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ABSTRACT

Groundwater pollution prediction methods have been developed to plan the sustainable groundwater usage and protection
from potential pollution in many countries. DRASTIC established by US EPA is the most widely used groundwater
vulnerability mapping method. However, the DRASTIC showed limitation in predicting the groundwater contamination
because the DRASTIC method is designed to embrace only hydrogeologic factors. Therefore, in this study, three different
methods were applied to improve a groundwater pollution prediction method: US EPA DRASTIC, Modified-DRASTIC
suggested by Panagopoulos et al. (2006), and LSDG (Land use, Soil drainage, Depth to water, Geology) proposed by
Rupert (1999). The Modified-DRASTIC is the modified version of the DRASTIC in terms of the rating scales and the
weighting coefficients. The rating scales of each factor were calculated by the statistical comparison of nitrate
concentrations in each class using the Wilcoxon rank-sum test; while the weighting coefficients were modified by the
statistical correlation of each parameter to nitrate concentrations using the Spearman's rho test. The LSDG is a simple
rating method using four factors such as Land use, Soil drainage, Depth to water, and Geology. Classes in each factor are
compared by the Wilcoxon rank-sum test which gives a different rating to each class if the nitrate concentration in the
class is significantly different. A database of nitrate concentrations in groundwaters from 149 wells was built in Keumsan
area. Application of three different methods for assessing the groundwater pollution potential resulted that the prediction
which was represented by a correlation (r) between each index and nitrate was improved from the EPA DRASTIC
(r=0.058) to the modified rating (r = 0.245), to the modified rating and weights (r = 0.400), and to the LSDG (r = 0.415),
respectively. The LSDG seemed appropriate to predict the groundwater pollution in that it contained land use as a factor of
the groundwater pollution sources and the rating of each class was defined by a real pollution nitrate concentration.
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Table 1. Basic assumption of DRASTIC (after Aller et al., 1987)

—

. The contaminant is introduced at the ground surface.
2. The contaminant is flushed into the groundwater by precip-
itation.
3. The contaminant has the mobility of water.
. The area evaluated using DRASTIC is 100 acre(0.4 km?) or
larger.
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2.2. M-DRASTIC ¥ M&

M-DRASTIC ®'H-S Panagopoulos et al.(2006)° <]
s AQkE WHOZ DRASTIC W FolM 5 2
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coefficient)2} L= SFCHAZERA), 2001). B4 4L
SPSS(Chicago, IL, USA) &7 Z213S o]83jo] 4=
LAt FAH R Felgk s T AAGTE 7R
2 AR A 55 Fosith. 7] 5= EPA
DRASTICS] 7154 & 7P =& golth vHR] Qas
ol thelde AR vIE S8 715X1E F8dt. 7}
2, BEude] AaAGT) 0.1860F 7P =Uhd, B
wjde] i3l 7ksx] 55 Fofgict. ool HlHEiA, AH7
AR AdBAIGTE 0.1830] USkS: A%, 71eAIE 492 F
o3H(4.9 = 0.183/0.186 x 5). 7FEX]9] AdAG ol A
EAH0E F93 QAE(p value < 0.05)7+S E3}s}o]
LA e AR SETRS 9% WHe
EPA DRASTICHU} §Xzog SFE Rojgh= WO
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2.3. LSDG M&

LSDG *'H-2 Rupert(1999)1] 2JaliA] Aok A3l <.
FFHH H7PPHoE EXol8(Land use), EUHIT(Soil
drainage), A3 A= (Depth to water), 2| (Geology)
TS FHORd H7HY] A= ARS-SE WhHolth Rupert
(1999y= A W] s BA" o4 7FeAd=et
3L Ao, & dvelxs Held LsbGekar A%
sl=% sPlck. LSDG WHS 77He] DRASTICY] 1A}
Z Ak 2 FHZe do 7 FL38haL, s 7
o] -golgt E v ©lFolx ES viE o83, At
T AE, EX|o]l8-S A3 Rupert(1999yF EA0]
£S A8 ol A3 L9YS A 2 FH el
Hgst7] S1Eix7E o}, EXolgo] & X1l &
< VREE & FF AE AT HH0E EXolE
< A83Itt. 1y EXo] 82 AR HS AR
LEREE LSDG e 09 oM w7t whelerln
e 29 45 e gt £ ¢ Stk weps &
AN E EA0lE-S & FXIEe] Jde] ofd e
Ade] /S A833Tt. oldl wet EX|ol8-S TEA4IA|
o (urban), F7N& QA H(irrigated agriculture), W=
(rangeland), RESAEA] S (dryland agriculture), OF(forest)=
Wtk & AFede UEAE AlQsla FHAY
(industryyS =AIAHel Z35lsle] )] WIE st
EXolgrE ZEX RN AZsh= 1:25,000 =3
o] EXo] @ =E Fxt. ¢, Edua ik
5 (excessive), Y (well), HF(moderate), E(poor)S-
Z FESIY 2 Aelie wdHsEdel ] BRS
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o]-83159tHAlley, 1993). BOA WS Bgozye o
A WL buffers FAAE Aol @3, 71 HYd
&ale QA WAS Fele Wit olE FIiA &
ol Egjslsidoz J3S vjE = = W Uil
DRASTIC %3}, M-DRASTIC %}, LSDG ke @7 7}
TS 22 8] WA AkEE Aslgre] Fakd

ol
-

1

ol

o]

Journal of KoSSGE Vol. 13, No. 4, pp. 40~53, 2008

29 F&o} vwEiLt. B Aol bufferd] Z71E
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< Tt A EE ASEHHE ol8sle &
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T JAFEFEZ(CRM: Certified Reference Material)
< o83l E49 AxHE A AT
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FeHg w7 Al 29 dlSel B A 2FEHA
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98.2%, FHHGEAAYH, v&5H, B 3 67.9%, 543
M 40.3%, AYH 38.4%, B 22.6%, 7R 12.2%
Z OFE 50%E BE k. o] A9 AEges d
=875 Aslgol ofEslal ot wEbA Agke] 24
S AAZR] HE Al Aslre] oA FHKd H7h
oF 7o) #Ag A7l et Bg £ AT A9
Ado] theFetal ARR|9F FAPF 24 xS, FHA]
A} TAJR|o] Fglo] HiEE T 29 FHKd Wrieh
Al 2F A ATl AFI 20S ZFATE AT
ZGe T4 127° 38 03"~ 127° 19' 19", B9 35° 58
32"~36° 16' 06" Atelell $1x|atH, WAL °F 576 km®
olth, N gZQl EAL sfitas 904 me] Murte
2oz tIE2H878 m), 71%8-(537 m), THRIMHS37T m)OE
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Fig. 1. Relief and geographic map of the study area.
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Fig. 2. Geology map of the Keumsan area (modified from Hong
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Fig. 3. DRASTIC map of Keumsan area: (a) Depth to water, (b) Aquifer media, (c) Soil media, (d) Topography, (¢) Impact of vadose

zone, (f) hydraulic Conductivity.

o tigk A5E o839t 5594 ArcGIS FTIHE
71 F 9AZ7EX] (Inverse Distance Weight, IDW)
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3.1.2. & SR

AT G & SRS WA 5199900 o3l “8e
H E5AH(water balance analysis)2 8330, o
7lell AR TVIAEE S VdaSAellA S4E 304
(1971~200047) B<te] L3 ks o83t &A1
o2 & FHFE AP A8l Bagh &A% Ture
218 A8, SkFe] AHoll= Thomthwaite2] 7
FAs A8sIGtt. AP A, A A ] e o
7t 254 mm oPIR] 955 OE ERLTH

3.1.3. "5 vijE

AT 29| thaF wi el ik AFEE 1:50,000 =
o] AHEE o83l At A9 vig=% mide =2
Al WA PN, A3)et, S50 FAESeH, o5
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Al EFERHEAE: 20T H)E o8sle] Syt
I A3 EEHOZ sy, EREETE 117719 B
o7 FRERL EFAIE $80F Tl SHOE i
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AE AL ArcGIS AZEZO]E o] g3lo] |:
25,000 S42] FAAFEoA T #lololg FE3)
E572 A2 (Triangulated Trregular Network, TIN)U™H
o]-8-3F 4=x]3 11749 (Digital Elevation Model, DEM)
2P3e $, BAEE(%)E ARKSIATHFg. 3d). A
9] 66% 7} BAFE 18%01 S Ueldor, o)E T
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Table 2. Original rating, areal percent, and ranges of DRASTIC
factors of the study area

Factors Rating Area(%) Ranges

5 23 30<
Depth to water 7 17.1 15-30
(m) 9 754 5-15

10 52 <5
Net Recharge (mm/yr) 9 100 more than 254

3 89.2  Metamorphic/Igneous
Aquifer Media 6 6.5 Limestone

8 4.3 Alluvial

0 1.3 Rivers/Reservoir

1 0.6 Clayey Soils

3 5.7 Clay Loam
Soil Media 4 0.8 Silty/Silty Clay Loam

6 49.5 Sandy Loam

9 8.8 Sand

10 334 Gravel

1 65.7 more than 18

3 105 12-18
Topography (%) 5 103 5-12

9 63 2-5

10 72 0-2

3 89.2  Metamorphic/Igneous
:;%?;t of Vadose zone 6 65 Limestone

8 4.3 Alluvial
Hydraulic Conductivity 1 86.5 1-100
of the aquifer 4 9.2 300-700
(GPD/fY) 8 43 1000 - 2000

3.1.6. HIZs|)] wjdo] <3

EvEre] A Ede] vlwd gHAl xS wiiE
o B Ae AREE o83t QR 3] vl
sh] viEs ERIACHAAIEY 5, 2005). L Ad =
Al WA BPIST, A3, SAT e sHOE ERE
A3L(Fig. 3e), 2} Ta°l w2 WL} WAH]= Table 2
o} 2t} vlazsit) vjde] WA REE= Ui wide]

28} FUsHA Uepsitt.

3.1.7. tise] FEdEs

5] FeiEEE AREE o]8sle] ko] #-
S0 wE Fedxre] WMeE A8 h(Freeze and
Cherry, 1979). 71 23} 37]9] 552 #HEAIL (Fig.
3f), 7+ Sl wE Mo} HAH= Table 27 2t} H]
)] wida} rRPIHAR i3] FEiREEs] BEE
A4 E¥E wed
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AT A o] AAG ol FEE W 233 mgl
olm, 24 0.04 mg/LolM At 113.6 mgLe] WS
it} B B $£271F 443 mg/llys 23sle BYe
& 2UKZ ARG oF 14%0) aFslH (Fig. 4), 24t
A ol FEO 2HEL HA 0.8%IA H 156.5%°]
oIS UEhllaL, g TR B s qA el HAxIst
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L
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Fig. 4. Distribution of nitrates concentrations of alluvial
groundwater from Keumsan area.
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Fig. 5. Result of index map: (a) EPA DRASTIC, (b) MRD, (c) MRWD, (d) LSDG..
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Table 3. Original and modified ratings for DRASTIC factors of the study area

Factors Ranges Original rating Mean NO;~ (mg/L)  Modified rating

30 < 5 17.8 6.8

Denth 1 . 15-30 7 16.3 6.2
epth to water (m) 5-15 9 243 93
<5 10 26.1 10.0

net Recharge (mm/yr) more than 254 9 - 9
Metamorphic/Igneous 3 23.1 8.9

Aquifer Media Limestone 6 16.9 6.5
Alluvial 8 26.1 10.0

Rivers/Reservoir 0 - 0

Clayey Soils 1 56.7 10.0

Clay Loam 3 19.0 33

Soil Media Silty/Silty Clay Loam 4 35.5 6.3
Sandy Loam 6 27.1 4.8

Sand 9 20.3 3.6

Gravel 10 14.5 2.6

more than 18 1 13.5 5.0

12-18 3 16.9 6.3

Topography (%) 6-12 5 269 10.0
2-5 9 23.1 8.6

0-2 10 26.5 9.8

Metamorphic/Igneous 3 23.1 8.9

Impact of Vadose zone media Limestone 6 16.9 6.5
Alluvial 8 26.1 10.0

Hydraulic Conductivity of th " 1-100 1 23.7 9.1

ydraulic Conductivity of the aquifer

(GPD/f2) 300 - 700 4 13.7 52
1000 - 2000 8 26.1 10.0

A} F vl widy) R, HEse] &l A
Az EAJo] HkdEQly] wiEel flo) & AnE vehl
Ak AlEE), 3R, AFAYe] WA Bk AR
o= DIl A Yehb=tl o] A A3igtolehs A4
£-4¢] Dioll Wt9E Az 7=, olfgt e
TAY HollA] FxHoF A3]9F Aol x| vehdar 9}
o 29 FHoH HASS I8l BOA WHEE 150 m)yS
2831 Digh 2akgd ol wxole] ARIAE B4
aloich. 1 A3 ABAIGFTE 0.0582 AEs] B LRt
t}. kA 7]&3d EPA DRASTIC REHoXEe we3] 4=
ZRAAR] QAFER ] AElE]o] Dzt 717 whiol]
BOA o] 2x1d o) Frele] Aol whe A
WSS YEE ZeE Algdd

3.3. M-DRASTIC M& Z3}
M-DRASTIC %' MRD2} MRWD F 7IA|2 H-5F

HH, 3% F4% Avh= Table 30 Bk 55
54 A3, Al AEE AQd A QIAlEd) T
M= DRASTICS 5+ AAI g2 A} Yepdth
71 o5 v vlEsi wiEe] 79, DRASTICO]
Ae gubEez 4zl wide] 4ol uet T35, 4
B, skt A o0& Sae] Al Ko
SISt A|e] Hakad o)) k(231 mg/L)e]
2A13)9F #9(16.9 mg/LyRtt ¥4 YER+A M-DRASTIC
e TAF, IS A9, A3)9t A o=
R, SHE A Fwe] HlElE 2gE3ih A=
50m o] AT A34=e] Fak4d o[22 & DRASTIC
o] THE 7] el dig=s v, vz v
A, FEREE T AN bl U] 548 Yehlle
A= A Uiy 54 Hoe odde] f5F,
Al 75 59 8%o] § ZA A8 FH=Z AlEH
. | EY widd AFAHA AeE 7]E9
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DRASTIC T3 B2 Aolg Hepla l=d), o=
7} QIAle] THE W wE ¥ge] FHEA #x9)
AAo =, Hald o]& Fro] EAH BEEA 79
3t Rog AlgELh

o] AxE o] &3l AlEAl AF8d MRDA|G(Modified
rating DRASTIC index: ©]3} MRDiy= o] 1904,
FUEE 1932010, HA 1409004 o) 222.59] HE
£ YEPItHFig. 5b). MRDi 43k0] Di HHaE =
2 s BHYoH, ol £4E THS sk Bl
A AE=E 7 4 e Hd Sl 100] EPA
DRASTICH= €8] B Ul A8% ZAelt}. EPA
DRASTICH "EVIAZE F245 A9eA %2 MDRigk
S HYAT, A3 A9e 23]8 $E> MRDigkS HY)
o} ol T8 FHIEAAM A3t Fgol sHIY
ML e FHEN WA 89 Aol g A
A71 obd AAY M= Hitgk o] MDRigks Ho]
=t ol X Wao] 7P Bl AR B v
EA4o] vidE A= AlREY, AR U9 A4
ol Tl Uz 7] wEl Aoz HAth
EPA DRASTICH vlIX|Z BOA Hiol] o8 <4
FHod ASS s, 1 A FBAGTE 024552
EPA DRASTICHET} 0.187 7RAE A,

MRWDXA]=(Modified rating and weight DRASTIC
index: ©J8} MRWDiy= o] 49.8, TYato] 485
2 24.50004 | 99.09] WH9E YR ATHFig. 5c¢). ©]
el MRDi¢} & zolE Hole o= 7FeA 74
27 1 A 2P E 26 710k, B wid ke
2| 5.0 AFBARN A 4.9)0] M2 72 A&
o yYeR] QIAFES 7oA A=A witoltt. 7t
FA| 78 A= Table 49} 231, AEA APEE 2412
e 2ok 2).

MRWDi =5S +4.9T

(W

¢ 2)

o371, S& soil media, T topographye] Z+z} 44
Faolth

MRDi¢} PRIZHAIZ S25 A 9ollA =2 MRWDigk
< B, ARG E AAF SR B2 MRWDighS
HAATKFig. Sc). A7 AHe AetA|Ho] 71 vk T+
(T8 5= Z= BARE 18%CVdSl A Yol tiFits At
A3}7] witolth. BOA WHE o8¢ FikY o] T&
ofe] Bl £428%, 1 duAG= 0.4009% EPA
DRASTIC Rth= 0.342 7A€ 295 ®B331, MRDiE
o= 0.155 7/AXE A3E BT} Panagopoulos et al.
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Table 4. Original and modified weight of the DRASTIC factors
and correlation coefficients between DRASTIC factors and
nitrates concentration

DRASTIC factors Original Spearman's rho Modified factor

weight  coefficient weight
Depth to groundwater 5 0.04 -
Recharge 4 - -
Aquifer type 3 0.11 -
Soil type 2 0.19" 5.0
Topography 1 0.18" 4.9
Impact of the vadose zone 5 0.11 -
Hydraulic conductivity 3 0.05 -

*. p<0.05 where p is the statistical significance level

Table 5. Calibrated ratings, areal percent, and range of LSDG fac-
tors of study area

Factors Rating  Area(%) Ranges
1 72.9 Forest
Landuse 2 10.0 Dryland agriculture
2 9.7 Irrigated agriculture
2 4.1 Urban
1 9.0 20<
Depth to 1 40.2 10-20
water (m) 2 45.6 5-10
2 5.2 <5
1 149  Phyllite (Og2)
1 35 Metasedimentary rock (Ogl)
1 27.8 Quartz porphyry (Qp)
Geology 2 289  Granite (Gr)
2 8.2 Alluvial (Qa)
2 11.0 Limestone (Ls)

(2006)9] 7Zfolle ES vy} FHAEEE AL &
< Pt BAHSE felst AvE Bl F i QA
7} 71l HEEJAARE, 2 Allxs AlLlE bt B
7] wzel fleh 22 At yehitia sk wet
Al Agl 29 s vIE e Fag Pt
FAE 5 9le w@xo] ok

3.4. LSDG M& Zzt

LSDG el 285 Sl A4 o] sx=st 7 <
#e] wed dde 24 A3k Fig 6 2om,
RAGE AP £A4L Table 59 2t} 7t At B4
Zog foldks Holx WYt FelskA] §al, IA F
TEOE o] Hth 71, EXold] A9 95
T A A okt BAEAA A Htgre] Aol
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Fig. 6. Box-Whisker diagram of correlations between concentrations of nitrate and each factors : (a) Landuse, (b) Soil drainage, (c) Depth
to water, (d) Geology.

Table 6. Correlation coefficients between indices of EPA DRASTIC, M-DRASTIC, and LSDG within 150 m buffer and log NO5~

concentration

Model definition Correlation coefficient Step correlation improvement  Improvement from EPA DRASTIC
EPA DRASTIC 0.058 - -

MRD 0.245 0.187 0.187

MRWD 0.400 0.155 0.342

LSDG 0.415 0.015 0.357

= p 0] 0.0360F 95%2] AFgEoll A Z}o)7t vet QRFETo] 2 7k Wbl mEE A, 1 A2 o
a1, ok} HEEARAY, ok} TR Fg- p Fhol 3 2o 3).

Z3ZF 0.0713} 0.0582 90%2] AlZ|g<FollA =fol7

2 007 oo Alsprgely 2olh viet LSDGI(LSDG index) = r; wi. + tpwp + foW @ 3)

Wk WA o] Afelle dokAHe] A TEE 1R

shar, WA A9e] - Akl olee] w=rt Ea, A7, 2 7t PFH@)Q] 51, wae 2 R 7|
zpol7} LR A] eigko B g s 28 Fogth E olth. 24 3& A8 A, LSDGiE i TUU BT
el isiMe ZF 9] 3F ol= eME AR R 17019, Ha sollx] ] 249] WIS HATKFig. 5d).
frojeh ks Holx] el wiite] o]F AlQldt UmA| LSDGi= et 545 A9l #A4 vepte=d), o

L X
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Table 7. Summary of advantage and disadvantage of each method

Methods Advantage Disadvantage
* Too many parameters
« Difficult to applied to particular hydrologic setting which is
* Low cost for collecting data sets controled by specific parameter
* This method can be applied to wide area * The selection of parameters is based on qualitative judgement
* The interrelationships among the parameters decreases <« Some parameters affecting contaminant transport can be
DRASTIC  the possibility of ignoring some important parameter  disregarded
« Statistically accurate because of reducing error while it  This method can overestimate the vulnerability in alluvial
calculate index using many parameters groundwater
* This method can be applied to complicated geology e Difficult to evaluate by pollution status
* The pollution prediction can be ineffective because it includes
only hydraulic parameters
* Few case studies
. . * Thi -esti [luti icti
« Rating includes the pollution status is method can over and under: es'.umate the pollution prediction
MRD * Relatively simple and perspicuous statistics are applied where lack of groundwater quality data
Vel simpre and persp PP * There will be differences between theoretical rating (DRASTIC)
* Pollution prediction improved from DRASTIC .. .
and realistic rating (MRD)
« Rating cannot be applied generally
* Weighting includes the pollution status  Few case studies . .
. . . .. . * Important parameters affecting contaminant transport can be
MRWD * Relatively simple and perspicuous statistics are applied .
. U disregarded
* Pollution prediction improved from DRASTIC .
* Oversimplified
* Rating includes the pollution status
* Relatively simple and perspicuous statistics are applied « Few case studies
LSDG * Potential pollution sources (land use) are included * Oversimplified

* Pollution prediction improved from DRASTIC
* Less parameters reduces error and difficulties

* Rating cannot be applied generally

© F=2 ARl =2 A, B4 A7 AelH A%
10m oA, sk, A3k, SAT Aol Ex3]
itolth. 29 7Fs/de] AES S Aol w9
BOAWHS o]-83F LSDGighe] A B4+, A
AG= 04152 24 =305 DRASTICO] BIs|A= 0.357,
MRDe]| HI&|4= 0.170, MRWDel| HIs|AM= 0.0157} 71
A= tH(Table 6).
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