and Risk Assessment for the Susceptibility of Groundwater
Resources to Contamination, Damascus.

Margane, A., Hobler, M., and Subah, A., 1997, Groundwater
Resources of Northern Jordan-Special Report No. 3: Mapping
of Groundwater Vulnerability and Hazards to Groundwater in
the Irbid Area, prepared by WAJ & BGR, Amman, p. 50.

Marsico, A., Giuliano, G., Pennetta, L., and Vurro, M., 2004,
Intrinsic vulnerability assessment of the south-eastern Murge
(Apulia, southern Italy), Nat. Haz. E. Sys. Sci., 4, 769-774.

Mato, R.R.AM., 2004, Modeling and mapping groundwater
protection priorities using GIS: the case of Dar es Salaam city,
Tanzania, In: Groundwater Vulnerability Assessment and Map-
ping, Abstracts, International Conference, Usrtron, Poland, p.
100.

Mato, R.R.AM., 2007, Modeling and mapping groundwater
protection priorities using GIS: the case of Dar Es Salaam city,
Tanzania, In: Witkowski et al. (ed.), Groundwater Vulnerability
Assessment and Mapping, Taylor and Francis, London, p. 155-
166.

Melloul, M. and Collin, M., 1998, A proposed index for aquifer
water-quality assessment: the case of Israel's Sharon region, J.
Environ. Manage., 54(2), 131-142.

Nolan, B.T., Hitt, K.J., and Ruddy, B.C., 2002, Probability of
nitrate contamination of recently recharged groundwaters in the
conterminous United States, Environ. Sci. Tech., 36(10), 2138-
2145.

Nolan, B.T., Ruddy, B.C., Hitt, K.J., and Helsel, D.R., 1997,
Risk of nitrate in groundwaters of the United States-a national
perspective, Environ. Sci. Tech., 31(8), 2229-2236.

Park, Y.J., Lee, KK., and Kim, J.M., 2000, Effects of highly
permeable geological discontinuities upon groundwater produc-
tivity and well yield, Math. Geology, 32, 605-618.

Rao, PS.C. and Alley, WM., 1993, Pesticides, In WM. Alley
(ed.), Regional Groundwater Quality, Van Nostrand Reinhold,
New York, NY, p. 345-377.

Rupert, M.G, 2001, Calibration of the DRASTIC groundwater
vulnerability mapping method, Ground Water, 39(4), 625-630.

Ryker, S.J., 2001, Mapping arsenic in ground water-A real need,
but a hard problem, Geo. News. E. Sci., 46(11), 34-36.

SAEFL (Swiss Agency for the Environment, Forest and Land-
scape), 2000, Practical guide groundwater vulnerability map-
ping in karst regions (EPIK), Bern, 57 p.

Sami, K., 1996, Evaluation of the variations in borehole yield
from a fractured Karoo aquifer, South Africa, Ground Water, 34,
114-120.

Shelton, J.L., Burro, K.R., Belitz, K., Dubrovsky, N.M., Land,
M., and Gronberg, J., 2001, Low-level Volatile Organic Com-
pounds in Active Public Supply Wells as Groundwater Tracers
in the Los Angeles Physiographic Basin, California, 2000, U.S.
Geological Survey Water Resources Investigation Report 01-
4188, Sacramento, CA, USA.

Shukla, S., Mostaghimi, S., Shanholt, V.O., Collins, M.C., and
Ross, B.B., 2000, A county-level assessment of ground water
contamination by pesticides, Ground Water Moni. R., 20(1),
104-119.

Sidle, W.C. and Lee, P.Y., 1995, Estimating local ground water
flow conditions in a granitoid: preliminary assessments in the
Waldoboro pluton complex, Maine, Ground Water, 33, 291-302.

Simsek, C., Gemici, U., and Filiz, S., 2008, An assessment of
surficial aquifer vulnerability and groundwater pollution from a
hazardous landfill site, Torbali/Turkey, Geosci. J., 12(1), 69-82.

Sinclair, A.J., 1974, Selection of threshold values in geochemi-
cal data using probability graphs, J. Geochem. Explor., 3, 129-
149.

Snyder, D.T., Wilkinson, J.M., and Orzol, L.L., 1998, Use of a
Ground-water Flow Model with Particle Tracking to Evaluate
Ground-water Vulnerability, Clart County, Washington, U.S.
Geological Survey Water-Supply Paper 2488, 63 p.

Tobin, J., 1958, Estimation of relationships for limited depen-
dent variables, Econometrica, 26(1), 24-36.

van Stempvoort, D., Everet, L., and Wassenaar, L., 1993, Aqui-
fer vulnerability index: a GIS compatible method for groundwa-
ter vulnerability mapping, Canadian Water Res. J., 18, 25-37.

Vias, J.M., Andreo, B., Perles, M.J., and Carrasco, F., 2005, A
comparative study of four schemes for groundwater vulnerabil-
ity mapping in a diffuse flow carbonate aquifer under mediter-
ranean climatic conditions, Environ. Geology, 47(4), 586-595.

Vias, J.M., Andreo, B., Perles, M.J., Carrasco, F., Vadillo, I., and
Jimenez, P., 2002, Preliminary proposal of a method for contam-
ination vulnerability mapping in carbonate aquifers, In: Karst
and Environ., p. 75-83.

Vias, J.M., Andreo, B., Perles, M.J., Carrasco, F., Vadillo, I., and
Jimenez, P., 2006, Proposed method for groundwater vulnerabil-
ity mapping in carbonate (karst aquifers): the COP method,
Application in two pilot sites in Southern Spain, Hydrogeo. J.,
14(6), 912-925.

Voigt, H.J., Heinkele, T., Jahnke, C., and Wolter, R., 2004, Char-
J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008



16 4

acterization of groundwater vulnerability to fulfill requirements
of the water framework directive of the European Union, Geofi-
sica Internacional, 43(4), 567-574.

Vrba, J. and Zaporozec, A., 1994, Guidebook on Mapping
Groundwater Vulnerability; IAH International Contribution to

J. Soil & Groundwater Env. Vol. 13(6), p. 1~16, 2008

_‘H_

=2
=

Hydrogeology, v.16, Hannover: Heise Verlag.

Welch, A.H., Westjohn, D.B., Helsel, D.R., and Wanty, R.B.,
2000, Arsenic in ground water of the United States-Occurrence
and geochemistry, Ground Water, 38(4), 589.



