J. Soil Groundwater Environ. Vol. 30(5), p. 58~66, 2025 https://doi.org/10.7857/JSGE.2025.30.5.058

« Research Paper > ISSN 1598-6438 (Print), ISSN 2287-8831 (Online)

HMERZL ol EY

riok
0N
=
o
o
1
to

2

o

o H ANHEHIIE

B . R 2 . gE S ga&%“
AR BB RS AR

AALZY, T3} %Lﬂ

Selection of Management Measures for Heavy Metal Pollution
and Human Health Risk Assessment in Soil Environments
Near Abandoned Coal Mines

Park Pansoo', Chae Doohyun'?*, Park Seungho®, and Sung Changyoung*

! Department of Environmental Engineering, University of Seoul 02504, Korea
’Gyeonggi Research Institute of Environmental Sciences 12982, Korea
*Department of Energy & Mineral Resources Engineering, Sejong University, Seoul 05006, Korea
*Oceanic Co., Ltd., Gangneung-si 25491, Korea

ABSTRACT

This study evaluated heavy metal (As, Cd, Cu, Zn) contamination levels in paddy field soils near 11 abandoned coal mines
and conducted deterministic and probabilistic human health risk assessments centered on rice consumption pathways. In
some areas, As exceeded the concern level (25 mg/kg) by up to 2.84 times (maximum 71.0 mg/kg), and Cd
exceeded 4 mg/kg by up to 1.88 times (maximum 7.52 mg/kg). Based on the deterministic median (P50) criterion, the
HI(Hazard Index) for adults was 2.38 and the CR(Cancer Risk)(inorganic As, iAs) was 3.7 x 107 (site exceedance rate:
HI>1 was 99.8%, CR> 1 x 10™* was 99.6%). For children, the HI was 3.87 and the CR was 6.0 x 10™*  both higher than
for adults. Probabilistic analysis showed that the P95 of HI and CR exceeded the criteria at multiple sites, with exceedance
probabilities generally calculated at over 90%. Grading results indicated that the priority management category C grade
accounted for 80.9%, confirming the urgency of management. The probabilistic assessment was limited to inorganic
arsenic(iAs) and Cd (rice consumption pathway). Cu and Zn were excluded from quantitative risk calculation due to
HQ(Hazard Quotient) < 1 and data uncertainty. This study confirmed that inorganic-Arsenic(iAs) dominates the risk in the
rice pathway and proposed phased management strategies for priority sites, including soil As reduction and improvements
in PF(Processing Factor) during cooking and milling processes.

Key words : Abandoned coal mine, Deterministic assessment, Probabilistic assessment, Risk assessment, Priority man-
agement level, Sensitivity analysis
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2013; Chang et al., 2019). A} td A€ 1970~1990
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w7k Ao dAsial st FAAIE AL
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Fig. 1. Sampling site.
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O A|15(TF g, Transfer Factor)g F3l AFE3or, 2 U

394 B WY FAe (1) 2ok
Cr[ce = Csoil>< TFad[ (1)

o714 HolAl=(TF= 71& £ (Kwon et al,, 2017; Jung
et al, 1997; Mao et al, 2019y 7|HEO 2 3} om EQF
pH, FEE, 77188, =4 2 FF FHIX Y 5=
AR 0Yle] 29 S50

pH B4 Fre TRS Feel thd HolASR pi
B AAT, pHer= 7 ]Tf: pHE oJu|ght. ofe] M3 AtelA
logo(TF)2} ESF pH Atolol] A AA7L A= o] ghom
(Kwon et al., 2017, Ji et al., 2013) ©]2 wkgsle] 2 A+
xe T kol thall logio(TF)?F EF pH Ate]o] A3
BAE 713314, pHell w2 FolAld WelE BAgsith
pH B4 3 2412 (2)9} 2t

_ Pr(pH-pH, )
TF = TF;x 10

(2)
7oA EAE TF 3 EIgs Fx 9o
(Kwon et al, 2017, Kwon et al, 2013; Jung et al, 1997,
Kunhikrishnan et al., 2015), pH= ¥ 97 iR
Ho® 685 ARSI pe F5E 27 AT
HAE FHFsld A5 tHHuang et al, 2006; Mao et
al., 2019).
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she @S WISt AESS] AP 412 (3 2t

Clay, \~1
TFclay:TFkX( yk) (3)

Clay,,

HES HAY ek & A7 AL A9 HaHE
£(=20%)7 =A] K (WHO, 2001; USEPA, 2011)°4]
AAEE 718 ZkS-(sandy loam, clay fraction & 20%)
AR AR, B P 7 HES b J¥
gog ®AY St FAFH H 7hy HAYS 55
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25 (RBA, Relative Bioavailability)S ¥F4sle] &
SERZ AT B A3 @MY FE ARRS
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5 9857t AF(MOE, 2025)0 wf Bt = 7Hy
sttt AolAGHTF= =W-2] Z&(Jung et al, 2017;
Kwon et al., 2013; Mao et al, 20190014 AAH SS7kd
ALEE Hlkyg o]-oc] o]-gil:} o|z]3t ?Jal‘%ié Z‘LQ_’O‘]-
_E’H e A2 obd SEEE 7|Nke] ADD 4F

Zo] 7Fs3l, 272 25T P50, P95 3k 2HSkEe
] $HEYE Bshe 2AE SESIITHMEDS, 2021;
MOE, 2025; Jung et al., 2017; Kwon et al., 2013; Mao et
al., 2019).
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A7A Cheem BS B3 AF F%, IR 2ol dFF By
(kg/day), BW= Az (kg)el AT, XIS E AAslal, dF A5 wHsI 7 W
HlEkel Y= HQ)t FHIEIISNAISG=(HI), Z18]ar ¥ %Q&-__Véﬂ 7H°J 7& i}ow Aol mA= YT FEH
RABN=(CR) G212 (5)2F 2} o7
Jﬂ?%i g Al 27 ARE AFHOZ HAZ F

HO = 4%) HI= Y HQ,CR = LADD x CSF 5 dlon], siwe] xa) oE ek Wk 4 AUk

w3k, ABEolS B8] wiss 24 A CR, HI) Wk}
FE23 YYRTE F8 Wi FPY BEPL  AYHoz Holmz e yHle] E8S vlw Wk
195k, B BaE BAln RS 2AZ NS AT TR 240 EUghe Bals maAl we) )

S
=
ek 53, 4EPHFS Tl AFHAZAHMEDS, 2021)

HEAE 24Ron, EF 84 540 U 2y
oM AAE BEE AR ZAHFEEE, A &F WAE EAe) ¥Hdslt(Jung et al., 2017; Kwon et al.,
Table 1. Exposure factors (Adults/Children)

Variable Unit Adult(P50) Adult(P95) Children(P50)  Children(P95) Notes
IR ice (rice intake) g-day”! 180 300 90 150 Cook&Mix
BW(body weight) kg 65 55 20 15 Mean
EF (frequency) day-yr! 365 365 365 365 Year-round
ED (duration) yr 30 35 6 10 Residence
AT pon-cancer day 10,950 12,775 2,190 3,650 ED x 365
AT ancer day 25,550 25,550 25,550 25,550 70 yr
iAs - 0.6 0.9 0.6 0.9 Reference’
ABS/RBA - 1 0.8 1 0.8 Sensitivity
PF - 0.8 1 0.8 1 Reference™
*WHO., 2010; MOE., 2022; Kwon et al., 2017, “Ji et al., 2013; Kwon et al., 2017
Table 2. Deterministic estimates of rice concentration

Target Coil(mg/ke) TF B pH TF,q Crice(mg/kg)
As 12.9 0.030 +0.05 6.8 0.0329 0.425
Cd 0.410 0.200 -0.20 6.8 0.1384 0.0567

J. Soil Groundwater Environ. Vol. 30(5), p. 58~66, 2025



62 M - AR - W - D

Table 3. Summary of toxicity values

Target Type Route Unit Value Source
A Carcinogenic (mg-kg'-day ™)™ 1.5 USEPA IRIS (2011)

Non-carcinogenic Oral mg-kg!-day ™! 3.0x107 WHO (2010)

Cd Non-carcinogenic mg-kg'-day™ 1.0x 1073 MOE (2022)

Table 4. Assumptions for probabilistic input distributions

Variable Distribution Parameter(GSD, pearman’s Rank Correlation Coefficient)
TF" Log normal As: median 0.03, GSD 2.0, Cd: median 0.20, GSD 2.0
Rce Log normal adult In-p=In(180), 6=10.35; child In-p=In(90), ¢ =0.40
iAs™ Beta As: a=6, =4 (BT =0.60), B¢ 0.3-0.95
PF™* Triangular As: min 0.70, mod 0.80, max 1.00
ABS/RBA™™ Triangular As: min 0.80, mod 1.00, max 1.00

*(Jung et al., 2017; Kwon et al., 2013; Jung and Thornton, 1997; MOE, 2012; Mao et al., 2019; Zhao and Wang, 2020), ~“(MFDS, 2021),
***(Meharg and Zhao, 2012; Zhao and Wang, 2020), ~"*(Raab et al., 2009; Gray et al., 2016; Naito et al., 2015; Liu et al., 2018; Meharg and

koo

Zhao, 2012; Pedron et al., 2019),

2013; Jung and Thornton, 1997, MOE, 2012; Mao et al.,
2019; Zhao and Wang, 2020). =& Q49 & ] &2
F5 Tables 1, 290 242} AAISHIT

23.5. 997 8F RS

HRRRF 93] Hrhe Far-8-3H(RID, Reference Dose)yS
71Eo2 sjal et el W7 k= LAY (CSE, iAs
TP )ys ol8at APgetalon, a8 Table 37
23kt

% o}ﬁiﬂr.

s 24 GEEA EdE7Re] el F o'

F7} Al 71¢ FA 71steAE HEsksr] S8k
TSt 2AIGH F3E7} Adolgh 4EE Bl 7hssiA
37| 3l 2ofet £=¢PdEA=(SRCC, Spearman’s Rank
Correlation Coefficient)S AR5 0, A3pA| = AHH
o] 959l S ER Fo3Ith. B F £
o2 I, ()= 2 Alel B As, Cd, pHE
SHASFE AL, X3 HIPYS, CRPISHS] SRCC 4H4
(= A W gl S AAsaL, 7SR v A
A A%, AZT} HI, CR Atel®] SRCCE 28314t
iAs, PF 5 < 35 AU 0= AUl = (£20%)
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(FDA, 2018; Juhasz et al., 2006)

Table 5. Classification Criteria Based on Hazard Quotient (HQ)
and Cancer Risk (CR)

Class Criteria
Al P(HQ = 1)< 1% and HQys< 0.5
A2 1% < P(HQ = 1)<5% or 0.5 < HQys< 1
B 5% < P(HQ = 1)<20% or 1 < HQys<2
C P(HQ = 1)<20% or HQys =2 or CRys = 107

2 ZNE UITH(Table 4).

25. M 1+a| S& My wy

g Ve A W7 A= HI> 1 3= CR>1x 107
7lEe=R v—** T s B8, 8 A0S Rike
A Aaet Oﬂﬁlo o] EFGs), A Alg, Ay A
Whg &, =4 #E 5 #AE ZXAE g
A S *& SEEH ARE ARSIl T

Table 59} Zlc}.

FIO ¢

31 E9 99T W HEX|E AT

B a7 =) E% F 1019800 dis) 2askon,
9] 71Ee 149 71ES B8 Ase tiFE A
NFS 273P00, Cdst Cu B Zns R A o)A

ATAoz 290] RIS Talble 6)(Fig. 2).
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Table 6. Substances exceeding standard and number of exceedance sites
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3 SASHYB S B8 BeYt A%
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Concern Maximum Number Maximum . Mean + Standard
Samples . Concentration .
Item (n) Standard Value of ratio Exceedance (mg/kg) Deviation
(mg/kg) (mg/kg) (%0) Ratio (mg/kg)
As 1,014 25 48 54(5.33) 1.95 2548 31.52+6.83
Cd 460 4 4 1(0.22) 1.00 4.01-4.01 4.0+0.0
Cu 1,019 150 1,149 2(0.20) 7.66 294-1,149 722+604
Zn 1,019 300 602 2(0.20) 2.01 326602 464+195
e <889 BEg-11T0 11.70-1445  1446-1842 & >1842 | { | <ND ND-0.05 0.05-031 031-043 ® >043
l-uﬁiw unit: mgfig)
3 432000 - Q . . } __.«‘_.:Q‘: g : J
- k% ' . g2 *;.
o 1850 @ 1850-2260 © 2260-2650 © 2650-3250 @ »32 50| [ i <6390 6390-7150 ©7150-8174 © 8174.9812 @ >9812 |
Cu -unl’.znr'l'\ﬂ'
Fig. 2. Contamination status of major target substances (As, Cd, Cu, Zn).
3.2. 21X flsi "It ARRES O FY AT (=455 dish 4
e AARE =2 dE8F dEExE 44 ofdo] 1zt SYRA(P50) 02 ATt WAl Uk 7]
Agsle, (i) 2A2A @A) B i) 2El7) o2 Ad9le] HAi= HI= 2.38, CR({Asy 3.7 x 104 %
22 78 FEEF JeAaHHAAE B3 P50, P95 o, A Z2IME(P50 715 HI> 10] 99.8%, CR >
=]

2 23EkE S sl tiY o9 - B
AF(HQ, HI=HQ As+HQ Cd)Z 2F43l5]t}.

33. AHEXN QesfjMmIt Hu}
AREA Hrl= RE 559 pH A7) Je GEy

1 x 10%7} 99.6%3At}. ofdo)= AFo] Y AF k] A5
BA g7} A4 ADDY}F ZrlslezE, 59 A4 1}
Y A F5 7HIA S5k 715 HI9E CRo| A3R1ET}
O ZA) A=A oldo]e] 9 HR= 3.87, CR(1As)
6.0 x 1072 - ZIRE(P50 7]1F)S HI>1 E CR> 1

Table 7. Summary of deterministic risk assessment (Adults & Children, n = 455)

) Median Exceedance rate
Metric Outcome
Adults Children Adults Children
HQxs 1.92 3.12 HQ>1 99.8 100
HQcq 022 0.36 HQ<1 -
HI = HQx+ HQcq 2.38 3.87 HI>1 99.8% 100
CR (iAs) 3.7x107 6.0x10™ CR>1x10™ 99.6% 100
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x 104 25 233} tH(Table 7).

34. SEEN Qalidgot 23t ¥ ML S5 M-

FEE22 A Hrhs EH7EE®@ AR) Akl
a3t Il H(As, Cd, pHYS E5F 2= 97)) s34l tisl]
HRIE Al 927} ulg- B JEE QJRlsh, A2e
AYF MEe LRSI BE BE7F L3 = 55
AFES YeRlH, ce 4 et 483t FFoE 15
AT 55 BXE Al 02%, A2 16.6%, B 2.2%, C
80.9%= H7I=EcE £ XA = iAs7F AulF o]
AW, ololl As A7 FAlo g GAFoR FHPsh= Aol
Fe]H ol 53] C 57 AE A T2t 8=

G5 e B4S 3E T = ARS e
2

3}, ofdde] =84 7]

o3

(TF)] 7R B4Rgolgla, 1 ko2 4 HHRHIR), E%
As B, P AFE), AFEW) wolith HESE
BRI} pH HAFE 3 5 TlekE ugor, 7}
SAF(PF) ot AES (%)) A a3 iz es sk
ok olefet Az HAME AR BFS vepion,
Aol v PP AF 2 Bt 2 ofdlolzeln
AR A% D U Ao o A Uekt
om), A HERE p < (2 918 2AS EbIT(Fig. 3).

e MY TR BT AASE, B)HoRE
HAZ Bt AR HHc 53 ofglelE v
o= JF MES} 13 PP e Flol=eilS v
2} 283k Zle] HI Aol 444 ke How
AR $71H0RE TFS W B9 2 A et
sjagolel, ol phs} HAAI HE 54 5 EYma)
o) 2 AHeE Bl 4% 7183 wlae) P EE
o= Wl o Aow WD HES AdE
PRIl 2 1] oJFARY, f71E 2 A, BRE A8
B3} R BN FEFHE BaAA Hol A
ol 7118 4 glome wed Bask Y hEe
A\PF) Bl A lefwrt g ek, w4
2 A 5 99 Ael AL S A= 2
7 glo} B AHoR BYF 7t e sow
BRI 9 Aok B @7 89 Wel £EE
ARFOIH, G5 B A2 B} AE e Jae
lgsi whe) $akesle] JUEE BS PR Lavt

o
AT}

o e LN

0 I

X
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