J. Korean Soc. Environ. Eng., 37(11), 619~630, 2015
Original Paper
http://dx.doi.org/10.4491/KSEE.2015.37.11.619
ISSN 1225-5025, e-ISSN 2383-7810

U = T3 FAe| I8 OIS TT} HIR

| O L—

Comparative Study on the Human Risk Assessment of Heavy Metal
Contamination between Two Abandoned Metal Mines in Korea

= +
UELHS - 014 - WO - O|NEH - Yr @

. . .
Tae-Yong Lim - Sang-Woo Lee - Mi Jeong Park* - Sang-Hwan Lee* - Soon-Oh Kim
ARSI A QAT 9 |2 P4 -+ BB B T Belr|eD A
Department of Geology and Research Institute of Natural Science (RINS), Gyeongsang National University (GNU)
*Institute of Mine Reclamation Technology, Mine Reclamation Corporation (MIRECO)

(Received November 3, 2015; Revised November 26, 2015; Accepted November 30, 2015)

Abstract : This study was conducted to propose the methodology of human risk assessment specialized to domestic mine areas and
to quantify the human risk of heavy metal (As, Cd, Cu, Pb, and Zn) contamination around two abandoned metal mines. To attain
the goals, we established a relevant exposure scenario, including 7 exposure pathways and extracted a variety of exposure factors
reflecting the characteristics of inhabitants around abandoned metal mine areas. Finally, carcinogenic and non-carcinogenic risks
were compared between two areas, exposure pathways, heavy metal contaminants, and receptors. The total excess carcinogenic risks
of two mine areas of concern were calculated to be larger than the acceptable carcinogenic risk (1X10’6), indicating those two areas
are not safe for carcinogenic hazard. In addition, the hazard indices of two areas were computed to be higher than unit risk (1),
suggesting that the areas of concern have non-carcinogenic risk. Ingestion of crop and intake of groundwater were evaluated to
be main exposure pathways contributing to carcinogenic and non-carcinogenic risks within the areas. Also, the results show that
carcinogenic and non-carcinogenic hazards were mostly attributed to As and As, Cd, and Pb, respectively.
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Fig. 1. Exposure scenario for human risk assessment of heavy metal contamination in abandoned mining areas.
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Table 2. Exposure factors specified for residents around aban-
doned metal mine area

Abbrevi- Value

Parameter ationin  Unit  Adult Adult Child F;ifsg
Table 1 male female
Body weight BW kg 599 577 360 12~16
Exposure duration ED years 484 419 82 12~16
Average time AT days 28,656 31,047 29,908 17
Exposure frequency EF dyZﬁ/ 350 350 350 18
Surface area of body for cm?/ 12~
dermal contact of soll She day 4212 3903 2978 16, 19
2

Surface area of body for g, M/ o5 355 51 315 16261 20, 21
dermal contact of water day
SO.”_.Skln adsorption co- AF mgé 007 007 020 22
efficient cm
Water—skln adsorption Th, om 0 34E-03 2
thickness
Retenhon of soil particles F ) 075 6
in lung
Intake rate of soil CRs mg/day 50 50 118 20
Intake rate of ground-

water CRw L/day 166 135 100 20

Intake rate of crop (cerea) CR, kg/day 0440 0386 0336 20

Table 3. Exposure factors related to the properties of heavy
metal contaminants

Abbrevi Value Refer-
Parameter ation in Unit
Table 1 As Cd Cu Pb 2zn ©nce
Gastrointestinal ab- oo 5950 0025 0570 ND ND 25
sorption coefficient
Dermal absorption o 080 0,140 0100 0006 0,020 26

coefficient

Inhalation absorption

coefficient ABSm -

1,000 1,000 1,000 1,000 1,000 6

Soil-crop bio-con-

centration factor BCF -

0029 0081 ND 0007 0.100 27,28

ND=not determined

Table 4. Exposure factors related to the properties of environ-
mental media and conversion factors

Parameter AlbbreV|at|on Unit Value  Reference
in Table 1
Amount .of sugpended TSP mg /m? 007 6
particles in air

Fraction of sl0|l in .SUS._ frs ) 050 6
pended particles in air

Conversion factor 1 CF4 kg/mg 1,00E-06 -

Conversion factor 2 CF, L/m® 1 .00E+03 -
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Table 5. Toxicity values of each heavy metal contaminant

As Cd Cu Pb Zn

Oral slope factor
(SFo) (mg/kg-day)”
Carcino- Dermal slope factor

15E0 ND ND 85E-3 ND

6.1E+1 ND ND ND ND

genic  (SFans) (Mg/kg-day)”
Inhalation unit risk
b 43E-3 1863 ND 12E-5 ND
(URFin) (ug/ms)w . . .
Oral reference dose
3.0E-4 50E-4 14E-1 50E-4 3.0E-1
(RfDo) (mg/kg-day) ’ ’ ’ ’ '
NOM- 1o mal reference dose
carcino- 29E-4 13E-5 ND ND ND
genic (RfDabs) (Mg/kg-day)

Inhalation reference

dose (RIC) mg/m¥) NP 70F4 1083 ND - ND

ND=not determined
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U
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wet Bl EE A skl U W wEY
(ADD)I} H[HRQF=EAJR], 4] (4)E o833t o|2HE &

=
A2 93 H|&(hazard quotient, HQ)S 3}3l, = ¢
HIEHQ)E 4 (5)¢ o] gHilsto] 918 x| 4=(hazard index,
HDE A&3t9th HEd o2 A H)7} 11 2 7

Foll= vEerfisigol o= Aoz desiglt.
$1%H]&(HQ) = ADD / RfD(or RfC) )
1A 4=(HI) = THQ )
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Table 6. Exposure concentration of heavy metal contaminants
contained in environmental media

Media Mine Statistics As Cd Cu Pb Zn
Minimum ND ND ND ND ND
Maximum 299 104 734 1595 5524
E:i’:g Median 33 42 200 315 874
(N=184) Average 38 44 257 360 1166
Exposure con-
smglce contation 09 43 45 217 387 1268
SO —
(mg/kg) Minimum 09 14 105 105 316
. Maximum 244 65 1035 1232 166.4
Di‘:f#gg Median 43 32 239 300 511
(N=252)  Average 53 33 310 312 557
Exposure con- oo 54 330 308 582
centration (Cs)
Minimum ND ND ND ND 0020
Maximum 0060 ND 0020 ND 0120
En?:g Median ND ND 0010 ND 0075
(N=6) Average 0.010 ND 0,010 ND 0,077
Exposure con-
Ground- centration (Cw) 0.010 - 0.010 - 0.077
water Mini ND ND ND ND 0015
(mg/L) Inimum .
. Maximum ~ ND 0004 0024 0088 0075
Di‘neifgg Median ND ND ND ND 0020
N=6) Average ND 0001 0008 0029 0036
Exposure con- 4 41 008 0,009 0,036
centration (Cw)
Minimum ND ND ND ND ND
Maxmum ~ ND ND ND ND 0020
En?:g Median ND ND ND ND ND
(N=5) Average ND ND ND ND 0006
Exposure con-
Surface centration (Csw) ) ) - 0008
water Mini ND ND ND ND 0121
(mg/L) Inimum .
. Maxmum ND ND ND ND 0165
Di‘neijr:]gg Median ND ND ND ND 0139
(N=5) Average ND ND ND ND 0138

Exposure con-
centration (Csw)

ND=not detected

- - 0138

Cd 0~10.4 mg/kg, Cu 0~73.4 mg/kg, Pb 0~159.5 mg/kg, 12
Il Zn 0~552.4 mg/kge] = HE BYon, tAFAi
As 0.9~24.4 mg/kg, Cd 1.4~6.5 mg/kg, Cu 10.5~103.5 mg/kg,
Pb 10.5~123.2 mg/kg, 7123l Zn 31.6~166.4 mg/kg?] HE
SRS B0l A8 s, Sael A Cas
P AZEA| ¢F34al Cugt AsE 0.01 mg/L 523, Zn 0.02~
0.12 myL 0] FERES eiich dATAIAE As
7F AEE A ke, Cd 0~0.004 mg/L, Cu 0~0.024 mg/L,
Pb 0~0.088 mg/L, 12|31 Zn 0.015~0.075 mg/L 9] 5=
£ B3k shdee] A9 A R0l As, Cd, Cu, Pb
< HEHA goten, Znd gFAitol A 0~0.02 mg/L, o
AAbol A 0.121~0.165 mg/Lo] HEEZE e

Table 10 Foi% 7} 2A = =& AHAE EH
2w g st dasteh 2 AolA ¥ A
Mo 7wy masEs Agelith WA EE9
SHECHE G UE B ANABAE A8 2aE
FEAR(E34 18470, T34k 25270 o]l tisto] =Y &
FoAEA AP FAA I ANA A At Y= FAA
o]-g-ato] &9l 95% AEFE RELEFE(C)= 2H
SHATH(A (6). SHAIRE A et=of 2| :4=9] ¢ A&7 7F

FoHA] ghobA BAE Aio) PiEE AstrkeEy
E(Cw)9} AESFLEZ5E(Csw)2 A3

IS/

mlm

Cs = A+9] 95% Lﬂg}—z+tg%df% (6)

o714, x9 o= 247k BABES] BEgt EEUR| T
tars EFOGR LB HANN AN 95%
CEAZ NS EFeGE AR TN 275w
At BATHOE folst ARAYAAGolL,

3.2. =2
Table 10] A A% &3
Table 60 0171 7t uj%

AP A3} Table 2~42] 291X

4 keE5EE o]&sto] 7 J*’\P
H E=EHYY Bt =5, ADD)S Allste] O AdE
Table 73} 80f AFejst3ict R 742 kEH2O BE EF

=
—|—‘

l‘

ﬂlﬂl

e

Table 7. The results of average daily dose (ADD) for the Bong mine

Surface Surface  Surface Ground- Surface  Crop
soil oral  soil der- soil water water der-  oral
(mg/kg- mal (mg/ inhalation oral (mg/ mal (mg/ (mg/kg-
day)  kg-day) (mg/m°) kg-day) kg-day) day)

Adult

o 202E-08 3TSE-07 GO7E-08 164E-04 ND  5.15E-04
As AU 4 o 05 9 8OE-07 5.33E-08 111E-04 ND  3.74E-04
female
Chid 128E-06 205E-07 108E-08 267E-05 ND  1.06E-04
ﬁq‘llf'et 555E-08 183E-06 698E-08 ND ND  396E-05
Cd Adut ) 6oe 0g 141606 558E-08  ND ND  2.88E-05
female
Chid 354E-08 1.00E-06 113E-08 ND ND  817E-06
ﬁ%”et 779E-06 8.06E-06 430E-07 164E-04 ND ND
Cu Adut ¢ 16r 05 620E-06 343E-07 111E-04  ND ND
female
Chid 497E-06 440E-06 698E-08 267E-05 ND ND
At 676E-07 B.O1E-07  ND ND ND
male
Po Adult 5 19E:07 480E07  ND ND ND
female
Chid ND  369E-07 975E-08 ND ND ND
ﬁ%”et ND  7.38E-06 197E-06 126E-03 637E-08 ND
Zn AUt 5 67E-08 157E-06 8.51E-04 490E-08  ND
female
Chid ND  403E-06 3.19E-07 2.05E-04 122E-08 ND

ND=not determined
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Table 8. The results of average daily dose (ADD) for the Daejung

mine
Surface Surface Surface Ground- Surface  Crop
soil oral  soil der- soil water water der-  oral
(mg/kg- mal (mg/ inhalation oral (mg/ mal (mg/ (mg/kg-
day)  kg-day) (mg/m°) kg-day) kg-day)  day)
ﬁqci:let 267E-06 498E-07 885E-08 ND ND  6.82E-04
As At oo 06 3.82E-07 707E08  ND ND  4.96E-04
female
Child 1,70E-06 271E-07 144E-08 ND ND 141E-04
ﬁg;let 4 19E-08 1.39E-06 528E-08 164E-05 ND  299E-05
Cd - Adut 3.48E-08 1,06E-06 422E-08 111E-05 ND  217E-05
female
Child 267E-08 756E-07 856E-09 267E-06 ND  617E-06
ﬁalljlet 9.34E-06 9.66E-06 515E-07 131E-04 ND ND
Cu AU 7 2oe 06 7 43E-06 412E-07 884E05  ND ND
female
Child  5.95E-06 527E-06 8.36E-08 213E-05 ND ND
Adut ND  573E-07 509E-07 4.75E-04 ND ND
male
Pb.- Adult ND 4 40E-07 4.07E-07 3.20E-04 ND ND
female
Child ND  3.12E-07 826E-08 7.73E-05 ND ND
Adult
male ND  3.39E-06 9.03E-07 590E-04 147E-06 ND
Zn Adut ND  260E-06 722E-07 398E-04 113E-06 ND
female
Child ND  1.85E-06 147E-07 960E-05 280E-07 ND

ND=not determined

of APYEX okt wEAA, wEEE Fol B 7}
srolch WA W&} Glold wEFol A g
A8 AR, Cud SABHAGR U wEFS
Table 33+ o] %A AHBCE)7} 7] whizo] s, Pbet Zn
L oA Table 30|14 B vhol o] A ESA4HABS)
of et AR R clste] REHAL HABHA 7
2ol ¢ wEHFS AHT 4 golck Teln A | 3
:LA goﬁ‘j;do] 7&% ] oo ]—i L;EE‘ 737(-1‘61— )\ 04
7 el wETol AN e ASERE WA 5
SHAAZONA B Cdeh Pb, thHFAF Asol ik A&
SERAEARAAE B BT Znd AT A 4
Z0] 9 9EA(As, Cd, Cu, Pb)S =SE57} glojA] =3

Fe AFT 4+ ok

wEEY w2 @t Asel F 9ol HARY
B~ AT EEAT > R RS 285,
cd 2 SheAH > HENNEE > &

QA SABHA ~
T ]

3
~ HEZY, Cudl A%

43 = A > BEAH ~ RE
S RS> EEGY, Pbi AshpAA > BERYE ~
EG, SR ot A - LAY =
BEFY > AESTLAE 5O 2912 Vi, 5224

Aok AR5 FAF wEARE AU,
YT =FARAN FTE QYR FRY =EFL
HlIEhE, EEAH A Cu = As>Cd, REHRAS

Cux=Zn~=Cd>Pb=As, $ESZ Zn>Pb =~ Cu>Cd =
As, A8}4241%] Zn = Pb> Cu>Cd, A E53FHZE Zn
o] &A= Uehgth Table6ol| AAE zF a4 L2
E= HES H$ Zn>Pb = Cu>As = Cd, A5t4-E Zn>
Pb>Cu = As = Cd, (| EE Zn S9] £02 =7 vehdt
O oFollA] AbE FT4M LZES LZlero] B
AT tha Aold Arke ®elth o)k %%@ X
H e2E3TE 4 S5 55 4011;1 o
71 Hul= Table 39 AA|E zZF o FGEAY
eEUA, 53] AWEA(ABSa), 4¢g A 2(ABSp)
FAG(ABSm)ol B S W=

F3F EAE wEFE v By, oAEE viel
CEF2 FU FF% Eéoﬂ/q A olgA] > A

o[n

O

o] T d e

Qo > ofgle] o Uyt ols =EH R 2 dE
Ao| &l USRI Table 20 AAIH +~8AE &
gol HkgE Adolrt. mpA[Hre 2 & PAbd kST vl
Wty 7 k&2 2 54 S5 F E3Fskol o
et AolshA vet= Aos fgE. & a3 ghs
< UM AEE7] wZol 7 wjad ln%%Eﬂ 3
A k%S F9dth olE 501, Pbe] 4% Table6o] A
AlH EELXEE55(Cs)7F B-FA EH?HJ—P oA Z+z} 38.7

3} 32.8 mgkg Q2 fAFEY] Uhie] ALY EE R
% W BESF REYo] v AHHU oloke e
A zn9) § WAPE RE=EEE(C)E B4 1268
mg/kg, BhYFATOIA 582 mgkgo 2 APYE o], olelgt b
ZEst MoE BEERES @ BESY AR wEy
o YARaRThs Baaelq © 2 tehd

dy %%Lé?— e =AY 5AAE(Table 5), *==7(Table 7,
A (Q~(5)F ol-&sto] Alikzt 7t FAbE ek 9
Hlﬂg?m—sﬂig Table 9-10, Fig. 2-50] A|A|5k%c}h. 2%
Azl g w9 uRISlsEs 24EA
= AFEgolA Zngto] HEE o] Table 604 =
HH&} O] Zno| 3t =& wyt 2Asta, wela] o]

2o gt =EE Znvto] AAtE lrK(Table 7, 8). 314
t, Table 59 AAH wvle} Zo] Zno| ul Gl Al
(SFabS)g}- ] 55 L ](RfDabS)7]' Q7] el A
ReoRHEARo| et wek D WSS AR
4 stk
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Table 9. Carcinogenic and non-carcinogenic risks

Excess cancer risk (ECR)

Total excess

Surface soil  Surface soil  Surface soil  Groundwater ~ Surface water Crop oral cancer risk
oral dermal inhalation oral dermal P (TCR)
Adult male 3.02E-06 2.29E-05 4 20E-07 2 .46E-04 ND 7.72E-04 1.04E-03
Carcinogeric qul:g Adult female  251E-06  176E-05  335E-07  1.66E-04 ND 561E-04  7.47E-04
Child 1.93E-06 1.25E-05 6.81E-08 4 00E-05 ND 1.59E-04 2 14E-04
. Adult male 4 01E-06 3.04E-05 4 81E-07 4.04E-06 ND 1.02E-03 1.06E-03
Dfneifgg Adultfemale  332E-06 23305 385607  2.72E-06 ND 744E04  7.74E-04
Child 2 55E-06 1.66E-05 7 .81E-08 6.57E-07 ND 2 11E-04 2 31E-04
Hazard quotient (HQ) )
. ) X Hazard index
Surface soil ~ Surface soil ~ Surface soil  Groundwater Surface water
. . Crop oral (HI)
oral dermal inhalation oral dermal
Adult male 6.89E-03 1.42E-01 5.30E-04 551E-01 ND 1.76E+00 2 46E+00
Non-  BONG  syifemale 571E:03  109E-01 428604  8.72E-01 ND 128E+00  1.76E+00
carcinogenic ~ mine )
Child 4 39E-03 7.76E-02 8.60E-05 8.97E-02 ND 3.62E-01 5.34E-01
. Adult male 9.06E-03 1.08E-01 591E-04 9.86E-01 ND 2.30E+00 3.41E+00
D";‘neijr?e“g Adultfemale  751E-03  832E-02  472E-04  6.65E-01 ND 167E+00  2.43E+00
Child 5.77E-03 591E-02 9.59E-05 1.60E-01 ND 4 76E-01 7 .01E-01
ND=not determined
Table 10. Relative contribution of each exposure pathway to the carcinogenic and non-carcinogenic risks (unit: %)

Excess cancer risk (ECR)

Total excess

Surface soil  Surface soil ~ Surface soil  Groundwater — Surface water Crop orel cancer risk
oral dermal inhalation oral dermal P (TCR)
Adult male 029 219 0.04 2353 - 7394 100
Carcinogenic ?n?r:‘g Adult female 034 236 0.04 2218 . 75.08 100
Child 0,90 584 0,038 18.70 - 7452 100
Adult male 038 2.86 0.05 038 - 96.34 100
Daejung
mine Adult female 043 3.02 0.05 035 - 96.15 100
Child 1.1 717 0.03 028 - 91 .41 100
Hazard quotient (HQ) )
- - - Hazard index
Surface soil  Surface soil  Surface soil  Groundwater — Surface water Crop (H)
oral dermal inhalation oral dermal oral
Adult male 028 579 0.02 22 .45 - 71.46 100
Non- BOng At female 032 6.20 0.02 21.10 - 72.35 100
carcinogenic ~ Miné ]
Child 082 1454 0.02 16.80 - 67.83 100
Adult male 027 318 0.02 28 93 - 67 .61 100
Daejung
mine Adult female 031 3.42 0.02 27.36 - 68.89 100
Child 082 8.43 0.01 2289 - 67.85 100
cancer risk, ECR)E E $th(Table9). Z+ SHAFE & 2o 7}11' = ECRE YENH=d|(Fig. 2(b)), o]+= Table 6] A|A]
w2 E o AUs) dEs HE, 2] A9 sAEH H As9] =E%5 =0t Table 73} 8of Upet Aso] o

H7 &9l ECRo] 7HY & Ao & Uehg o TCRO| gt
71 8L 8 AER oF 73.9~75.1%% UFEGTHTable 10).
O oS0 g e A R(7] 08 18.7~23.5~%, Table 10)

ol 2] ECRO] A7 YeltrhFig. 2(a)). whekA o] = 7
29| TCRo| th3t 710182 oF 93.2~97.5%=2 EgAto] A

rEe] werslEL FAEAAY A5

Aoz AR B $34 0dRA

oAM= As7t

ge e
3} vlaste] wEA=

d=d

off vlsh wA AL

2 29—

o|th(Table 5). = As9] 7ol =

9IS} ALLE 7] T o]
22w} 2 BCRGS Uehich o4

Ao m

e FE4 edud
W dlol 4i]7]- E

ko] 4

=A8t7] o
'1:‘ iE%lioﬂ T’41 ‘_]’ H

2 =14
- owm=

=

¥
=
2%
- Kel °ﬂE l:ﬂ—ol—

ANES} SAFEIA LhEbet=, ojA] B4 3420 ECR
o] 7H %7 LrePdThFig. 3(a). o] 2] TCRe Tt 7]
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Fig. 2. Carcinogenic risk of each exposure pathway (a) and heavy metal contaminant (b) for the Bong mine,
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Fig. 3. Carcinogenic risk of each exposure pathway (a) and heavy metal contaminant (b) for the Daejung mine,
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Fig. 4. Non-carcinogenic risk of each exposure pathway (a) and heavy metal contaminant (b) for the Bong mine,
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Fig. 5. Non-carcinogenic risk of each exposure pathway (a) and heavy metal contaminant (b) for the Daejung mine,

o8- 91.4~96.3%(Table 10) 2 ZA}E| oA o AFAke] 7
Fol= iR Wl ol FAEAdF ot A=
wetEh B3 A E As7E ekl =rt 71
& ed=42 YelulthFig. 3(b)).

HERF s 25 A R, & FAE miEofl A AJQle] Tt
8 X 4>(hazard index, HI)7} 1Rt} 2 7HS Ho] v
ol e Aoz Yebtal, ofdle]] A fole HIZt
1Ho 2A et A o s vderelsfido]l & Zes
ZALE|QITH(Table 9). 5340 A9, =24 2E HE
(hazard quotient, HQ)2 W3] EHH HZEAFA=ZS} A
st FB ZolA A YERs e H(Fig. 4(a), oI5 + B2
o] HIof| tigt 7|82 Z+Z 67.8~72.4%%} 16.8~22.5%<1
Aoz 2ALE ItH(Table 10). whabA] S gA4tol A= BIReF
1843 9] 84.6~93.9%7} sAHEA T H A skl Foll os)
A zdEE Aoz UEyt e 9EdE HQE AuE,

Al

AASIF =L FAFSEA As7t 7HE 2 ulEereIs e o]
st Ao Ve H(Fig. 4(b)), Ase] HIO| thgt 7]o]&

FEAER 83.9~92.4%= Al4LE| et ekl e} H]
§H—g_—, o At F oz Cdeo] HIo| tdt 7]o]8(7.4~16.0%)
% © 37 yehgsdl, o]+ Table 504 K= upel 2+
d°ﬂ gt v SA4XRTE AsE AlLE T2 o9
E} o @] g E] AR Atrgch & Cde] e =
AR A HQE AT 4= Q17] wfjiFol 1ol whet

Al Hl%% s gel tigh 71gol S7keh Ao g wekEh
g FAre] vl s AR, S2REAFHE 2]
o & 67.6~68.9%, Table 10)2} A|3}A 2 A 2(7] & 22.9~
28.9%, Table 10)2] HQ7} 7Hd =7 YEFTH(Fig. 5(a)).
At vkl S o At o R et dHAE 2 7o
o] & ol & Z2oR 2AE I digFAke] e A
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(Fig. 5(b)), ol& Hd=22| HIo| gt 7]of&-2 242t 67.0~
68.4%, 22.1~27.9%% AATE|lck 12]al Cd9f 7]o1&-2 5.0~
9.9%= UEbytth gdAt vlasto] o AgAtol A Pbel
HQ7} Cdxr}t =4 Yehd 212 Table6of4] = vfel 2+
o] Pbe] A3h4 e w(Cw)7t BAT A= AL R A ¢
Ak g FAatol M= AiA oz 2 aEol7] wwol 1
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% Ak uoh 9wkl wE vlwa) R, WAl W
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