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20143%E 202337K] gyl S8 @S B3 E ] $55(4As, Cd, Cr, Cu, Hg, Ni, Pb, Zn)°] Al &3H] &
X BYEANET R EEE B8R Zn, Cu, PbS] H 5= PRI} 260, 59.0, 52.8 mg/kg), FAALL
(169, 61.3, 42.4 mg/kg), SAFA2H(263, 91.4, 83.9 mg/kg)llA = Yo, o) = A<t vl =) H)3) oF
268 & FEIh HYRANE E L., 357}011*%” SARA T FAKAQNA 7| 29 Al R o= ERIF
Rew, Fak g AAAAE 1 AN & 2957 v 53] £4F 2418 I AR M 4N 0] 3
FPF7I1ES BHIES 23U, TFE oM (1,,, 2 22 Fo T FHESITH AAE ¥4 23 Cus AGER
A RS R Y= Fokuto| = 108 B 557} 22.6 mgkeollA 28.7 mg/kgC 2 273% 7} vbA, 241
Qo A= 142 mg/kgeld 73.2 mg/kg O = 48.3% FASIRTH B A7 104 oV 88 AAE ARE 7o R 5
By 7 FE5Y 303 A2 S FFF o= AN, A 85 S 3B Al HEE F
B4 550 APEF o widE § &S 2T o3 A= ¥ A 2E¥ odF R L A7) By
HY AF F4E A 71z A5 = 849 5 QU

Abstract — This study investigated the spatiotemporal distribution and contamination assessment of heavy metals
(As, Cd, Cr, Cu, Hg, Ni, Pb, and Zn) in surface sediments of Korea’s Special Management Sea Areas from 2014 to
2023. The mean concentrations of Zn, Cu, and Pb were relatively high in Masan Bay (260, 59.0, and 52.8 mg/kg,
respectively), the Busan coastal area (169, 61.3, and 42.4 mg/kg), and the Ulsan coastal area (263, 91.4, and 83.9
mg/kg), corresponding to approximately two to six times higher than background coastal sediments. Assessments
based on marine sediment quality guidelines, including the Threshold Effects Level (TEL; caution level) and Prob-
able Effects Level (PEL; management level), together with the geo-accumulation index (I,), revealed the repeated
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exceedances in the Ulsan and Busan coastal areas, particularly at stations adjacent to ports and industrial facilities.
In particular, several stations near Onsan Harbor in the Ulsan coastal area exceeded the PEL for certain metals and
were classified as moderately to heavily contaminated (I ., > 2). Time-series analysis showed contrasting regional
trends in Cu concentrations: in Gwangyang Bay, the annual mean concentration increased by 27.3%, from 22.6
mg/kg to 28.7 mg/kg during 10 years, whereas in the Ulsan coastal area it decreased by 48.3%, from 142 mg/kg to
73.2 mg/kg. This study quantitatively demonstrates spatial and temporal contrasts in heavy metal contamination
among Special Management Sea Areas, indicating that industrial activities and changes in environmental manage-
ment policies may be differentially reflected in sediment heavy metal concentrations. These findings provide a scien-
tific basis for the development of region-specific pollution load management and long-term monitoring strategies.

Keywords: Metals(= <5), Contamination assessment(2 % 5= % 7}), Special Management Areas(5'3 %23 9),

Surface sediments(¥3 53 %), L(5345)
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1.1 67 ol R 55

SUgel s gt 87 BAL A8 raitsEaey, A5
Zof ule} 83715 A 23 s S SEdEEges
A Asle] #wEekar ATHKMGL[2022]). SE T Y 2 3t Ak
A, S K4 T Rt 2 o] FFHE NH o=, 77t 3
A9 AAZo| 1 A3ta #el7t L7 BHKim ef al[2022]; Lee et
al[2009]). ©12]gt 3 HL AL VejA| AR ofz} XHAL3] 2
Al EEaE GysH AAE] o] I Bele] FoA4o] Atk
(Choi et al.[2016]).

238Gl T2 F2) dhd LEED T shis T35
ok FE5S AQE 31 BPR o AdEE, £A13) BF,
sl 2 A-AES 5 Ot 9993 2919 s gz 79
"hJeong et al.[2019]). UV THEHS A71E, (FEIE L
BE Aol F&s}o] 314 (solid phase)2. & HPE F HAEZ
374519 (Thomton[1983]), A713F FA ¥ 5 AF-F1t Ak3l-8H4
HkS =8 23 Ao)E (remobilization)F o] 552] AAF 249
o= 83 It Horowitz[1985]; Morse and Luther[1999]). &
3 4N 5L HoR S B3 ASsSHo S A As
T AZkef|A| YRS v 4 ATHClark[2001]). B1E SF 3} At
e kg A At HAE FE59 72 U3 71does Hyd
B} 1t} (Turner{2010]; Birch and Taylor[1999]).

A= olg¥ FAIE ds] fs SN S FHeE
Ate AFFAEA, L HEHE A5 AN, =71 29 H
g A BejAlA 7] 5 FR8IkHLee ef al[2009]; Choi
et al [2016]; MOF[2019]). &5- aGollM= 71 E3pt =)
O}, N A F Alef iR 797 Bon AgidA] 9
S B3 A48 R0 3 HAE F3EF 5571973
¥ FFE A8 WIS XA QIK(Cho ef al[2014]; Kim
et al [2022)).

oo B A= 2014358 202339714 1097 SEIHY £
= HAE U T35 55 AAE Hsle) 33 EX 549E 78
Hoz FA3I5E olE B3l Y 1t o = A7) WSt AEs
Hlwska, A 8% 9 #39e] 33 sl HHE 85 s=0

vz Y-S FAESA gt B AT Aok At @ FaAY
AEA H7te} P APaske A A% S A% A3E 2
AL AFE ZolH.

1.2 97K T2

S8R k7R FA7F E=beA U AEiA B
Zol7} AT 271 e MG o=, FA el AR
Q1AA%E, Foml, viibat, BAKARE, 2A11eH 5 570 sjo)] A
=] e}, 21315 Q1AM v Q1FE 2 ke g, F7t
2GR g} EARGollA] BT 2. HER0] T FE )
fEE F2E Zeth 2HEAL 7HE ofF 4F 54 TlAde]
By oy, A5 ARG 9L o A3 A1 Yo
(MOF[2013]). ke viwa)d gk Fele] o=z, MR3)sid
29} AAL T UFE AAMEe] fix1ska JloH Rl E50)
E2-51cH(Won and Go[1975]). A1&54Q] 47} vig] e = EH 373
o] Wiglalpa, A 2 AEA 298 799 988 v
(Park ef al.[1984]; Lee et al.[2013]). VRS 3= mgHgo] W
Wl g UigkoE 2 48 F3o] L0133 AP 543 7
A I HEE 290 Baso] diffE F4 F3prlsio] A3
& v} 31O (Kown[2004]), ©|F %13 Fg3}7} o]FoiF o1t o
23] @) i Yoz ERech FAIALE e BA 2 &
T 850] AFE A=, s et Fek-Hut G5 o 2
EF7F 22 S-S HATHFAFEAA2016]). 4RI A
318t 9l njATS AIEA 7 A 23 Sy dUe s,
A9 859 FFoE HHE FFH 290 AFFoE HiFo
Fch(Hwang et al.[2014]; Sun et al.[2015]).

2.7z R YUY

2.1 i

£ AN ARE AR sllokribielA At st
Tol|A Aldshe SYRASY LN D2 Fajoln, AL H #
AMPRL S AT AN 7| wlel =) i ASA
28 F SEFYNG Fduk 1471 A, oPIst 197) 3 A,
FakAek 2770 A7, A3 A 257 A, S4F Ak 2270 A
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Fig. 1. A map showing the sampling locations in Marine Environment Monitoring Progam operated by Korea Marine Environment Man-
agement Corporation (KOEM). The program focuses on the special management areas of the marine environmental network: (a) Lake Sihwa
and Incheon Coast, (b) Gwangyang Bay, (c) Masan Bay, (d) Busan Coast, and (e) Ulsan Coast



14 $AM - Huky
el M 20143%E 20233714 ZAKE E3 HAE U T35(As,
Cd, Cr, Cu, Hg, Ni, Pb, Zn, Li) A5 ©]-8-3}3]t}Fig. 1).

22 334 2T TU| wiy

EE H3E U 55 295 W7k 3 @ iEEds
AR 3A] A2013-186% )7 vl FEEE ©] 83 L9 BH7F
(o) o1 831310h, 3B 8371 B7PHOE As, Cd, Cr, Hg,
Ni, Pb= 2} 71F 555 2 vlwshglon] cust Znd LicE &
A EEE Y% Bl 71F F=9) vwsle] $9)7]|F (threshold
effects level, 52]7]15F)% $2]7]F(probable effects, T 7|F)Z
TRl Hrlslgie). F71FE sk B339 ¥l AL &
02 GEEe WelolH, FAER FEIE Al 33
Aejgee] 2dE 7FsAde] e W, FEE o3& F33Y
AP o] FdE sfAge] dl$ 2 U= AR 52 Ao
(MOF[2013]).

PSS o83 29 H7h= A9, Geoaccumulation-
Index)E ©]4-31= 3P © 2 Miiller, [1981]) Al52 5% &
old] 2] o] g3t vl Es} vlwsl AR F eHEES % 7
A= B8] VERATH(Table 1).

Igm = logzL

(1.5xB,)
AN L,=sFAF
C=AN&89 F2&5 5=
B= Az 3= F2&5 AR

(€Y

Sk R -

B

o, Z} A5l T559] IAEE(Bs)= Woo et al[2019]°]
A A=mAt HAES] FE%5 B3RS REYIE Li R
ghe] BAIXE ARSI WBE [ (ERAAF, 2] 2)F ARSI
ERA T E 2 PG5 Miiller [1969]9) S wle} H7FekR
TH(Table 1).

Metal
Conservative element
Metal

samiple
Enrichment Factor =

Conservative element Inckgrawnd 2)
Metal,,,..0. - ; e
= e o
Slope onservative element ,, y-axis
o .

3.1 335 sk 32 254

i SEIEY 103 F9He] EFFHE Y T35 FHEH=
Table 2¢] 298tk AAMH O Z FF4 FE(FT)E As7}
2.57~31.4 mg/kg(*B T 11.8 mg/kg), Cd2 0.02~7.62 mg/ke(%H
0.44 mg/kg), Cr2 10.8~147 mgkg(B T 688 mgkg), Cu:=
1.58~1,550 mg/kg(*3 7 54.8 mg/kg), Hg= 0.000412~3.96 mg/kg
(@3 0.12 mg/kg), Ni 4.09~54.6 mg/kg(B1 28.5 mg/kg), Pbe
11.3~885 mg/kg(* T 47.8 mg/kg) 183! Zn 12.3~1,764 mg/kg
(31 182 mgkg) WHZE veh} |, 55 F5EE H4ga AR
&k Atelell 15~10008] 2lo]E BSict.

A HY) FEE e TFE Ao HIwk Alolel 54
g 33 T2 TE BloH, B H HY FEE V|ECE @

Table 1. Classification of geo-accumulation index (/) values and corresponding pollution levels (after Miiller, 1969)

Class Lo -Range Pollution Level
0 L,<0 Unpolluted
1 0<1r, <1 Unpolluted to moderately polluted
) ) 1<l,,<2 Moderately polluted
Gec:;:ixgmk;hm 3 2< ls,, <3 Moderately to strongly polluted
4 3<r, <4 Strongly polluted
5 4<r, <5 Strongly to very strongly polluted
6 Io>5 Very strongly polluted

Table 2. Heavy metal concentrations (mg/kg) in surface sediments of the Special Management Areas during 20142023, with Li-normalized
background values (Woo et al., 2019) and South Korean coastal averages. Values in parentheses indicate mean concentrations

Area As Cd Cr Cu Hg Ni Pb Zn reference
BG Woo et al.,
Linomalized) 74 0.134 46.1 14.7 0.0159 20.0 252 69.8 e
hl;j}‘::oi"(’:‘:zst 257238 0.0152~0.846 10.8~147 158264 0.000412~0.132 4.09~54.6 113~79.9 12.3~411
o (9.08) (0.150) (68.0) (28.2) (0.024) @53) (270)  (938)
Gwangyang Bay 6.69~152 00609042 54.7-882 13.7-42.4 0.00823-0.0701 22.2-39.3 234399 648190
=140 (10.4) (0.144) (72.6) (24.8) (0.026) GLD)  (299) (129)
Masan Bay 418208 0.120-2.19 325844  188-123 _ 0.0139-0.683 15.6-422 26.7~126 _105-602 _ This study
=190 (11.5) (0.873) (653) (59.0) (0.099) (29.0)  (528) (260)
Busan Coast  5.6023.8 00447~167 30.8~128 7.19-1.55x10° 0.00298~1.47 12.8-41.7 193407 65.0-863
n=270 (12.3) (0.261) (704) (61.3) (0.104) Q14)  (424) (169)
Ulsan Coast  6.80~31.4 0.1107.62 42.1~114 155-1.06x10° 0.012-3.96 204469 18.1~885 873-176x10°
=220 (15.4) (0.780) (685) ©1.4) (0.321) (G13)  (839) (263)
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A 0 FFE FE5 2o uje} Aol S Ve

7+ 3348 PF S8 7|F0= S8 XS ATET, As,
Cu, Hg, Pb, Zn®] 57 54 S40¢%00) 718 & 558 715
S5k FAFH O E Ast &4t > 4L > vt > 39k > A3
0]%12™, Cu, Hg, Pb, Zn GA] 41A%M0] 718 #8kem, 34t
Atz vigle] 212 H& 58 Btk ¥hd, Cde rHlule]]
A 7 & B 558 el e R > &4 > 4 > A3t
VA > Bk, Cre FANEEYE > F4T > 4 > A)3H91A > v}
2B, Ni& 41} Jdvh &4t = B3 > vt > F41 > A3}
el i oz SAg EXE B}

A 55 71F0E & &4 E£3 BT 559 AR P
H o AR FENE= FAF 1FEE FHY) JFoF 9 W
o] E1=9t}. As, Cd, Hg, Pb, Zn2] HhAE= BT SAHAQ%
A BFERoU, Cud S FAkAelN 7 £& FEE B
o} T3 O Nid- A3} gkl Hgigke] el dig sl
U 54 A3e] I A &% AR FEE 21 SlES AAE
si3lct.

$HH, Woo et al[2019]°] AAIZE =] AE Bl 7E = (Table 5)2+
Hlxsle Q1913 24 719=E FrREIsi ¥4 A, ot Ni
RBE #99] H 557} vi73%55(Cr: 46.1 mg/kg, Ni: 20 mg/kg)
9] oF 1.3~1.64] ®$ vlo] B3l 3 3 Aol7} 34 2ske
o, ol= AAA vz e] FEo] AuiF UL GAIBCE wHE,
HR] 5L s EE 5 ol ol 33lshs TS o e
Hlth S2HAMe Hg $=7} v sE o] oF 208 0= o}
Eh}, A} Y F 7H £ 55 $F& Bt 09 Cd(5.84H),
Cu(6.281), Zn(3.84), Pb(3.380) =22 v dsrct TAs] £9%
o}, 53] S4kAke] AR F A= Pos} Zno] WEEE tiy) 2
7} 35u)¢) 2580l 23Tt rRkE Cd Hi =7l AEE o
H] ok 6,780 A JeR} Fuie] thEHQ] cd 15F AU A
BRlsil om, FAldere Cu B F57} s =R oF 4.20)
FE FFEE A gk 9 At 5o 23 21914 7]e7) A
£57 9l3-8 HoFET)

oo} Zo] SEE P JeRd F5 TP IF A &
9 A== AFE 1Y) SIS Cu, Pb, Zn, Hg7} SA1C]
FL OF% S48 Yeho] 24792 443518 | v
AEE T AR 9| WidE Ao = wddEr). o)) T AL
kel tgs B3 0 WS Sun ef al[2015]°14 B As,
Cd, Pb, Zn T4 5= X A9 Aukgo g fAlsit) &,
SAACEE A9} AR BF AAGA] F 3k Q1A el &
B 25 240 A8 Jehhs 25 AR S-S B9
o}, BAkAQEe Cu $49] IEE S40] T Fuk o 9
Au} Zu] SEae] FAde] S-S vERdh RIS C4, P,
Zno] A¥kA 0 2 =A veht dlsaA) et @730 217 Ak
4 9 =4 7199] £4o] £3% AY= NPt ke o
Nio] diF o s SAE AlE 9 3% 7H A9 9% 7t
o] A|AE 1], A13HAAALS Cr, N7} B3] E3 93 FH

A Cu, Zn7} FAH O Z F7)sle] HHE A3} Ak o] g3k Wt
Fih= Ao waPnh AukE o2 O Nid 3y 7H g ZEo)
H]23 A|3H2Q1 ¥bA | Cd, Cu, Hg, Pb L Zn2 54 A9AY Q1
A BAelA BR8] F7BRs AFS B 31 oA o] s
Rt

32 234 28ix Ty

Sglele BEEEHE U $35 L9 S| EF)
= 3 #7159 A58 5345 (Index of Geoaccumulation)S-
2g8-3le] Bt sgg7 el AXske Fo7)E #E
7188 HHE U 2982 T58 TR 58 T S8
YR 7|Eo R, FNRL REES 43} 7FeAde] ] A&
ZQ &2 9 #Y/} FHE TE 5L JusH, BEVIES
2<do] AR = FSFQ A Y XAV e ¥ S
Q) u)RITHMOF[2021]).

3 54 FI71&F 23 ws) 24 Jeh e 39, ol
FAZQ 7] vl AR 9 AnelA i 552 557t
AdFoE A AL A& 7Fe S AARHWoo et
al[2019]). ©|8j 3t FHE FE /= ABE FA 72 L F
ool FFE 1A F A0 (Wui ef al[1993]), L a5
HolAl&E 535t 855 (bioaccumulationyS 3 49 FuA
e FAH JEE A= 833 AE A 9Qlo2 ARLE 5
QH(Clark[2001]; Choi et al.[2016]). TFE, jda37152) F9)7)
= 9 FPNEE BESA 2 §EE FJFF o= AR BA
Z 7)ZF0)2p | Rrk= sjokgl ] BAS 93 ABE Pe)E wd 7]
TOF GLEH= HollM, AelFF sl4 Alofle Rehd X))o
318 A&7} D esk).

EJA = 0(Class 0, 11 2.3 )PllA 6(Class 6, 533 2B y7HA
TN S90% FEED (Miiller, 1969), Y= L AAF 5 w9
FEE AF R AAT F Yo 3G T vae] FEd A
7HIt £ Aol s FAAF 555 Group 1(Class o; H|29),
Group 2(Class 1-2; 35 2%), Group 3(Class 3~6; 33 o)de] 2
e HWF3} st

32.1 A7 EE o) 8% 9% B}

HAEA 7T WE 4 A, SHEEHY Jl 358 o
T A Wil 8% $318 2PE/do] ERIEISITK Table 3).

AEE 9 QHANS Ak o 7 F& F 5} Fo)F o519
o}, Al E7RIEA o 91788 A4 (BC0132, BC0133)2)
Cusl Zne A £FQ F71FE 27 FFE 23h 53] A
BCO01329 = Cud] 71 237 viEF 02 QSR o]
gt & 2 AEA 13 3R Cu, Zn IFE BEL |4 8
A 9 HlF A9 Y 7199] 2 H4530] s HHFHeE Hold
4 QIth= A8 A7(Choi et al[2016]y3 3} 3 A4zt
A3E SRS daAIE 024l XA R Habe] &
= 9 - Alguliere) 258 A wE ARl o HE
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A F FAE 23S W, 2 d7olN g8 7F 2= 84
714 2449 A&AQ Y-S Wt A= AP} o) 3
= FHe] A 54w 880) 50%S A3 = = AEE 9
3 Fodo] sidsh, FA 4 Hedde] F3ko] AeHA &=L %
= AR

FAE Ot Ni 571 EF Y oib] AolFoE 3aedl=
B8l oiE F)F viuke g fA|Ho], et Y8 7bs
e e 7oz BrlE gt vbE, viAERS As, Cu, Pb7) HIE
3 FA71E & 2HEH U E 30% ohHEisith 53 die o
F71E 2 NI} 30%E 3]s 21 2o SR S
dol Y A TF 2902 1F3EI3-S Ju|di)

Rardeke 538 5l 33k FH 0 2 Cy, Hg, Pb, Zn®] ¥HEZ
o7 FPEE 2L 53] Fabdd AAMHK14350I=
1043 F 93]e] A Cu =7t F)ES 2H315iT). o) &gt
oo duk BE 9l Ak §2]-8 3go) Ccu F3F Q) FL A9
& ARFEH, FAH Ul 544 gl 7)1 298 ¥ 73 Han et
al[2016]¢] A7 Aol Fegitt o= 2 HEA Y 7Y =7t
9 ) A TEHE 27319, AXBENA 52 HshiE 712

F Q= 94 50 E2Fe2 BojFr)

SAKALL g} Fie] viE] 2 W7 7 sk A%
=3 748190}, Ase) A9 1037 AR Al52] oF 48%el 2
7% 29s1g on, 53] 2ARBHBK1503)% 2]-83HBK1518) ¢
oAM= Cu, H, Pb, Cd 5o] ¥HE4 0 2 A2)7|&S 2935t
o] Sun et al[201510] B35 ARRIAVE 1 AAS TEE 5
7 Pt A#EY, 248 g M8 T AR E 4
At Ul I 148 FHOZ 7)1EEa S AKX #E)7)
2] Wik 2= IS AEAS] 57 3G A e &R,
S IA AR WS T 7Ee Hed g 9% 7Hd 2y
2 g

ek, FANF) L 29 9EE AM QA7 AAHQ
34 2EY 20 E3EHY A& JulEH, BVIEE 208k
BAEL AEAC AR 84 59 728 5 A= Auy
$18 7 (Hotspot) 22 g}, wpgbA F7)F 2 %7}
30% ©P31 A9 FGH B4 ¥-51 A7 diFe], A7) =5
AL 24 HAHE 21U ET e AT A3 Aljde)
S0 2 ysjElo]o} girty wagct

Table 3. Assessment of heavy metal contamination in surface sediments from the Special Management Sea Areas based on the Korean marine

sediment quality guidelines (2014-2023)

= (2014 ~2023) As Cd Cr Cu He Ni Pb Zn
Korean marin 797 F(mg/ke) 145 0.75 116 20.6 0.11 472 440 68.4
sediment guideline  Pel7|FEmgKg) 755 272 181 644 062 805 119 157
S 234 239 240 216 238 239 236 208
LakeSiwha: T O ©9) 996 (G0 (99 (99 (98  (86)
Incheon Coast i - 7 2 1 18 2 2 5 33
n=241(%)  TVRE-EVIE g O (L ) ) ) @ (4
(Hg, n=240) i 0 0 0 7 0 0 0 0
€< ©) © ©) 5 ©) ©) © (0)
e—— 138 140 140 140 140 140 140 140
<FVIE (99) (100)  (100)  (100)  (100)  (100)  (100)  (100)
Gwangyang Ba ssaues) o - 2 0 0 0 0 0 0 0
el TR ) ©) © ©) ©) ©) ©) 0)
> gl 0 0 0 0 0 0 0 0
< ©) ©) © ©) © ©) ©) (0)
e 165 64 190 129 135 190 60 84
=Feee @7 (337 (100) (68  (TL1)  (100) (316)  (44)
Masan Bay TOWETY 126 0 61 54 0 129 102
n=190 (%) TARR~BVIE (13 663  (©) G (84 (0O (619 (54
P 0 0 0 0 1 0 1 4
>#eNE ©) ©) ©) © 05  © 05 @
sy 222 264 268 205 214 270 211 180
<FPle (82) 6) (99) (76) (19 (1000 (781)  (67)
Busan Coast ol aeoie 48 6 2 52 49 0 55 84
=270 (%) T~ (g @ ) (19) (18) © (04 @)
ke 0 0 0 13 7 0 4 6
>BeE ©) ©) © ®) 6 © a5 @
e 114 185 220 115 106 220 114 88
<FAIE (2 (4  (100) (52) @) (1000 () (40
Ulsan Coast T g 106 23 0 2 81 0 78 115
n=200%)  TVREEVIE Gy g5y 0 @ 6n © @) 62
> gl = 0 12 0 15 33 0 28 17
< © G5 (O A Ay © a3 (8
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Table 4. Groups of I, classes for heavy metals in surface sediments from Five special management coastal areas (2014-2023). Values are
presented as the number of samples, with percentages in parentheses

Study Area Level As Ccd Cr Cu Hg Ni Pb Zn
LakeSiwha Incheon Coast _Oroup1  201(83)  209(87)  188(78)  176(73)  179(74)  22001)  228(95)  213(88)
n=241(%) Group2  40(17)  32(13) 5322  54(22)  5925) 21(9) 13(5) 28(12)
(Hg, n=240) Group 3 0(0) 0(0) 0(0) 11(5) 3(1) 0(0) 0(0) 0(0)
Groupl  140(100) 139(99) 140(100) 139(99)  135(%)  140(100) 140(100)  140(100)
G‘ff:?fg,(‘%j"y Group2  0(0) 1(1) 0(0) 1(1) 5(4) 0(0) 000) 0(0)
Group 3 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
Groupl _ 16386) _ 21(11) _ 190(100)  46(24) _ 32(17) _ 190(100)  8243)  53(28)
nMij;O(B;fg)’ Group2  27(14)  10354)  O©)  14476) 134(70)  00)  108(57)  136(72)
Group 3 0(0) 66(35) 0(0) 0(0) 24(13) 0(0) 0(0) 1(0)
Groupl  180(67)  183(68)  25494) 151(36)  81(30)  270(100) 213(79)  153(57)
?1“32“7‘03(2,‘,’? Group2  90(33)  82(30) 166) 9535  141(52) 0(0) 5420)  114(42)
i Group 3 0(0) 5(2) 0(0) 249)  48(18) 0(0) 3(1) 3(1)
Groupl _ 83(38) _ 46(21)  217(99)  4420)  15(7)  219(99.5) 115(2) 5927
‘If’fz”zg(‘{,’,f)‘ Group2  137(62)  14867)  3(1)  14867) 106(48)  1(05)  86(39)  145(66)
Group3 0(0) 26(12) 0(0) 28(13)  99@5) 0(0) 19(9) 16(7)

Note: I, classes were categorized into three groups based on the pollution intensity originally proposed by Miiller (1969):Group 1 (Class 0; L,
< 0): Unpolluted.Group 2 (Class 1-2; 0 < L, < 2): Moderately polluted.Group 3 (Class 3-6; I, > 2): Heavily to extremely polluted.n indicates

the total number of sampling stations in each area.
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Fig. 2. Geo-accumulation index (/) of heavy metals across five special management areas (2014-2023). Panels represent (a) Lake Sihwa-Incheon
Coast, (b) Gwangyang Bay, (c) Masan Bay, (d) Busan Coast, and (e) Ulsan Coast. Horizontal lines indicate /., = 0 and I, = 2. Igeo values were

classified as Group 1 (<0), Group 2 (0-2), and Group 3 (>2).
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322 MFEEE o) 83 249 E F7}

E3A% 371 AiK(Table 4, Fig. 2= | Fd737)50) u}s 3
718} A o2 AR F7H A% Ho, viFEE oiv] 2
3 3 A= FAAA &9 7 2le)7} Bt BEshA TEEN
t}. 53] 7} sl S-AlIsHA vehd 3% 579} Group 3(HE
o] 29y ul &S Alol= SPE 09 BE TS Wl F2
oA E2 Z4319c).

iz Aurd, A3E QAR R F40] Group
109125l sidate] Ankd oZ Qg9 =3 AeS ¥t ot
2k Cuoll A9k 9F 5%} Group 390 33530, o= 57 Al
7] 913 AN FAF £3& wkggit o3t ke A3}
F-Q1AA¢te] A o2 A=A JHE FAPFAAE Y- HLe
el o3 53 F40) AYF 0T TP Y-S AL

Fokike A 5 FE2] 96% ©130] Group 12 {0 FA}
A F 7R e FE5 4 58 YR O Nig) 53
A7t gt QG vl ki & AEE B ou iR 0~2 T
el MES 2™, Group 39 AP IEE AlEE BEEA &
ot} o) Pelulo] AMEH o 2 PYA]] MR S AAIEL Q)
o, §3 359 JF R v E AR EE L R
ol A9UE mct.

wh, vpake: Cdolld 35%7F Group 301 3el] T olde]
F3Zo] TR ERI=SIC. ]9} 22 Avh= Wby divlelzhi=
wiieke] 2|32 BT A7k £3 35 ¥HgshY, Kim [2018]
A 238 Cd F4 L9 590 SR ASHT YSE 2
oEc) e, B AT E Cdd BE 55 0] 3A n3g)
AR 9] QlomMs, IR 1T FH EX FFLE A
HE o 2l BY 3% 33E A7) vt 7= P esht
Cu, Zn ¥ Hg 53 Group 2 °V39] ulgo] A Yeht das &5
54 F3E 29 53] cd2 € &Y o] 718 2 Group
381&E Ko nPile] g A 3402 wdE) o3 §
AL kA Uigt 870 2 @8R 0] AF Alzte] A, A7)
ZHA] 9 A 7199 f9le] A E A2 siAEch

FARAME Heoll A 18%, Cusl 9%t Group 3¢] si35le] 3
o S50 AEE 359 Adiy $4 =7 24 vl Pos) Zn
A AF- 37l A Group 2 oPF Tl 35l B3 0H 5
& B3} 22d Cd2) Group 3 HIES vRHo 24Kk
vl Y & A58 o) FAlkiglo] 5 F45(Hg, Cuyd
FHeE FAA 75 EFo] Jeh = 89 543 209 F2UE
AALeict

AR A dY F M 22 3RS £ 8E VR
on, Hg®l 45%7} Group 3| 3338l 713 A2 4 58
B3t} Cu, Cd, Pb ¥ Zn E3 Group 3 ¥]8o] AtjF o= Fo}
tag B3 3 549¢] sk Ukt 53] Heel Cu= El 3
Hof| vjs) FAE) T 3 &S Hol S4lilo] F3)8 5l v
4 A 93] AFE AT 2 F4Y AU B8] HeiFE)

AT d9 g FHEH, o Nie diF-E Sl

Group 1 & 20 #3381 Ald £7] 450) ¥ 34 2t 8%
Z ¢ Aotk v Cd, Cu, Hg, Pb X Znd 573 A 43
#elM Group 3 vIEo] IA F7FHs %S Hel 374 o)A
’Jo] TFEIEIT). 53] Hge 4K} FAldhellA, Cd vkt
Tk SAKARMA, Cut= FAIAQM SAKARIeIA i o= &
SHEE vERlo] 35 A dige] 2=

FE, AT 7% 53] S4 ¢ wlgt Fke A | <t
A3 3o, ABlE-JABNL: FAA F o 9 Y, v
Cd F439] Wiad w3 £33 8le, FA14E Hg, Cu T4
gt B3k 0 Y o, 241992k Hg, Cu, Cd, Pb, Zno] B3
oz 29 Z38H A 94 1% 2098 Yo FEE &
Act. o123 I Aol P AP T, ] AP 27,
T3 A7RE £3 o] Ei o] vige s e

33334 559 AR 2vmM

Az e FEE F5 ¥l AF8S F7s) 8 A
S o853k A MAE s3AF TEE 7N E A% 2
A< YER= Group 3(12.%) ¥1&2] AlRHY WislE AwRE it
(Table 5). F HAZ Z} A)7]8 fE BiakS AME-3lo] A3
W3E AvEgron A7)HQl WM} AL s A8 FHEHE
EARCE F8 Ap < 0.05)°)] F5l] HAAE AAEHATH
(Fig. 3~Fig. 4). ElH 2o T55 $5= 5 299 =7E9
Tauk opz} EjFEC] A58 SAde] J3f At o3t
A3etA E4dele A 27] 1 v ERF 2 8 291
AP e, #7118 2 AESES 2 7 €24 9
3 3151 gglo] e AiiF o2 AP HAEL v Edy
o] 33 FEFE W A3}E 8 vige] =of 357 A% 7t
Ao) F71EH, 1 A9 Aug o & 35 558 YEhE
Z%o] lchHorowitz, 1991). WA T3 29 F5F 2744
T 3 24 Holell e} T34 B At WS B 4 itk

olejgt Y= &L BASP] S8l B A=E A3 843P
5 3, AAZ F35 B4 AR 95 B4 A8 BeEe &
Ak 2571 Bl 34 AE 7189 A 239k AP Uk
olof] w} FF&} Tl ¥4 7Fedt, Yk visE tEE &
Qe B4 A (normalizer element)E E-8-51= o] gy A&
Hi ik B 94 25T A Al dwel 2gst
t 5492 7HEAE 9913 299 93 ddidos FA T
47} Ajkslct, QukF o 2 Al Fe, Mg, Ti, Cs, Li 5] A1&5
o], $HEE Aot FAHE Aol Al (Lim ef al[2007] ; Woo et
al[2019]), Cs (Song et al.[2014]; Song and Choi[2017]), Li (Woo et
al[2019]) 5°) Y= B 942 FgEo] grt. B A7 E Lig
B g4 AMgSled], 9914 wiEede] 93 ddizes A4
HH= 710 2 43 A ItHWoo ef al[2019]). =3 Lid T5457% 5
AFeM FA] #40] 78l Y oA A3 A A
o] it o]of] et BE 3% 5= th Ao Wt Li 552
ArsksiathA 3).
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Table 5. Annual variation in the number of samples classified as Group 3 according to the geo-accumulation index (/) values for each metal

across the five special management areas from 2014 to 2023

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
n 21 25 25 23 25 23 24 25 25 25
As - . - . = - = - = -
Cd = = = = = = = = = =
. Cr - - - - - - - - - -
mf::f;‘(‘;ﬁ'st Cu 2 28%) 1% 1(4%) 208%) 20%) 1(4%) 14%)  1(4%) S
Hg - - - - - - - 1(4%) - 1(4%)
Ni - - - - - - - - - -
Pb = = = = E z E z E z
7n = = = = = = = = = =
@G‘ia?fﬁnnﬁ 3;';) No Group 3 samples observed
As = = = = - - - - - -
Cd  9(47%) T(37%) 8(42%) 5(26%) 7T(37%) 8(42%) 5(26%) 5(26%) 4(21%) 8(42%)
Cr - - - - - - - - - -
Masan Bay Cu = = = = = = = = = =
(n=19annually) Hg 2(11%) 4(1%) 3(16%) 1(5%) 4(21%) 4(21%) 3(16%) = 2(11%)  1(5%)
Ni = = = = 2 = 2 = 2 =
Pb = z = z 2 = 2 = 2 =
Zn 2 5 2 5 - = 1(5%) = - =
As - - - - - - - - - -
Cd  1(4%) 1(4%) - = 2 = . 1(4%)  2(7%) -
Cr = = = = = - = - = -
BusanCoast Cu 3(11%) 3(11%) 3(11%) 2(7%) 2(7%) 2(7%) = 3(11%)  3(11%)  3(11%)
(n=27 annually) Hg 8(30%) 5(19%) 4(15%) 1(4%) 4(15%) 5(19%) 6(22%) 6(22%) 3(11%) 6(22%)
Ni - - - - - - - - - -
Pb - - - - - - 2(7%) - 1(4%) .
Zn . . . . . = 2 = 2(7%)  1(4%)
As = = = = - - - - - -
Cd  2(9%) 1(5%) 2(9%) 2(9%) 2(9%) 4(18%) 2(9%) 4(18%) 5(23%) 2(9%)
Cr - - - - - - - - - -
Ulsan Coast  Cu  3(14%) 2(9%) 3(14%) 2(9%) 2(9%) 2(9%) 3(14%) 4(18%) 4(18%) 3 (14%)
(n=22annually) Hg 13(59%) 8(36%) 9(41%) 7(32%) 9(41%) 13(59%) 8(36%) 8(36%) 10(46%) 14 (64%)
Ni = = = = 2 = 2 = 2 =
Pb 209%) 1(5%) 2(%) 1(5%) 2(9%) 1(3%) 2(09%) 3(14%) 3(14%) 2(9%)
Zn  209%) 1(5%) 2(9%) 1(5%) 2(9%) = 209%) 2(9%) 209%) 2(9%)

note: I, values were classified into Group 1 (£ 0), Group 2 (0-2), and Group 3 (> 2). Values are presented as the number of Group 3 samples,
with percentages in parentheses indicating the proportion relative to the total number of samples collected in each year. A hyphen (-) indicates that
no samples were classified as Group 3 for the corresponding metal and year.

— C CLI

i Cli sampte

A7V Gy o = Li TEZ EFIT 35 55 (mg/ke)
Cre = N5 T2 T 5 (mgkg)
Crvanpte = N2 AR Li 55 (mg/kg)
Cu =2 199l Li B 55 (mg/kg)

3)

CL.[ norm

A13}E Q1A AL AsEEAA BAIFOE (25 AF FA17}
F15)A) kgkont AAIGE XA el A 3 QA s} ofake
BIthFig. 3(a)). As FEE 20142016 EH AF o2 =&
FEE AP 20173E 710 % 343 AaEgon, olF

AEs AEHZ st Ado] AT ol 2011d A3} =
kA 715 olF 71531 g #-F Euiel 3R o A
AR3e) A=t 20108 FREE AU AS HE 879 g3t
Z olojx ANZ et

E3F Cusl HgE AIRSH diF2] 3% F5elA= Group 3 Al
7} 2R @9ktr. T8y cu] A$- 201595 20223714
vl 1-273(4~9%)2] Group 3 AlE7} A& 02 el on ol
F2 A3 ard=rHkddA] o Q13 A (BC0132, BC0133)°]
F3Eo] Yehged], o8 IS A U FEH /R L &
F 34 Bolld A= Ae9go] AU TR E B8 7Y
o] IR 02 FA == WA 84 I 2.9 (Source-proximal



140 FAA - HT - o] 8- - AHEL - kg

=y a) As
50 @
%‘ ~®- Lake Sihwa-Incheon -®- Gwangyang Bay -®- Masan Bay -®- BusanCoast -#- Ulsan Coast
E - Masan Bay y=0.22x-429.6, R?=0.49
e
o
.“'-;
-
?:‘ 30 4
a
1]
s
w0 20
E . e RIS i -
£ | B - =
© 10 e S—— o S o G -o
E T
=]
¥
S0 T T v T T T T T T T
o 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
. (b)cd
o
% #®- Lake Sihwa-Incheon # - Gwangyang Bay ®- Masan Bay -®- Busan Coast #- Ulsan Coast
1.2+
& Gwangyang Bay y=0.00x-8.8, R?=0.41
c LN
Rao] s Bty
s T R L —— el e T e e -
E - = S = ok - =
P T . SN - e,
g 08 . e s T
: g S -
o 0.6
N D44
© S el n el s L
£ e
|°' 0.2 1 g
£ =
v
= 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
- (e)Cr
o
-..'.‘a]_d()- ~@- Lake Sihwa-Incheon #- Gwangyang Bay ~@&- Masan Bay ~@- Busan Coast —~@- Ulsan Coast
g
c 120 A
2
- 4
© 100
JE ..
@ 80
v
s
v 60
i
®
E 20 1
-]
=
[
= 0o T T v T T T v v T T
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
e (d) Cu
E 180 A
3 ~&- Lake Slhwa-Incheon -#- Gwangyang Bay -#- MasanBay -#®- BusanCoast -@- Ulsan Coast
5“1 Gwangyang Bay y=0.72x-1427.2, R?=0.78
c J -
140 ~
g Sl Ulsan Coast y=-5.71x+11616.8, R*=0.63
£ 120+ i
-
g
v 1001
8
v 80
?
N 601
®
E 40 4
=] mmmmm el e L P - - a1 — -_ e —
€ 201 * = v - - “ -
- 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year

Fig. 3. Temporal variations of annual mean Li-normalized As, Cd, Cr, and Cu concentrations (mg/kg) in surface sediments from the special man-
agement areas during 2014-2023. Points and dashed lines indicate annual mean values, and solid lines represent significant linear trends (p < 0.05).
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Fig. 4. Temporal variations of annual mean Li-normalized Hg, Ni, Pb, and Zn concentrations (mg/kg) in surface sediments from the special man-
agement areas during 2014-2023. Points and dashed lines indicate annual mean values, and solid lines represent significant linear trends (p < 0.05).
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pollution)' 543 Wi gic}, ¥bdef| Hg= 20219 (BCO113)2 2023
ABCo114pl 27} 173(4%)] Group 391 1F5}3iTH Table 5). Cu
9 7n3} 22 4 2499 A7) e S AN Jelt
Th= Aol 2P23F Q) A% 5498 191t} oj2) 3t A= Hgel 8t
AL T3 FH 7] del= di7] FFond a2 HE Q] 247
23t o7 5 BRAR] AZE B T 7 UeS AR, A
3% UE9 w3 29 ek ofle} FHA L2 AT &
YeP ] oA ks

Fde 2AL FY F cud] Al Wzt 7R SR3F0E
Ehd s olch(Fig. 3(d). FAS] B Cu TEE 201449 226
mg/kgoll A 2023\ 28.7 mgkg O 2 F7)8k0], ZAPIZE B9t &
6.15 mg/kg 2711 o= oF 27.3%2] 71 et ok
2 He 5w @557 718 AL oSl om, 2014~20154,
2019202019, 2021~2022'd Atelel= &A% FHA7t VeI,
2015~2016d 2 2017~2018d Alojolli= 2 W3} glo] ARt &
FABISH. JHeE E7ala AP AAE B 20149 tiy]
202339] F& & F7RE 20 2 et A8 3=
Pokuko] Cu= ABT °F +0.72 mgkgyr'e) K3 7} AL
HHp=0.0008, R*=0.78). Cd GA] 4B 2F +0.004 mgkg-yr' <]
FIF 71 %S B ok p = 0.047, R? = 041), 37152 Cuell
]3] vle|gt o qirt. ol2jdt X453 s AL ] A
33 wadat 2997 /o] EitF o= 85 AnE sMe
o}, Fokeke 9ol g mete] AR vy o=,
YR LA EH] gF-E FlE A Fata UiSel HHEHE E
(Trap)& 37} vERdt}. §3) A2 1047 FA=7RiaA ] 7}
T B8] AAEE 71, oaFA] A W AkA] $E Al A
A A2 5 Gt 852 T A e ss 9 A
FHLZREH NZ2E Cu Fstdez 4§ 7Hs/de] 2tk
(Turner{2010: Park ef al.[2021]). F4T] Cu 5% W$(13.7-424
mg/kg)7} Bl 319 H) B3 Group 39) 112 AgE A 7t B
Qk ¥hAlElA] QloktH= Aofl(Table 5) AA) Fotwte] 2 Axr} ¢k
Ao F AT I&E RAFANL, FAlN v 55 A7
B GAF 2 A3 G AFE AAR £33
Jeong et al[2020]°] A|AIZH AFEEA] H gk vjFA| 2] EEH
A A S 29 20 3 vEed e 1Y 7Fed 1 dAst
A& BEUEPI A4 AEA HFE Ul T35 33 59
gt 2540 71 2Apt 879t

Rk e S8 AU FE, 5L ARE B
Hol= B3R A% s o= vebitt Po A% < 081 mg/
kgyr'e] F2% 4 A S ¥.9)(p=0.003, R*=0.68) ¥'H, As=
AT oF +022 mgkg yr'(p=0.025, R*=0.49), NiZ +0.27 mg/kg-yr'
(p=0.025, R*=049)% 23t F7} FME ePlthFig. 3(a), Fig.
4(b). 2} o3 ¥ X1 AL D2 AAIE Hdlep)R
Th= A5 Bz Z3 AR At IFP FA|F 15 % A5
o] EAE A2 Roln, o] HAHY AY 27sIeA 2+
32 249 A9 AT At vHER o ® A4 AaE Sy

gt

2y 2pHslE A AR 43} vlikeke) g o] 8 e dA
o 3j4L o2 gt 3A, Pb FE9) o8 AaE BA ot
E 9=EAE A3 A g vk s vde iS el
A4-555F 9 FHTF AP 201085 20143714 <F 40
T m’ o8] 7199 HAES AASH: ‘LH9EAE FE A}
91 '0] AJ3= Y rHMOF[2015]) 2014 1% Pb2] Group 3 A&7}
BEEA ok AL olEdt £81F AA Alge] 3A414 12.9dlE
Fidhs d 42 7198 S-S FAAA¥L ol R &
A A ol rhE Ui59] F55 w57t Vsl ARtk
28 A7 (Hwang ef al[2015]; Lee et al[2011]))¢} L25h= A3}
ot} B|E AxE WMES EAEI} 4% 28 A= ojoj]
2 oFe AL FAFLR AR 34 T B9F 2949 A< HE
o] AF<] AAHAQ 294 AAY EHE ATUES Jvist. &
A, Cd} Hgdl T3 10L& 234 wade] 27 /4t 2.4
(Legacy pollution)’®] $HAIE HojEth. Cd A 717 F< 253
S F Group 3 AE7} EF8H 00, A58 HIEE 21-47%E o)
5+ 37 FA=%0. Hg 9A] bild 1~471(5~21%)] Group 3 A&
7HHHEZ 0 2 fAEo] W] Alo] ofd B Fdo] EAIRE
AlxRcHTable 5). ©)= TA 7 71A1-818 $4¢] 2334 3
7R il F S B3 Qe FAE o ¥k Al
9 At gEFFRA)Te 2= @Y7k siaE7] o
+ ARl E2FSE nsict

53] vk 4717 89 fAF Q9 EHC) 24 W Huk &
Fof 23l A& 22 A5 (Resuspension)=|o] L= A=A
Y AEH ks el AFE vF Ath(Lim er al.[2007]; Choi et
al[2014]). o] ¥t AL £ 79 9)Fe] A7 Hg 5°] A&
2oz AuXEAA S 7] L v I 04
o= Zgsla e o= wadn). AA|, Ase}t Nidl SV A3
2 A vlEe9d 9 ¢ 873 wizlel #g 7o) At &
= BRI T A= A3 AR o1F AlEAl 341 53 #30)
 EA)3}e] w2 A5 B9 499 dEE = ok AAR
vhigke 2 f4iE= 5k 9 $5EEE T v dde] 59
% 5% fA]9] F2 99102 By v} §lon(Jeong ef al[2020]),
53] Ni] A4 2HR1EAF 5 55 35 71 Aljje] &3t v)
F Alde] EX4o] HigdE A0 2 HTh AsE: 31799 34 84
Hsle] e HAE Ul 8% 7 T 38 As wslel oigk 5
7189 @477} o9t 28X 0 nlaluke A3 AL 53 Y
¥ BEPb)e] 434 /Tt APF Al 27 WA 2(Cd,
Hg)®] AF7} 3EshH= ol o) = gt 49 AL 8L 9
o], 2. Qo] 4Zket 579 FAel dist L3 A3} Al =} w4
H1A 2 A9 AA% A7} HAF ot AR Y o)
7VedE AARE

Fakdgte = Niol dBT oF +0.24 mgkgyr'(p=0.04,
R™=0.43)%] {23t 37} B8-S HAAT, 1 F71E] vlvlsle &)
o FA9) 33 BGE MIATE 5L R th(Fig. 4(b)).
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Cu, Zn, Cr, Pb 5 U8 35 852 AL 713 5 5318 3
718 FA glo] vlnd Al W el MEshs e B
P oh(Fig. 3~Fig. 4). o1g e A3} FFL A FA ¥
(2009~2014) 2 855 Adjol A diciF o= A3l ‘2 AEHE
3B A 9] ATt A7) H 02 fAEH 3 S-S Ve
(KOEM[2014]; MOF[2015]). A FA4F Halefli gt oF 2481 m?® ¢]
23e] 3194 HABo] AAHNLH, ofi= FAkAQE FMke] B 9
HEE WET FEslshs b 2339 7| E ¥ Ao E wds
Y B9FQ H 559 F3lel= 7815, Group 39 €
A NsE 54 35T 2 FGoM HF o= FA JERGTH(Table
5). 53] Hg®] Group 3 8 B]&2 20149 30%(B)=E B3-S 7]
E3 o] F v A oL, o) F K 4-22% TELE A& &
VEA. FEE L 0|23t Hge o] 574 Fule] 53=A] gkar
Aol Auke] o3 A7 (BK 1416, BK1420, BK1424, BK1426
SPIA BHSEHA HEEE = Aot o= Hgel 3k fredewt
ofz} gk U of Aute] 2e Q128 mE A HAE A
F-f-(Resuspension)®} A¢F ZHFE T3 il 5 EHAQA AZ=
AEsa Y22 SAFTHChoi et al.[2014]; Kim et al[2018]).
E3E Cus= FAF 38 23 (BK 1435, BK1436)8) £8HHK 1437) &
Aol ZAF 717F U 7~11%2] Group 3 RIS 71531 4t &
Foll 7108 523 £3] Fdg F5lo] Bt Cd, Pb, Zn HA|
4R Axeld 129 AlErt A&F o F FEEHRL o= A3t AL
g Eal F9FQ Hi LAEE /WAE o, Aut ), 51,
He v w5 ¥ 850 AFHE 129 ARedA = A3t
2%do] &H3] SAEA] RS r3ich AF 0T FAKAES
AR 873 2] Fg3lel Bt $419) FAF 3109 T2t
TEN= FIE 1otk BF Fuk ) 53 el oigh gUst A
Q<o) tist #a] o] 2 FFC)

SAIAQES: FAP|ZE B9 cul] W) 71 FFEig A o
© = veRd djo]thFig. 3(d)). B Cud5E 2014 142 mg/kgell
A 20233 732 mgkg® & 74510, AP IR B3t F 684 mgkg 7
281993 o= oF 483%2] 7kl Feict. vk s BF
Eo gEA 7AeH] 92gkon, 201520164, 2019~2020,
2020~2021dell= GAIFRD HEE-o] vepgth a8 ¢E B8k
ZAPIZ AAZ B 24100 Cu FE S ANEoE 7
&3 210 Pt A3 AN E QF -5.71 mgkgyr!
o] frogk 74 Adko] FR1EtHp=0.0062, R*=0.63). Sun ef al.
[2015]°14 Bargl &4F-2AF dAte] Cu Hif F57) oF 140 my/
kg ool NY A wajshd, B Aol g1E 24kt 10
9 BT Cu5E(91.4 mgkg)s AR I FFEolt). ol &
A1RAeke] Cu 29 0] 933] 2 F el Fl= E75ka,
1A 2= 4N d3l== ke W3lE HASE AR o]
23 AA A AP F2 4L 81 g EF AAlY) E93
Wzl AN A ga) 3l Aoz N = ok $4, &4t
2518 JFH] A vHSEHEEE §) EF FokE BAst
7] 918 4F- 81 7158 A RR 9 JE 5 92w

olAst:, xF31d 319 HujE dH 3P A52] 3H97|(CsU,
Continuous Ship Unloader)Z #AIEH] whe} 24 F2 2 Aelo)]
A 9 #7109 P f4o) AF e Apdd s Y A
© 7 FETMOF[2021]). X3 20189 S4Kkigke] S )3
Ho 2 AFR olF Ae Ak AEFFAEA(TPLMS)= CuS
3 ¥ 502 A5t 8 Hedds Mg 93] Al
315k, MOF[2021]0]] w2 A= Al8) o]F Cu 2.5 F51] Al
3 A oiy] oF 90% o1} w313 202 R yEQl o, o3t A
] gt A HHES] 55 5 ks A42AR 873 gt
Z oloj™ R o7 el thik, 2015~2016 20192021 A}
ole] Yehd AAFQl S5 HHE-L 817 £4 %ol A3
2 WiFe 71918 7Fsde] lom= EF AN Fe oy %
gt 2o dlojejgle] Ha AEs Q7P A, AR A
A Y F Group 3 A8 BAg0] 71 F=217 Fo] R TH(Table
5). 53] Hge A 717+ B¢ 7~1471(32~64%)2] =2 Group 3 A
71 A3 0= RIE 71 3 s Rtk Hge A&
g 24k8 4 7% (BK1501, BK1503, BK1507, BK1518 %)
9 2a=7REA] Q1 gt e WA 2 F Group 39]
R, 202330 F 148 (64%)°0] 2AES R3] B2 ¢
& fX8I5 CdE di-2e) dA%ellA 1~571(5~23%)2] Group
3 Al87F YRt 28, CuE 2~471(9~18%), Pbi= 1~371(5~14%),
Zn= 0~271(0~9%) B $1elA] ¥R O 2 Group 3 AE7F ERIES]
o}, wbE As, Cr Y NiollA= Group 3 A&7) T2EA] @igit). &
AN BEE Cu FEY A&7 e 2017 o1F 4 A
AP Agke JEWA(TPLMS)S LAEHE H3AI] 2 F3
& kg 7FsAdo) Stk A 2ART TS u| I AE U AF
2124 Akgde] 4AR AYGog, Cu= F9 3 g HiE I35
Z sz <A ok A £ o1F SA7190 55 ] Cu Bl
2ol izt FAZE Z3E 0 M, 2418 4 FATE Q1T
A QHEFE F£4412](2015~201980)2 I1FE Cwl HEE &
= HRES 3o E AASK: 988 3% 2o E BRuFHY
THKOEM[2021]). 3HH Hg ¥ Cde A A&l 23 A5 5
3o ZHE A 299 FE J¥o] A FEd= FHO=
712 FE w3} FEsH eR ] ok A &) ¥ud bt
UTHWoo ef al. [2019]). whEbA] S4FARLA €] Cu e A%
283 ¥ AV HEE 34 Moz 449 ARIE a1y
g 7Fs%dol it

4.4 £

£ A7 201420233 B2 U SHAE Y EFEHHE
Z3%(As, Cd, Cr, Cu, Hg, Ni, Pb, Zn)oll thgk 33H2] £ 9} 10
Azke] A7) AAE wislE BEF o= #Eic 97 29, 5
WYY 55 292 i AY 7=, N &5 9%
3, 283 8- A8 270 vt T3S T oA E HIle
), 78 AR o) 2t A, A E 9 A AlAlS) skt
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B2 84 iAol dAF o= 718 Rl SAAte]
A #2F CuFEY A% 7420149 142 mg/keollA 2023
732 mghkg© E FA )= LY 319 An|(CSU) &Y 2L 27
dri3te} At AT U A (TPLMS)S] &3} Ajte A= &)
A€}, vk} RAkAte A vERd Pbe] QY3 HA] 3A o
TE LAEFE AR AR 3713 S wiedeitt v,
okt Cugl F2)3F 27120144 22.6 mg/kgollM 2023 28.7 mg/
kg)© F F7h= i) Aol e EY(Trap) 7S} o]xFAA]
T AT AR 716k Ego] gHEE Wi Ut 3% BESEE &
A 294 A3t Hgel A&& AR A, G B FF
9] /el Eala #u T4 olF3 o 77t 1331
RS ATk 74 33 f 53 o S F 3 &

°] F5E 53 = FA71E L ANE iﬂ ALll7) R
EE3lon, 53] Hgdh Cd2 AAIEE & flo) 2 s3AF
THe G

ol A Ay EFCE FAE FAF 2% (Legacy pollution)©]
e} gefof] ©J5t AJH-F-(Resuspension)- Bl Abe] vl |
TS B8l ASHCE AuRE 1 S-S rlgih

iy E%"E]EI% AEF 7MNEOE sl A% HEES o4
o8] o} 552 A EE}HE] o] 87154 (Bioavailability) 57 }olk=
SAZE Sl =5, A eiEde] AR 71 RE APYsA] Rl
24 7149] FAHAR] AABAE HFsh= © Alete] witt. &
Fol= H3E 3o #4& % 7] 57 oY 54, 352 318
Z] 3-8 (Speciation) ¥4, 183 X RS 43 viEd F
Z|(Source apportionment) 77} W3l =|ojo} Fict. o]e] gt th}H
ATE B8l S 29 S 7Nst Agg e EN, 4
ete AEF A AFAE Alwska At YAl A2FHQ) 3
5L 798 A& o= Jdidr).

z 7|

B A7 Sy iSRS E SIANEY AdeE ¢
B AEUTE 2 o] @ AL AF B4 715k T
o] AFALe} ZAF AukE Sg3le] A BEA AAEHEY =
3t o] =g A FESI T4 2] AAIAERA AL
AS=181=
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