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A Study on Groundwater Quality and Biodegradability at the Petroleum
Contaminated Sites of Kangwon and Gyeonggi Provinces, Korea

Hyun-Mi Choi! - Jin-Yong Lee'* + Yu-Chul Park?
!Department of Geology, Kangwon National University
*Department of Geophysics, Kangwon National University

ABSTRACT

This study focused on the groundwater quality, biodegradability and attenuation rate at the petroleum contaminated sites of
Kangwon and Gyeonggi Provinces, Korea. For groundwater quality, Kangwon site showed chemical compositions of Ca —
SO, +Cl, Ca—HCO; and Na+K — HCO; types, while Gyeonggi site showed chemical compositions of Ca — SO,, Ca -
HCO; and Na-HCO; types. Na+ K ~HCO; and Na—HCO; types were detected only in February. Among many
biodegradation processes, the majority was attributed to biodegradation from denitrification in both area. In Kangwon site,
biodegradation from denitrification occupied 63.5%, and in Gyeonggi site it was 39.45%. Biodegradation from the most
efficient aerobic respiration occupied 7.12% in Kangwon site, while Gyeonggi site in it did 27.29%. Point attenuation rate
of BTEX in Gyeonggi site (GW-22) was 0.0182 day™, half life of BTEX was 84 days, and thus 124 days (0.34 year)
would be required to clean up this site. Mean of point attenuation rate of TPH in Kangwon site was 0.0088 day ™, mean of
half fife was 257 days, and thus 462 days would be required to clean up the site. Mean of point attenuation rate of TPH in
Gyeonggi site was 0.0387 day™’, mean of half life was 55 days, and thus remediation time was calculated as 99 days.

Key words : Petroleum contaminated site, TPH, BTEX, Point attenuation rate, Biodegradability
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£ B33l 713 (mineralization) AZILEXR ZHZAQ
LFEE Azl BIHOIth&EA7] &, 2003; 01718+ ©]
2, 2003).

£ d7oxe AE dE fFedAgel Yehh=
FEEAT 2 AGoAe] dER BTEXS tig A3
5 ALt =3 AREERe Bt AR
PEE B3l SIE7RA =EsleE ARE AR 3 §)
ZF gl HER =2 7RES AlASI.

2. TR Y iy

2.1, HFX|<f

FTAGL Z719} Aol AXFAL lon FRE 2
FE Aok F ATEAGLE F2 HFA E w@3a
(TPH), BTEX(Benzene, Toluene, Ethylbenzene, Xylene),
EZZ 2" (TCE), HEZE 294 (PCE), MTBE
(Methyl Tertiary Butyl Ether) 5o &Ja] Qd=]o] glo
o AF7IRE B3t Ashe A dgka F1FH 4
HUEHS 53 FFoUER T ¥ $£2EA W)
i3 ZAPE X8 FolArh@=s=3AL, 2008; 3R]
Holg, 2008). F 71EelA 200830 ZA}- BA18 =3}
T W L9EH 3% %S Table 19] AASIH.
TPH #Eo] 79 ALAGe 20053 Hhgko) 708.9
mg/LR] e 2008391 93.8 mg/LE EAETH A7)
A9 20053 FHoIgko) 1,298 mg/L, 20083 3,192
mglLE &A=l TPH 249 gk Z7|1AYe] &
Zo® UERTH TCESF PCEQ] 7% 771X9L 20053

3 20083 EF BRSO ARG e 20059
7 20088 25 HAEHAT BTEX TE-8 ZFLR| o)A
2005334} 2008 BF BHEoI oM A7 A Hell e T
3 25 ASHUG. AT F-7-E(free phase oil) T
= YA EL 78100 cmo] AT F7IAXGL 30~100 cm

2 2A530on F=(phenoly> F AH BF HEHA

LAY FA| WAL 193,400 Holn] HAZFo] 2
Ago] SxBlaL sl EEoll= shio] BApsker &
7 Bz ARy whdth Rxje] BZo|E AkE|dt
645 mye] gl HargAe] 3271 vehdtt. 49
AL A 7] FHF02 JANES: 2 == ALE
A=y glon} e 7RIS AT RERHEE)R
o] UThEEREEFAL 2008; IR, 2008). 7
7|1AFe] HAHAH L 207,644 m*ojm B AkEE 336
m)°] X8I W] HA)9} oF 30 me] I=A} UE
dt} MEole sldo] B&og s21 I7AYe] A7
< FrEp) PR Aly] $HFORE olFoA Ui
A HEZ 22 TP Jrh@ A AR LT
2, 2005).

2.2, A 2xF

Ae] 71 4 9 PEHY] FEE W] ¢
3 Y FEEAT AU FEEAE AT AlEA)]
2= 20009 29, 49, 79800 & 33)9] ABANH} 38
HAch AEAH A G318 W (bailen)Z 01831 H
2 (purging)S SIATL, AT A3l AlgE FA AP

Table 1. Groundwater contamination in the study site (Korea Rural Community & Agriculture Corporation, 2008; HNS Engineering

Inc., 2008)
Maximum (mg/L) . o .
Parameter Major contamination material
2005 2008
TPH 708.9 93.8
TCE 0.002 0.104
PCE 0.027 0.139
TPH, BTEX, TCE, PCE, MTBE, NOy
Kangwon BTEX ND* ND ’ e
Penol ND
Free phase oil 78~100 cm
TPH 1,298 3,192
TCE ND ND
G i PCE ND ND TPH, BTEX, MTBE
veongel BTEX 2.183 5315 : ’
Phenol ND
Free phase oil 30~100 cm

* ND: not detected
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A& St 7L, AVIFEZ(EC), AHslgkd A
(ORP), BEH4(DO) B T40l2EX (pH)e ZEuile]
7olFdER7|(D-54, D-55)E 3381510, 2F A
2] Fe?*9} Mn*'9] £Xoll= HACHAR] UV-Spectropho-
tometer(DR-2010, DR-2080)Z AH&3153t}.

AR gEdl= TPHS BTEX, 8 % - £°]
£ 9 YzZs Fo] sgeitt. TPHe} BTEXE #d#
HAE 9] $13) 7t wiasA AsAE e e
He A e A 22 1,000mL 24 f2lEa 40
L El&E(teflon) 38 FePgll 42 61 370 glo] &
gtk oF - gole ¥ AT BA AEE 045um
membrane filterdl] HAZFE} AHsIF oM ol A8
AEE Aoz AE gk AHS 2e B4 Al
B ojolxdbro] WA Bl BAAE B4 $83)
At

]

2.3, B3 MRPdls MY

W AJE3)5(Expressed Biodegradation Capacity, EBC)
2 3 Ao dEE WEY 0HEH AEEE A
AEHH Wiedemeier et al., 1999). W3 AE5S o8
3P AR 7Med 29EEY 42 4T 4 o
F7HR] HAEAS] Bl e B AR
Ax 7Fsdith. gukdo® tiRRe 4FgEde 3
718 @730lM AR 71 & dofuEg Ak 8F
A28 T AREeA e Fad ARl 28]t
AR ARREE 884429 F57F 1.5mgl ©BIE
A4 FH AAEA NOoy, Fe*, sS04, Co7t 2
A2 ATEC Wiedemeier at al.(1999)2 HFHEA| <]
nE] o5 olgsie A ARGgAe] A ok
& AR whg F Avise BTEXS] ¥og ksl
Axto] 7Fs3lEE SItH(Table 2). L3 A5l o)
g+ Alrke ARl AnEE AXGEA 8l we}
& B3 AR 5 Aotk

L oAg - ui

EBC,= 1(13_;05( 1)

o714 EBCx= ZREA] xol| oJ8l] Hdd ARso]
o Cge AAEAY HATEE, Ge B S8 A
AEA ERFE T HAXEE, Fe o8RIAE o9
tH(Wiedemeier et al., 1999).

24, SHEA MIEE Y

238X A S AL Al LEEA)
ASE d2T 5 IS Byt ofF} AAAT A%
312 grisked ExEolth@87] 9, 2004). HIAEC]
o3 QPEAL] AR &= B £, 2¥9Ed
9 %, BE%er 59 g9 o) gk 4 sl
(#71%, 2005), Buscheck and Alcantar(1995)] 2413
ARAE olg3hd 79l AR 455 A 5
o} 0AEA AZEEE 13 AR KB Ue 2
& & olg3ld ARl 4 Yt

W) =Cpe ™ O
In C(7)=1n Cy— &t 3

P cpe 2LEELY TR CE LEERY 2
7fEE, £ A oWRiTt 4 2 (3)F ©l83 &
HEd ot ARSI xesket] L8sE RN
AR 4 ok = RFEAS] TRt Hheg AfEe
AR Bi7le A @) o1l ANE 5 Sl

%Co =Cye ™ )

D Sish 2 AR FARE F 2 BReIAY A
2 Aske oA e AR AVEEE eh
= Ao ohjER HAZL LARANY A FE
@ 2B 7 tige] B9 Bus) Feskt

Table 2. Average mass ratios of electron acceptors and metabolic by-product to total BTEX, and BTEX utilization (Wiedemeier et al.,

1999)

Terminal electron Average mass ratio of electron

Average mass ratio of metabolic BTEX utilization, F

accepting process acceptor to total BTEX by-product to total BTEX (mg/mg)
Aerobic respiration 3.14:1 - 3.14
Denitrification 49:1 - 4.9
Fe(II) reduction - 21.8:1 21.8
Sulfate reduction 47:1 - 4.7
Methanogenesis - 0.78: 1 0.78
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Table 3. Field measured parameters
Kangwon Gyeonggi
Parameter 2009.02 2009.04 2009.07 2009.02 2009.04 2009.07
n=>5 n=>5 n=>5 n=>5 n=5 n=4
13.8° 16.3 19.9 16.4 19.6 21.5
T(irg' 9.2 12.1 147 8.3 106 175
12.7¢ 133 18.8 14.1 17.7 19.9
6.3 72 7.1 7.1 6.7 6.6
(}S’E) 6.1 62 6.1 48 6.1 6.0
6.2 6.8 6.7 6.1 6.5 6.2
4.6 1.8 1.6 13.2 6.0 4.6
(n?;L) 04 0.5 0.1 4.0 0.9 1.1
1.9 1.2 0.8 5.1 2.7 2.6
1036 1234 1232 639 1480 393
EC 184 438 277 97 16 106
(uS/cm)
434 513 493 210 117 261
917 266 217 247 300 353
(?nli,P) —69 -122 -128 25 5 22
105 -56 —67 204 298 166
# Maximum
® Minimum
¢ Median
3. 41 ¥ E9| 2 AFolgs A d 27t F 2E o 5 ok

3.0 TESY

311 @344

2009 29, 49 799 EF,H=Y FAE Table 3
of JeRith. AHS A8 JigE 72 A7IXY
Al ol AEE AFYE AE Asla 25 4] A
FE vlg] AT 422, pH, DO, EC, ORPol| th3h
9 =4 FAE AUk, Ak AR AEdt

T2 A9 290X 77ER] SA3E 39 Fdgkol
ZFRAAAL 12.7°Co0 A 18.8°CE A5 on A7IAY
< 14.1°CA 19.9°CE A53t] Aol & 71& A
<9 JIFS ke o7 wolth pHe zh ¥ Ut
o] ZARAHL 6.2~6.8, A7IAGL 6.1~6.59] WA=
Bt AAA oS 448 VeETh T3 § XY 2F 4
Ho] FYol 7P E1 790e ARG 0.1, A7)
AHL 03 74 2102 el Do 739 7+ ¥
Tkl ARG 290 1.9mg/LolA 480 12 my
L, 789l 0.8 mg/LE 71431 om A7 290 5.1

mg/L, 4821 27 mg/L, 784 2.6 mg/LE 7HAskq A+
7I7E s}t A ek o2 JEt) o 24EE

Ze] Aol 2 Auz AlgdEr.
ECE 7} € Huigat Hage] At 34 vept 2

852 uS/cm, 49L& 796 uS/em, 78L& 1,005 uS/cm®] L
A7IAGe] AL 29L 592 uS/em, 489S 1,464 uS/em,
792 287 puS/em= SFEATE. ORPY| 75~ Ao
A Ed Huiga Hagel 2 & HoR veptout
A7 G A4 It ARGl € Hulga &
gk e 229 7B$ 986 mV, 492 388mV, 7E2
345 mvolier ZA7IAHe] A 29L& 222mV, 492
295 mV, 792 331 mVE LRG| vlg] H7|A[Fo]
2Rkt B3 A Ee] HAAQ] ORP Fro] AT7izH
B sk AR JERdou ARG F8ig F

7} - 3 7] UeRiA elgiet.

3.1.2. 7443

FARRE ool S8l JAolH=(Piper diagram)E
YERITHFig. 1). LAY #A-l tis =273 24
Ay} YBE Ca-S0,+Cl 33 Ca-HCO; F3C=E
FA52101, Na+K-HCO; 8% S8 299 &
AT oM e Al 71A] f8e] BT veht
2o AdYe= Tkt £ARES Bk 4dole
Na+K - HCO; f-8°] YehtA] 941l tiRE Ca-SO,+

CB} Ca-HCO; 380 EA=T. 799] 24147 49
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Fig. 1. Piper diagrams of groundwater samples.

3} o] Ca-S0,+Cl} Ca-HCO, #3d] F& F¥3}
i glew 7} o] & vHlgo] MR HlSsle] AlG
o] Aol7t A9 gle ALE YERITE Na+K - HCO;,
S 28] 3 IFAAMT eSS Nadt K9 F%
7V 22k 22.85mg/L, 4.02mg/LE TS &Y 8§ =
S B0t olgl NOs 2] FE7} 3697 mg/Le] AR B
Axlo] QGRA Y L - H5Y] S s AeE B
Itk =3k o] B NOy T 429 38.72 me/L,
72T 9.69 mg/LE T B vlF] H& Fkolxwt
ks Ao JEith ojeh e B4 Ads 3
S Ax Kw-1 T3S B8 Ca-S0,+Cl 783 Ca-
HCO; 73E 72 3lou, 28] & - H T A
©F Na 2 NO;7} 712 <8l Na+K-HCO; &
o] Jels A= AlgH)

B7NAR] 7% Ca-80, T Ca—HCO; 53]
SAEA UERte™ Na-HCO; F3E =AEREH,
Na-HCO; §89] 7 7xd5) Zo] 299 443
% g AN AR FEE We Aoz Jepdth
o] 4L 4¥7} 799l Ca-SO, &2 Ca-HCO;
Fo g TAFALE T8y N0y 9 v 2¥dlE 0.55
mg/Lola, 483 7€0e EAESE vl o] B
£ Na o]2o] 2¢l& 1698 mg/L, 48l 16.98 mg/
L, 780 957 mg/L2 UE #Ho] 1~Tmg/LY] F=H
Ag z= Ao v =dth Cad 7% 292 851
mg/L, 4891 49.95 mg/L, 7¥°= 38.96 mg/LE 299
HI3l 493} 790 B8 BEE /Ke AoE vehgth
o A7IA99] e AL Asle= Ca- HCOH
Ca-S0, F¥°lt} 289 Na-HCO; #3o] Vet #
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3.1.3. TPH ® BTEX

TPHS} BTEXS €d¥ #4 AAE YA =2(box
ploy o2 ehfIthFig. 2; Fig. 3). ZEAFY] 25
TPH7} 299 0.339-241.492 mg/L, 4¥E 0.852~
12244 mg/L. 28)3 7200 0.583~120.844 mg/LE LIE}
Wt 2 ZF9A9e] TPHE 280lA 4871x) 24 i
St 78l oAl SvkEkdt. BTEXS] A9 E74
& AFRE B BRE BN EHES VERter Wl
A, olgwiA, AdAe giRE BHEE EMEAY U
FAE Yehsed] 4dolle wiant 271 #g6x 0.001
mg/LE Yehln BT, ojgduld, Add FES mF
B35 Hth 7€dle R B4 HleH WA,
oEld, AU o] 28] AR uisd 47
o2 Frleisnt.

A71A99] 9 TPHZ} 290l E4E~144.854 mg/L
HejollA vepton] 4¥0)= 0.431~170207 mgLE 5
7FIAT 7HollE 0.62~64423 mg/LE 23431990} BTEX
o] 7% 2835} 499] BN A} visg £¥5 Holu
Aot 78ellE EE FEo] TPHS} ¥ issiet
ol kel Z1= Q% LEEAY 4 F 2 4
FO02 QI3 AR ZUF 2 ddgeE Algdrt

3.2. W dRds

Zt A 2AgAe] 2 34 2o} ol8UAE 4
(1)l thgste] AA8Alel & BTEX BEshsS
goioirt. AGE AxgAlel 23 I B At

had
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Fig. 2. Box plots of TPH and BTEX concentrations in Kangwon site for February, April and July of 2009.
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Fig. 3. Box plots of TPH and BTEX concentrations in Gyeonggi site for February April and July of 2009.
Table 4. Results of EBCx calculation in Kangwon site during the study period
F 2009.02 (mg/L) 2009.04 (mg/L) 2009.07 (mg/L)
Parameter
(mg/mg) CB Cp CB CP CB CP
DO 3.14 3.00 043 3.00 0.53 3.00 0.08
NO;~ 4.90 44.17 0.51 44.17 17.67 4417 0.20
Fe?* 21.80 0.05 7.58 0.05 0.53 0.05 62.36
SO& 4.70 13.02 2.98 13.02 0.39 13.02 0.40
Calculated EBC Mean
EBCpo (mg/L) 0.89 0.79 0.93 0.87
EBCnos™ (mg/L) 891 541 8.97 7.76
EBCpeqny (mg/L) 0.35 0.02 2.86 1.08
EBCso4”” (mg/L) 2.14 2.69 2.69 2.51
Total 12.29 8.91 15.45 12.22

Al ZVZF Table 49 Table 59 AEsiyth. 24ax9
o] A% 7 &= Hit e ARseS Dol 2k &
& AREI5O] 0.87 mgLE 7Y 22 Aog Yepktor
NO; & 7.76 mg/LE 7F& F i Fe(ll)= 1.08 mg/L,

1 AR DOl &g I Al
1.85mgLE 7P Fa
Fe(llly= 0.51 mg/LE 7FF A9%om SO~
o}, 771249

Kl

T

NO; =

)=]
AL

1.05 mg/L
1y AR5 3k 2¢0] 3.33

SO 251 mg/lolit}. A7 717 Bk LAY F
g ARslEe e 2¥o] 1229 mg/Lelal 48
891 mg/LZ 7F¢ Z3lom 79o] 1545 mg/LE 7V B
L ARaso) wEE Ao ettt A7IXHY Ag-

mg/LE 714 Askom 492 4.66 mgLo|L 78] 6.10
mg/LE 7FE Be ARy dofwttt. A9 73717
o 25 7o) B AEsleel 7P =2 AL diEe

2 Ee 70 osle] nlES] Sl FXHO] veht
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Table §. Results of EBCx calculation in Gyeonggi site during the study period

F 2009.02 (mg/L) 2009.04 (mg/L) 2009.07 (mg/L)
Parameter
(mg/ mg) CB Cp CB CP CB CP
DO 3.14 6.02 4.03 6.02 0.86 6.02 1.08
NO5~ 4.90 10.14 0.52 10.14 0.17 10.14 245
Fe?* 21.80 0.17 0.30 0.17 16.78 0.17 16.78
SO& 470 11.18 7.77 11.18 10.17 11.18 0.82
Total Mean
EBCpo (mg/L) 0.63 1.64 1.57 1.28
EBCnos™ (mg/L) 1.96 2.03 1.57 1.85
EBCrean (mg/L) 0.01 0.77 0.76 0.51
EBCsos (mg/L) 0.73 022 220 1.05
Total 3.33 4.66 6.10 469
{a) Kangwon {b) Gyeonggi

Fig. 4. Contributions of biodegradation processes for the study period.

Zog Almgrt. ,

W AR 4 ArAYge] #7440 uel ARl
£ oA 3l 7R Vo) e, webd 99t
ol At Aufellx Z gz AREssS wEg 7)
Zke] 71H=g BUIEIAtHFig. 4). WA F AY 2F|
A 7V & vleS XX|§ 288l Z8-(denitrification)
9] 7% ALAGL 63.5%, A7IAGL 39.45%=2 VER}
FEAGo] ArINGR) gdsl 289 rder) B
AoE et} 4k 382 (aerobic respiration)ol 2]
3 ARsle ARGl 7.12%, A71AGL 27.29%2 U}
Bt 714 Ygo] AR} i 3ERRE9) VdErt
ESITE. o] ShelakE-(sulfate reductionyl] 213+ A&
sl ZhRIYo] 20.54%, A71AG0] 22.39%G.eH 37}
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2ol 28 (Fe(lll) reduction)l]l 2j8 A& 282
A ARG 8.84%, A7IAHL 10.87%= HERY &
zZpo)7F U] ot} ol9} B #x|EAe] <lgk AR
s d Azol digh FAAQ JF 4= HE3]
gellrle olE eyt ATAY Al ol AR89
Z71 - Aot F8. 0o g MRk A3l HAE
A} F7t A BT AGe A 4 AEA Ly
9 9% Fo2 ALEHw=Hl Montgomery et al.(1987)0
oJghd &s) 282 A AHUeSlM e ik
Hel7l By EYolxe) A 383 T 2
1%t A8l A BafjRleol oJgt Aojgle A7 4
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Fig. 5. Point attenuation rates of BTEX and TPH in Kangwon and Gyeonggi sites.

Table 6. Calculated point attenuation rates for BTEX and TPH

Point attenuation Half life Remediation time Remediation time
rate (day™") (days) (days) {years)
i} GW-22 0.0182 84 124 0.34
BIEX Mean 0.0182 84 124 0.34
bKW-11 0.0035 411 706 1.93
KW-18 0.0117 208 415 1.13
_ 2
TPH Kw-22 0.0113 151 265 0.72
GW-14 0.0333 50 87 0.24
GW-17 0.0441 60 110 0.30
Mean 0.02078 176 317 0.87

*GW: well of Gyeonggi site
PKW: well of Kangwon site

33. 2¥EE MEsE

BTEX 3 TPH =9 HAZE 2 w79} 0 E&4
A B SR skt dels Alzke Alkkek
TH(Table 6). L9=4 AA7IE7HA Tk AIRFS o
FAGeN Mg A8E AFT 20009 289] AAE 7]
Fo8 ARk 2t d54e] B4 HnE o83l A
AR Az BTEX #Eollx F5igh 2984 T=e
7 veRd #E4E AR 3 R et
TPH 52 29 34 yleh 271X B4 i
2 ASHoINE 29849 vt 437)FQ) BTEX

2215mgL, TPH 1.5 mg/LRth $AY 7l 9984
24 73] YElA] AU 29EA] Frleke Ao
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