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ABSTRACT

This study evaluated the transfer characteristics and potential exposure of heavy metals among environmental media by
comprehensively analyzing soil, water, rice, and human biomarkers in agricultural areas affected by the Seokdam mine
located in Seomyeon, Hongcheon, Korea. In soils, relatively high concentrations of As (8.8-19.5 mg/kg), Cd (0.1-1.2 mg/kg),
and Zn (62.2-134.0 mg/kg) were observed at specific sites, while water samples showed localized contamination with
maximum concentrations of As (3.62 pg/L) and Zn (382.93 pg/L). In rice, Cd concentrations averaged 0.11 mg/kg
(maximum 0.52 mg/kg), exceeding the standard in some samples, and bioconcentration factors were relatively high for Cd
(0.215) and Zn (0.166). Correlation analyses between soil and rice, as well as rice and human biomarkers, showed
generally weak relationships, indicating multi-pathway exposure characteristics. These results suggest that the transfer and
exposure of heavy metals in abandoned mine areas can occur through a continuous pathway linking water, soil, crops, and

humans.
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Fig. 1. Location of sampling sites in the Seokdam mine area.

Fig. 2. Field sampling procedures for soil, rice, water, blood, and urine in the Seokdam mine-impacted agricultural area.
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Table 1. Concentrations of heavy metals in soil samples (S-1 to S-8) collected in the vicinity of the Seokdam mine.
Sample As Cd Cr Cu Ni Pb Zn
No. (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
S-1 8.8 0.2 84.4 27.7 57.5 26.1 923
S-2 17.7 0.2 71.8 384 36.4 279 88.2
S-3 15.2 0.2 73.4 374 35.7 259 822
S-4 19.5 0.4 67.1 227 33.8 30.1 99.7
S-5 15.1 1.2 66.0 26.1 315 26.7 134.0
S-6 13.0 0.2 64.3 19.3 313 26.1 79.6
S-7 12.7 0.1 72.3 22.7 34.6 24.6 62.2
S-8 10.5 0.2 61.1 19.5 31.6 31.1 88.9
Min. 8.8 0.1 61.1 193 313 24.6 62.2
Max. 19.5 1.2 84.4 384 57.5 31.1 134.0
Avg. 14.1 0.3 70.1 26.7 36.6 273 90.9
SD 3.6 0.4 7.2 7.5 8.7 22 20.6
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Fig. 3. Heavy metal concentrations in soil samples (S-1 to S-8) collected in the vicinity of the Seokdam mine.
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Table 2. Concentrations of heavy metals in water samples (W-1 to W-8) collected from the Seokdam mine area

Sample No. As (ng/L) Cd (ug/L) Cr (ug/l) Cu (ug/L) Ni (ng/L) Pb (ug/L) Zn (ng/l)

W-1 0.24 0.07 0.04 1021 0.12 0.06 61.55
W-2 035 0.13 035 27.03 0.64 0.1 172.62
W-3 0.16 0.19 0.64 10.00 0.89 0.17 99.23
W-4 0.27 0.25 0.83 19.46 0.42 0.11 26.31
W-5 034 0.02 0.08 227 0.10 0.05 1.60
W-6 043 0.51 0.42 16.12 226 0.08 382.93
W-7 3.62 027 0.18 7231 2.06 037 221.10
W-8 0.46 0.11 0.14 20.63 0.70 0.14 134.60
Min. 0.16 0.02 0.04 227 0.10 0.05 1.60
Max. 3.62 0.51 0.83 72.31 2.26 0.37 382.93
Avg. 0.73 0.19 034 2225 0.90 0.14 137.49
SD 12 02 0.3 216 0.8 0.1 1234
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Fig. 4. Heavy metal concentrations in water samples collected from the Seokdam mine area.
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Table 3. Concentrations of heavy metals in rice samples (R-1 to R-8) collected from paddy fields in the vicinity of the Seokdam mine

Sample As Cd Cr Cu Ni Pb Zn
No. (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)
R-1 0.17 0.15 0.26 2.43 1.06 0.10 16.13
R-2 0.13 0.02 0.25 2.14 0.42 0.03 15.49
R-3 0.10 0.01 0.25 1.80 0.24 0.04 16.37
R-4 0.12 0.16 0.22 1.94 0.33 0.04 14.14
R-5 0.15 0.52 0.22 1.75 0.25 0.03 13.77
R-6 0.19 0.03 0.22 0.67 0.27 0.05 16.26
R-7 0.10 0.01 0.21 1.33 0.15 0.03 12.39
R-8 0.13 0.01 0.19 0.67 0.21 0.03 11.33
Min. 0.10 0.01 0.19 0.67 0.15 0.03 11.33
Max. 0.19 0.52 0.26 243 1.06 0.10 16.37
Avg. 0.14 0.11 0.23 1.59 0.37 0.04 14.49
SD 0.03 0.18 0.02 0.65 0.29 0.02 1.90
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Fig. 5. Distribution of heavy metal concentrations in rice grains (R-1 to R-8) cultivated in paddy fields in the vicinity of the Seokdam
mine
5780 mke A M W SH 0= dEn v Cde 44. LM HEY 2
i AN T ot HRlslo] A&Hel Bt BY AWM AR =E B AR FFE FEE

F o3-S A8 754 (linear regression analysisyS =5
A 718l Fig. 6). Y4 ZAFR)E 2 Al B
RUE"o] H83 Zox wdE H.om, o= 4] EAIFE (speciation), ©15-d (mobility)

2 AR o] 7154 (bioavailability)?] x}o]E- HEds= A

o ™

J. Soil Groundwater Environ. Vol. 31(2), p. 49~63, 2026



58

$HE - HHA - AGE - A8 - 237
0.5
— 04 1 <As>
g
o
E 031 RZ = 0.0019
4
9 0.2 A - E .
e 0.1 A 5 @ ® -
&
0.0 : ’
5 10 15 20
Soil As (mg/kg)
0.5 0.5
041 <Cd> w5 <Cr>
[ B R2 = 0.5794
2 03 1 S 0.3 -
et E e ®
O 02 A G 0.2 A .»-‘.""“'o
8 ° R2 = 0.0124 2
01 4 & 01 -
0.0 ~—‘.—'= . . 0.0 . . : :
0.0 0.5 1.0 15 50 60 70 80 90 100
Soil Cd (mg/kg) Soil Cr (mg/kg)
5.0 2.0
40 4 <Cu> < Ni >
2 R2 = 0.4861 §1‘5 _
£30 1 T 2 R2 = 09195
‘E’ 8 i _‘—E’T,O ] W
320 A ° = o
pt X ® 2 RZ = 0.146
210 1 L @2 05 1 e 5
@ ™ 0
0.0 . . . 0.0 ' -
10 20 30 40 50 20 40 60 80
Soil Cu (mg/kg) Soil Ni (mg/kg)
0.20
20 Ty
<Pb> e i
2015 1 S 15 - ... e
E < L
010 4 o g ‘ '
T 5 10 R2 = 0.0013
8 R? = 0.103 8
e 0.05 1 R S g 5|
° LY ° -...;_‘.
0.00 . . ' 0 . .
20 25 30 35 40 50 70 90 110

Soil Pb (mg/kg)

Soil Zn (mg/kg)

Fig. 6. Scatter plots showing the relationships between heavy metal concentrations in paddy soils and rice grains collected from identical
sampling locations.

52 3=t} (Alloway, 2013; Kabata-Pendias, 2011).
Ast R? = 0.00192 E} & 7+ J3do] Ae] yet

ol&4d

ol

ol

d= Apfelr] die s, B Fe=nt B 3
l2o] A& F5ol B 2 92 VIR 5 e AL

2] 29th. o= =EYe] S 3HF0A Fe(lll) &H)Rt $FCH(Zhao et al., 2010; Meharg and Zhao, 2012).

sh=o] g Salioh 22 sk o] Ase] 8=
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Table 4. Bio-concentration factors (BCF; C rice/C_soil) of heavy metals in soils and rice grains collected from paddy fields in the

vicinity of the Seokdam mine

Sample No. As Cd Cr Cu Ni Pb Zn
SR-1 0.020 0.871 0.003 0.088 0.018 0.004 0.175
SR-2 0.008 0.112 0.003 0.056 0.011 0.001 0.176
SR-3 0.006 0.065 0.003 0.048 0.007 0.001 0.199
SR-4 0.006 0.378 0.003 0.086 0.010 0.001 0.142
SR-5 0.010 0.033 0.003 0.067 0.008 0.001 0.103
SR-6 0.015 0.151 0.003 0.035 0.009 0.002 0.204
SR-7 0.008 0.100 0.003 0.059 0.004 0.001 0.199
SR-8 0.012 0.007 0.003 0.034 0.007 0.001 0.128
Min. 0.006 0.007 0.003 0.034 0.004 0.001 0.103
Max. 0.020 0.871 0.003 0.088 0.018 0.004 0.204
Avg. 0.011 0.215 0.003 0.059 0.009 0.002 0.166

YePAt Cde= pH Wstel whe} 71-8-/do] IA WHehk=
olsd HE50F, EY X wet AEARZY Ho
EAdo] Ze}2 4= Qlth(Kabata-Pendias, 2011).

Cr(R? = 0.5794)3} Cu(R? = 0.4861)= F3t ]9
S eI ol 98 w5 WA EY U 55
FE7F A Y TR FE oz utgdE S-S ov|gith
gt Cue BEY A28 2 HEZEY JelA Agshe
54 Wil Aol 7Fsde] AlgHE e AR
& #] QJtH(Kabata-Pendias, 2011).

EF Nigh 2 Ni 3+ 37 A, AA] Ak
785 ARATE R = 091952 - =2 4

AHE ALl a9 AmTTE
o2 F43] 7AsiAnt ol
& FdFE A3
ol BA s Al AR FE
Atk 2t AR
9 PHR® = 0.103)8F Zn(R® = 0.0013)&
A4S YePE Po= ESY WollA W84 3E 2
FeE2 EASh= vl8o] mof 2lEAZ o] Hol7} A
Ao ¢4HA Ati(Kabata-Pendias, 2011). Zn
Aol ArZQl mEdAR AR - 717 o)

[e)
=

11O
=

T
T
L

F47h 2AR7) BEe] B Frwe) 4E ) %
7+ B o) vh) el 5 SltkAlloway, 2013).

4.5. 4EsFHI5(BCF) 24 Zt

AFAGolA AHS =EGT T Z-olA] AplE
A AR E o] g3sle] AE5SAIG(Bioconcentration Factor,
BCFH)E 443l th(Table 4). BCF= EY 5 F35

ol Uish & 7R FEe| vE FojE, Bk AlE
Zo] B4& Aol Az dy] E-8-Hth(Dudka et
al.,, 1996; Puschenreiter and Horak, 2000). ¥4 A3}, &
EAL 53l AfolE BYon ol 549
38t AE, B W A FH(speciation), A 0]
7F&/d (bioavailability) B 21&9] &4 248 712} Z}o]]
71R18k= ZAL=Z sAEt}(Alloway, 2013; Kabata-Pendias,
2011).

H|4o] Hi BCFE 0.011E &4 thy 94 5
o 38 Bk A A-(SR-1)914] 0.0209] 2k
el o dnke oz E¢F o] ZA22] Hole w9 A
3129 Ao Yehdth Ase EY oA T n|
Gl elA F3tE ol EAlEE AU e, &
S vl AE o8 7t B8 AlRKHRl ZeE Hal
=0} $ktH(Zhao et al,, 2010). 53] =EIA ] $H750]
B39 A5 Ase] olsAo] S7F 5 Lot (Meharg and
Zhao, 2012), ¥ A7 A GelX= FF tiH] Hol&o]
v fAE ZeE e

%3 Aol

FIEES B 02152 7P B PYEEE EAS
Btk E3] SR-1914 08712] wh$- =& 7kS e EY

[e]
=

Ca7H A= a3 07 HolH -5 ANl ol
=4 dibl &F 6308 &2 Folth. Cde EYlA
H|wA o]FAdo] om pH 74 9 AA Fol 7k Al
2EH] E57 Z7RRe AoE deiA Sith(Kabata-Pendias,
2011). B3+ Cd* e Ca 2 Zn* 9} FAKSE o] & WS
71 FEAE B3 FrE & o] ¥ 2H o= 4
7¥s/do] A o2 Atk(Nan et al,, 2002). Cd= AW
R A3 W 548 fdshe SA4 g5olne

g ek A%Ae) Pk avEr,
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FES BE AFOIA 0.00302 7o) 943 7S
BT} o] Cre] AA0]8 7Fs/do] ulg- WS o]
Sit) Yukd o2 Crllye EY oA e
A 25 F57F ARl Aoz dHA ti(Alloway,
2013). UYA2] HiF BCF= 0.0092 & 50|t 93
AIZ(SR-1: 0.018)°llM FiH o ® =2 ghS B o
FE 001 o3k2 YeRdth Nie 229 v#F I Ui
oy wEEoXe 545 UeERH, EY pH 2 A
ol = met F5-80] GEAle o=z 4EA
THAlloway, 2013). 2 7+ A|Hollre= o] 7FsAdo] HluLz]
S 202 WrbETh W e 00022 7P B Ao
S Bk dF AlFeA 0.0047F B#HEE oW
W o2 B U 284 SEQIIE, & 5) 3
= EAljsted o]s/do] mig- e Ao = SAEtH(Dudka
et al., 1996; Kabata-Pendias, 2011). ©}12 Hit 0.166°-%
Cd Thro& £ o] EAS Ushith zne A&
Al Q] PR 554 T 7] EAlsh I
E5 9] Yellxde Holgo] vlud A vehd 4
THAlloway, 2013). THeF ) S3 A] 25 A 2 A
EjAlel] FAAQ FEFS v 7FsAde] ot

BCF #4] 23}, F42] o] 54L& ¢d > Zn > Cu >
As = Ni > Cr > Pb £2.2 Yelt} 53] cde Hit
0.215, Hd] 08712 7P =2 AEsS 54 Ho 7
BAE I FAA A B e = dAE wd
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o). Zn T3 UIF o2 28 Hol 7hsAdE B Y
3 247 FHrlE) BhE As, Cr, Ni 2 Phis 55 0]
E4S UeR oY o] ES T 71 Aol EYQ]
22kl 271 Wil wet Ho| 4o gelkd Ths s
iAE 4= $ItH(Zhao et al., 2010).

2 TEE Rt ddHoR wA veRd
8§88 thdoR FF H(Pb), BT 7F=H(Cd), 87 Hl&

Table 5. Summary statistics of heavy metal concentrations in
blood and urine samples from H-1 to H-8

Blood Blood Urinary Urinary
Sz;r:)p le Lead Cadmium  Arsenic Cadmium
' (ngdl)  (ug/l) (ng/L)  (ug/g creatinine)

H-1 2.01 6.11 0.70 3.68
H-2 1.47 1.90 1.71 5.93
H-3 3.77 1.76 15.79 4.15
H-4 1.81 11.02 1.46 4.40
H-5 3.12 426 3.82 2.88
H-6 7.81 1.41 2.93 2.11
H-7 3.48 3.17 1.67 4.57
H-8 1.49 5.93 4.01 10.95
Min. 1.47 1.41 0.70 2.11
Max. 7.81 11.02 15.79 10.95
Avg. 3.12 4.45 4.01 4.83
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Fig. 7. Concentrations of heavy metals in blood and urine samples collected from H-1 to H-8.



(As) 2 8F 7I=F(Cd) TE= 2245199 Table 5, Fig. 7).
FZ 3 FEE 147-7.81 pg/dL HBE Jehton 9
2 3.12 py/dLAT. H-6914 7.81 pg/dLZ 71 =2
T7F E1EAA H2004 147 pg/dLE 7 Skt
F AFE(H-3, H-5, H-7)= HiHTh 22 ghs Heou

e

o2 791 1F WAool vlwA IA Vel EF
Pbe HT =25 Hkdske diEAR] AAARE deA
Rom N =E2AEY, 28, AF 5) IS s
I ATHAlloway, 2013). 85 Cd T 1.41-11.02 pg/L
WAE Uehgon HFS 4.45 ug/LITH H-400A
11.02 pg/LZ 7P =& 7S Yehl b2 2|59} 521k
zlolZ Btk 85 cde Blad] 2 =S vedshe
AR= G Jom Ao)dH B FA A% o dFS
kS 5= Q= A0 F ®H1E|o] Qlth(Alloway, 2013; Kabata-
Pendias, 2011). & A7 AN E 54 7oA ol
Aog & Fr7t IRl ZAHR] =F 73S Al
AFettt.

8F As FEE 0.70-15.79 pg/L HY=E VERton 7
T2 401 pg/LITE H-3004 1579 pe/Lz 7P =& 3
Yepdor o= T2 Alg diH] of 3208 =& 5559
At 2T Ase VR =& Wdshs tixAd AA
ARZ GHA Jon -85 e AF AF9 BT
o] ItHMeharg and Zhao, 2012). £3] &3} 2o 3157
2FL 2o HIA =F0 T8 AR IEA o] B
I AGME 54 =Ede] EA) 7153 AR &
% Cd F=GdoFEd BA4)= 2.11-10.95 pg/g creatinine
HRZ YERG O™ H-2 4.83 ug/g creatinineSIt}. H-8
ol 10.95 pg/g creatinine® 7FF =& 3+ YERATH
2F Cde= AW S-S vkdshs AEE 84 o
A7NH 2 v Y =5 HUlol &-8-Fth(Kabata-
Pendias, 2011). G5 AlgolA] FHo = H2 Fho]

A =% 7FsAE AR

A5 2 8% TFE shv MUY AdEAe] A
Uehton B4 X E(H-3, H-4, H-6, H-8)oA 7}H
Aol s iz o g & Tt IRIEUY. 53] 8%
As(H-3), EF Cd(H-4), EF Pb(H-6) ¥ 85 CdH-8)=
217} Higks VR A4 =F 7FsAdS ARRITY. o]
H3t A= FE4 o] @Y 3 viAROE 2oy
3, 58 2 AE3 T U B2 J3s 53
o7 WS 4 QIS oulgitt,

=L e o

3t o7 Hkdsly] wjio g sixdE i Alloway, 2013).

FIEF(Cd)] B, & T Cd 5= I ZHeiA
0.52 mgkgys Hyom EA
7 AESS 5 B HWE 2 FEO0E YETH
Cd =9 8% Cd(1.41-11.02 pgL) & 2%
Cd(2.11-10.95 pg/g creatinine) 7+ APAS AntEo g
e FFEoE Ueion BAZoRE fofg dAle
olx|x] egiet. o= Cde] AW Wiz 7F A 8% Cd=
HwA FHT =58 vdshs v 8% cde A71EY
AW F2S Wkgsr] wiZol =& Al W 2oz}
EA5}7] wE-o]th(Kabata-Pendias, 2011). E3F &,
=8, 7IEF A% AFH & oS =2do] EAlsiRE
A Cd B2} QA Cd w=d FHZH oz vggitia
RN ojEe Ae® dAdEt agox Bl Cde
2lo] ARE B3l AR e 7Fsdo] =2 550=
dHA o] A ARV A T ajleZ A8
7Fs/82 Al = fItk(Nan et al., 2002).

H| 2 (As)Y] 745, & F As 55 B 0.14 mg/kg

z_(,:
Y
R
Hr
flo
i\i
LY
=)

Folglom U A 8% As st Jrjzoz
=

E2 o VERTE 28y A As R0 8F As &
7 dBAe WA Yeldt) gubdo g Ao FyjHja
E=9] 9 o] HEE HuFXTH(Meharg and Zhao,
2012), 8F Ase TR &8 WIzsH Wdshy ke
AHAGE7IRA FEY 585 5 O =& H=E9
FS FAl HES = Q) T3 =Eoke] 391 oA
As?] olsAdo] 71 4= O K(Zhao et al., 2010), &
AFollre EFA-8 7 AFA A8 dadAe
FEsH YERA edsit). ol & As w57} QA As
SO 9 AFaclolgrin B9t =F AR F
sz 2R8e-S ofnigitt

HPbye B F T} vl S ST 0.04 me/kg)
o2 Yeidor 3% pbele] g Tg AL ERIEA
ATt Pbe= B dlolA] Qi 9 ekl Agtsied]
384 2 EAEkE vlgo] w1 AEARe] Moyt
AgH2e Aoz d#A] UrH(Kabata-Pendias, 2011).
wehd & AFH7F 3 Pb ol PIXE Fke v
SHA]l AoE dAdEH FF pb vE= EY B3
oL} AL =F T vlAo] AR TS vk

o
) n:lob _10
o z0 2
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ol 1A AAA|3E7 } 54 A% o g viEEAE
s |Hche kst 3 wiAE 53 R =30
Tz_q E312 wkdEls X|Ho)7) rm%olu}(Anoway, 2013).

53] Caot Ase 22 T A == 7Fs/do] EAfsh
*E‘zﬂ A e I = oY, Aed F48 9o

54 5l ol FA dFE e F AUk

£ dlMe FAE ST AW AEgit gk
AR FHAE oz B, 54, & A AR
ANRE FHHo= BAsl] S5 87 A 1t o)
E43 A wF 7Vee kit

B AlE BA Adl As, Cd 2 Zno] Y- -4
AiAoE & vEE UeRWor, 53] Cde 5%

Z 224 BAdo] ZRIFIIT ol A 7199
F3PLE Tk 22 XHL:@P‘W FHgel e EYF W
w&o] Ao R FRHUS 7Fsds AKXt 2
AlgollXe AT 7‘i$°ﬂﬁ As 3.62 pg/L 2 Zn
382.93 pg/LY Ao R =2 Frrl gelgo] Ui
AHoA it See] G wkdshs Aoz dE.
2 7128 B Av) Cde it 0.11 mgkgEd) 052 mgke),
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