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Trace Metal Distributions and Accumulations in Seawater, Marine
Sediments and Organisms from Coastal Aquaculture Areas of Korea

Minkyu Choi*, Dong-Woon Hwang, Jae-Hyun Lim, Garam Lee and Sujin Na

Division of Marine Environment Research, National Institute of Fisheries Science (NIFS), Busan 46083, Republic of Korea

This study comprehensively assessed the distribution, contamination status, and ecological risks of trace metals in
seawater, sediments, and marine organisms from Korean coastal aquaculture areas. Trace metal concentrations in
sediments followed the order Zn>Cr>Pb>Cu>As>Cd>Hg, with relatively higher levels of Zn, Cu, and Cd on the
southeastern coast and Pb, As, and Hg on the mid-eastern coast. The pollution load index (PLI) and ecological risk
indices (ERI) exhibited high values at some stations along the southeastern and mid-eastern coasts. Compared with
the domestic sediment quality guidelines (TEL), 95-100% of the samples satisfied the criteria for individual metals.
Trace metal concentrations in seawater satisfied all national ecological protection standards. In marine organisms, Zn,
Cu, and As are predominant and species-specific bioaccumulation patterns have been observed. The bioconcentration
(BCF) and biosediment accumulation factors (BSAF) revealed high accumulation tendencies for Zn, Cd, and Cu.
Notably, some species showed substantial Cd and Zn bioaccumulation.
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ersistence), A=< o $83F A7 2 o]8-% 11 ¢lti(Jonathan et al., 2017; Jeong
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2022). AF7HA] ol A= s E A Eat AV E W m|
B4 LGS Bk thoRt A7k o] Shrk(Ra et
al., 2013; Choi et al., 2015a, 2015b; Hwang et al., 2015, 2018,
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2023; Won et al., 2020). Hj3-5-20] 7]E o= Esf o) =
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Fig. 1. The sampling locations of marine sediments and biota from
farming areas of Korean coasts. Al, Incheon coast; A2, Taean
coast; B, Gunsan coast; C, Gomso Bay; D, Hampyeong-Jindo
coast; E, Wando-Deukryang Bay; F, Yeosu coast; G, Sacheon
coast; H, Western Tongyoung coast; I, Eastern Tongyoung coast;
J, Jinhae Bay; K, Busan coast; L, Guryungpo-Gampo coast; M,
Uljin-Youngdeok coast; N, Gosung-Sokcho coast.

1 Ao AR SEUY SO PiSel A5kl AR
ZHH|(SEAFAST SP3; Elmental Scientific, Omaha, NE, USA)
9} Agtd freAgrEet=nr A4 7] (inductively coupled
plasma-mass spectrometry, [ICP-MS; Nexion 2000, Perkin El-
mer, Shelton, WA, USA)Z 4314t =2(Hg) 242 9
3 o] 7} aj4= A% 25 mLA Z]5}0] AEE4-2HA7](Auto-
mated total mercury analytical system, Brooks Rand, MERX,
Seattle, WA, USA)E o]-8-3}o] H-43131t}.

A& A2 oF 200 g -80°CollA] 5AAZRS 5 AR
A vk agate mortan) . £45}0] #215} sholon, et
28 A A4 9= A Wstol MY EH B ol g,
Hg® SAUZE AU H8E o 0.1 g2 o2 A= 14
o] As2 54 7] (automatic mercury analyzer, DMA 80;
Mllestone, Balsamo Milan, Ttaly)& 2-4]3}¢c} 1 9] v|eF=
2(As, Cd, Cr, Cu, Li, Pb, Zn)& =2471%3 AHd H4%
oF 0.5 goll EF4AHHNO,:HF:HCIO,=2:2:1)& 37Fsto] AH::
&l (acid digestion) 0.2 A2 2] 5} Th Al E = 130°CollA] 74|
2ol 7hdato] Ral ¥, 2% LAHNO,)E ol gato] KA}
7FEA 5 Wi7hA] 2P S| o] of 2| (Toyo SC, 110 mmy
Advantec, Tokyo, Japan)= ¢]1}51¢ 0™, oJ1}ol-S- 100 mL
Hu] ZekAaz2 Z83E F ICP-MS (ELAN DRC-¢; Perkin
Elmer, Shelton, WA, USA)= EA43}¢ic W& n|2ia<4 4
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Table 1. Recovery of certified reference materials in sediments (PACS-2 and MESS-3%*), organisms (DOLT-5 and CE-278%), and seawater

(CASS-6 and BCR-579%) in this study

Sediments (mg/kg-dry, n=3)

Organisms (mg/kg-dry, n=3)

Seawater (mg/L, n=3)

Metals Certified Measured Recovery (%) Certified Measured Recovery (%)  Certified Measured Recovery (%)
As 26.2 26.8 102+1.3 34.6 33.5 97+1.0 0.728 0.72 98+0.5
Cd 211 210 100+1.8 14.50 14.15 98+1.0 0.022 0.020 93+5.5
Cr 90.7 81.2 90+0.1 24 26 110+5.8 0.100 0.100 100+8.5
Cu 310 272 88x1.0 35.0 341 98+0.9 0.530 0.576 109+1.2
Hg* 0.091 0.091 100+0.2 0.196 0.177 90x1.3 0.0019  0.0020 103£3.3
Pb 183 167 91+0.6 0.162 0.2 102+5.7 0.011 0.012 111£2.1
Zn 364 379 104+3.2 105.3 99.4 94+1.5 1.270 1.304 1031.7

Li 322 30.9 9612.3

*Hg was analyzed in MESS-3, CE-278, and BCR-479.

T E ]E‘C oF 200 g2 -80°Co|A 5AAxS

ofl A =FAbARE(agate mortar) 2 E4f3te] SR

At & oF | g A=E F3}o] Teflon £-7]0] Hol AAK6 5%
HNO,) 10 mL& H 11 2AI7F EoF HpXA|F T 18]l 80°C

ofl A 40057k 7FE 3} 100°Coll A 15087 AARS: 3|akA]7] =
digestiom}ﬁi 2Q H}io].o:hq. 741/\I—EH4 /\]-}\u ] EE
% HNO, & ARE-51o] GEF/F o]A| 2 o]3Fst 2 100 mL 859=
E}*ioﬂ A-8-5199 21, 4 mLE 10 mL conical tubeo]] 53 -Ho}
o] ICP-MS (ELAN DRC-¢)& 541319t} =3t Hg B4 9
off ELatE A= 0.03 g¥ 5k Zl—‘?\ 214 7](DMA-80)
2 ol gafel BAlslalrh. BE nlgFa4 Ak A FuE
L 183l 5592 mg/kg-wet weight (013 mg/kg) T =
shatatol] H2lalsl.

BEXAANS] Fer 52 Yol lEFHEE2 (certified ref-
erence material, CRM) A=} U3k oz A e|s}
o] #4353t ojnf CRM-2 wjA|'H & 3l<=[BCR-579 (Hg),
CASS-6 (As, Cd, Cr, Cu, Mn, Pb, Zn)], & 4 2[MESS-3 (Hg),
PACS-2 (As, Cd, Cr, Cu, Li, Mn, Pb, Zn)], 4 2[CE-278 (Hg),
DOLT-5 (As, Ce, Cr, Cu, Mn, Pb, Zn)|& AFE-5F$ AL, T4
H Fat 3452 Table 19 AAISFGITt -20] Bt 3|8
2 34> 103 £3.3%, E|ZE 100+0.2%, =98 +13%= &
L, 719 nRa£o] Bat a2 sl 93-111%, 4=
88-104%, A& 90-110%2] L= H Tt

nggs 28= g7t

l\)

E|MZ QoL ol MEQHE T}

AU W vIgFHOR AT SR o W
= 7oA AAE EAE7]+(sediment quality guidelines,
SQGo)TH2] L, vleid: W el vlshe 09 ah

Z(pollution load index, PLI), n|&Fa4:0] =41 4|42} v|w s}

= ERIZ AFY5lo] B7}bE o] A ck(Pan et al., 2014; Zhu et al.,
2016; Won et al., 2020; Hwang et al., 2023).

U SQGs ] “sfj Fehd B 9l o gt HET A3
Z S 7|0 A A A vl 7E(As, Cd, Cr, Cu, Hg,
Pb, Zn)o|| tj3}+ 2] 7] (threshold effects levels, TEL)Z} H]
afo] @424 W7}tk o]u) TEL 7|22 As 14.5 mgke,
Cd 0.75 mg/kg, Cr 116 mg/kg, Cu 20.6 mg/kg, Hg 0.11 mg/
kg, Pb 44 mg/kg, Zn 68.4 mg/kgo| ] 0H, E| A Eol| A ZALE
As, Cd, Cr, Hg, Pb 5=+ TELY} 24 H| w3} L, Cul Zn
SEE dpalelo] 4% 5 LisER BAE Cust Zn 55
2} H] W3 THMOF, 2018).

PLIE 4] ()7 4] (o] webd 442 4= glow, a7l
o BAE 5 A v|gas %E(Csamp]e)ﬂ nEE4] s =
(€ basenne)4 H]E(CF_Csample baselme); o83l LHTES
7}5h= " o]t Tomlinson et al., 1980). o|uj 7%2] n|=fk&
ioﬂ gt ¥l 5 =(C, )= 1 Woo et al. (2019)0] Bl

efuhe} At B2 &0 vl w5 =(As, 7.4 mg/kg;
Cd, 0.134 mg/kg; Cr, 46.1 mg/kg; Cu, 14.7 mg/kg; Hg, 0.016
mg/kg; Pb, 25.2 mg/kg, Zn, 69.8 mg/kg)S ©]-8-3} 3T}

PLI=(CF, X CF, X CF, X ++- X CF )/n:e-eeee: A1(1)

PLI=(CF, X CF_, X CF_ X - XCF, )" A 2)

o714, CF = -Er’ﬁl?ﬁ nFa 759 CFEts 9fn|shH, o]
o, PLI>1¢1 735 o750l vlsl @A e ol=, PLI gto]
243 o) 29 ot A2 olnlgict,

ERIE 217} v]eg4o] g BAES nejalo], £3E] 3
o2 278 E3EAE vjskad o] ok A A e A o]
A= el g Brhohs W o8 759 v)Egas flal=
of gt F3hS LreRHTE. PLIOJA AR&-SE CFghat v]aFa452]
EA A4 (toxic coefficient)E ]85} ThL- 4] 3)-4] (5)Z A+
A& 4= 9lth(Hakanson, 1980).
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E =T XCF coeeeveremeenennininens Al (3)
ERI:E1+E2+E3+“'+EH ............... /5](4)
:EAs+ECd+ECr+ +EZn ......... /51 (5)

Ao, B A E L EE 7t
ZX(As, 10; Cd, 30; Cr, 2; Cu,
0111 HgOI 4o =N R

.

017]/% T o 7% v &Y

of g ’\FQELL U= 5AS
5; Hg, 40; Pb, 5; Zn, 1) AH&-3}2
A e 21, Cd>As>Pb=Cu>Cr>Zn 0.2 ¢ 3HS
B At Wang et al., 2011; Sheykhi and Moore, 2013). ERI 4}

of ufe} 1aE $2S BWohe 4 9lov, e 2ol & 5
2 AATE| R 41528 4= Qlth(Zhang et al., 2012): ERI<100 (low
risk, A Aol 3349 AR S 2 7HsAo] e ),
100<ERI<150 (moderate risk, 2F7F F-4 %191 AJefFekS =
=+ %= A, 150<ERI<200 (considerable risk, A13st - 14
A1 e 92 = + U= AbH), 200<ERI<300 (very high
risk, o Algh & & 4 9= AJH), ERI>300

(disastrous risk, AR FEE = = = AHD).
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23 a0l ol 2 A Sl A B
O R PE R
A B2 o]y ] elo] ©.91%S Bolelsi. ol g
717182 As 9.4 ng/L, Cd 19 png/L, Cr200 pg/L, Cu 3.0 ug/L,
H 18ug/L, Pb 7.6 igL, Zn 34 gl 613} tHMOF, 2018).
AR vl FER T SRS Sk ) 2
o871+ AAFEF £ Pb 2.0 mg/kg ©]5}, Cd 2.0 mg/
kg ©]3}, Hg 0.5 mg/kg ©|3}, 3|=5F Pb 0.5 mg/kg ©]3}, Cd
0.1 mgkg 013K} ) 2 0.3 mgkg olH(2)2k vl

Sha-EHS- SIS SRS

Oﬁ
OFF

njgkF4o] WA AKliquid phase, 3fl5)olA LA AN(solid
phase, E|&&)0 29 52 58S Hrlsl7| YA a5
AE BHASK S APgsto] H]Lo} 93l(Liu et al., 2021,
2022), 3j4=-4=AHYE BCF 9 B4 &A1& BSAFE AH4
stof o= A Aol| A 2+ Ul%k%#«l AE52 B4 vla 97t

5} tH(Zhang et al., 2012). 452 K g2 n|#f40] o] v)
o SAH 07 B A&l RS oL, W ghE ngagol
ot sfpof] 2hRskA Erkal ARk Th BCF= 824 df
TR A=Y nEE<4 A Fl(uptake), BSAF= 4 &
B HE u]gkE4 A F (uptake) 2 A 0J=|0, BCF 2 BSAF %t
ol F&E gaso| TS o2 R E pAME] S25
L =gjo] A7 =} BCF<100 (log BCF<2)U ] W& =7
< UeR a2, 100<BCF<1,000 (2<log BCF<3)& 7+ &4<
UehH a2, BCF>1,000 (log BCF>3)2 =2 %4S Uehitt.
BSAF glo] 13Ht} 51 B 229 n|gado] A&l A
A 4 ol 9neith K, BCF % BSAF+= o] 4% o]

ok - el

gsfo] AlAker 4= Qlt(Thomann et al., 1995; Jonathan et al.,
2017; Gao et al., 2021; Jeong et al., 2021).

Csedimems
Kd= .................. /}_] (6)
seawater
C.
BCF=—2t2 ..., 2] 7
seawater
C,.
BS AF:¢ .................. /;] (8)

sediments

A % G AE W vlE S S E(mgkgdry, #4842
E@é}oi Azgoz wgh, C_ L a5 Y vFEs 5T

( g/L) sediemnt = ﬂ % LH U]EO]:E'L—{J“: lolLE(Ing/kg_dry)‘é'—_ ]/]—
ehit.

r&
r$
2
_I?i
ru{u
rlo
- o
uEL

=29 2F 712RfeAF Fajt A

et ¢ E}Okﬂ SHSEE whsty] wizoll q19fAQl
Oﬂ of3f| of7| &= gt SRSt At #-8-3t wiA| ot
(Zwolsrnan etal., 1997, Chapman et al., 1998). ¥ ¢17Lof| 4] A
= Q1o E] A E9] v|gFE4: S 7n 28.8-183 mg/kg (Bt
116+39.6 mg/kg), Cr 5.87-92.6 mg/kg (A 60.4+20.8 mg/
kg), Pb 15.9-75.7 mg/kg (B 33.0+ 10.4 mg/kg), Cu 2.41—
60.4 mg/kg (B 22.1+13.0 mg/kg), As 3.27-19.7 mg/kg (B
T+ 8.44+2.71 mg/kg), Cd 0.01-0.80 mg/kg (H+0.12+0.14
mg/kg), Hg 0.002-0.239 mg/kg (=t 0.034+0.036 mg/kg)
£o7 o =2 W TKTable 2, Fig. 2A). n]gF24 A
382 Zn>Cr>Pb>Cu>As>Cd>Hg S H o, o|#3t gfj&l
2 Fajete] e $I¢H(Hwang et al., 2023), o 2HqE 2 734
9H(Choi et al., 2015b), 7F27H(Kim et al., 2012), AJ3Fe] &
FE AN Hwang et al., 2013b), —E%ﬁ\_‘ﬂ(Choi et al., 2015a), €l
okak: ZH¥(Hwang et al.,, 2014b) 2! S-gjue} A= <ot &
A& Z ujgkE4 AR e (Hwang et al, 2016)THE 23|
S} M“% SFH, 24K (Hwang et al., 2014a)7} A|3}3(Kim et
al., 2005), -7/ AlAA%HHwang et al., 2021)2 g1k, AFY
o], Aureh, o FoFA 5 I9d LAY FFCE Cu
Tt AR er ST =Y, njdaEe] RaEe
Zn>Cu>Cr>Pb>As>Cd>Hg= th2 FAS Kol Het. o
of| 4] Zn, Cu, Cr, Pb7} =& =5 Ho|= o] 8= t}ofst Hhay
QU(rAl o] a5 Wl 4], Gl Y AuShE oFAlsHE Sy o 2k
H ol g H"”P ofu e} A EA =R Al H-gt,
2okE, f71Ee] 249s $oto] EA s ollA 71Tt oH
Aol A& A 4= %17] "o th(Morillo et al., 2004; Sun
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Table 2. Summary of trace metal concentrations in marine sediments, marine organisms and seawater from farming areas of Korean coasts

Marine sediments (mg/kg-dry, n=77)

Seawater (ug/L, n=38)

Marine organisms (mg/kg-wet, n=34)

Mean  Stdev Min Max Mean  Stdev Min Max Mean Stdev Min Max
As 8.44 2.71 3.27 19.7 1.22 0.23 0.69 1.78 2.64 1.48 0.76 7.39
Cd 0.12 0.14 0.01 0.80 0.025 0.008 0.014 0.043 0.33 0.64 0.01 3.81
Cr 60.4 20.8 5.87 92.6 0.22 0.26 0.07 1.13 0.18 0.13 0.02 0.84
Cu 221 13.0 241 60.4 0.91 0.42 0.39 1.72 5.73 7.66 0.13 26.1
Hg 0.034 0.036 0.002 0.239 0.0006 0.0001 0.0004 0.0009 0.006  0.004 0.001 0.018
Pb 33.0 10.4 15.9 75.7 0.12 0.12 0.02 0.61 0.08 0.08 0.01 0.44
Zn 1155 396 28.8 183 1.29 1.14 0.29 5.84 41.3 455 0.92 134
Corrected Cu*  8.60 2.03 2.41 151 - - - - - - - -
Corrected Zn*  54.6 9.74 28.8 90.2 - - - - - - - -

*Measured Cu and Zn concentrations were normalized by Li concentration, to compare Korean marine environmental criteria.
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Fig. 2. Concentration patterns (A) and spatial distributions (B) of trace metals in marine sediments of Korean coasts. mW, Mid Western part;
wS, Southwestern part; eS, Southeastern part; mE, Mid Eastern part of Korean coasts.

etal,2014).

ZAL B ol A nEE40] F s U Aol et v
5}ICH(Table 3). Zn2| Ht 55 (116 mg/kg)= A=At H5&
(60175 mg/kg) X 5H--7ke] Fe H 9](49-202 mg/
kg)oll Al F7F =32ol| 12|5F3Ich. Cro Bt 5%(60.4 mg/kg)
£ Aot H= W33 - 83 mgke) ¥ sHA-gte] 5
TH9)(45-62 mgkg)ol A thar =& 4Zol 92519} Pb
o] Wit F%E(33.0 mgkg)= A=At & M (16-40 mg/
kg) % -] F= W 91(27-44 mg/kg)ol A ot =
2 4ol 9dth Cudl Bt B=(22.1 mgkg)= ARt H
(4127 mg/ke) H SR F W 91(9.5-81 mg/
kg)oll Al W& o] glek. AsO] H+t =(8.44 mg/kg)= M=
ot e W 9)(4.4-11.2 mgkg) D SHE-FHHY] = Q)
(7.3-16.1 mg/kg)oll A FAY F7F ol YAkt Cde)
Hat 55(0.12 mgkg)s A=At 5= #9](0.03-0.37 my
kg) 9 S -3te] s H9J(0.12-1.5 mgkg)A W2
of 1x[sk3Ach Hgol Bt 55=(0.034 mgkg)= HA=7%1¢k &

=(0.003-0.04 mg/kg)T} 517-9-gH0ke] & 1 9](0.01-0.11
mg/kg)2] ol A FAU 7t 4ol YIX|B} T, whebA], £
ol Al Cr, Pbe] et W AMAtE o} Bl e A] Thas 322
4229 W91, Zn, Cu, As, Pb, Cd, Hg®) &= UL 271
&S 1ok

AL B9 S ST R Y A E FEEAM) ,
&= AA B, AR (ol kgt
oh), MaFH(FF At deh = F-53) B (Fig. 2B), Zn
3} Cu 55 Hol s> el A f>Falsi>A a5 =0l 3l
L, Pb, As, Hg 5= 5ol F>dols 5>l Al > A o5
1, Cr 5 Gol A >l e f>Eolsi>Aallei, Cd 5
T Fall e t>sals el AR AR ol et
FHol|l A= Zn, Cu, Cdo =7k thE af ol val =9kom,
ol ol A= Pb, As, HgO] 57k =9k 1L, a4l = Cre
FETbETh Adlsi e BE S w2 o e
of vlsl W2 =g Hlrh whebA sfuitt oo WY 5
ghelgk 4= 9otk
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EX= U 0ga4 28% 7t

n)gFa40] B4 E w5 i) vlasto] PLIE 76t
ek 2 A s o)A PLI= 0.3-2.7 (B 1.4) HYS 29
31, PLIZ} 2013101 AP AL 6671(86%)°] Att. PLIZ} 25
Zipsto] LEjutet A9t Bl AE F =2 A9l 2o o
T Qe AHS 1R, FalE (et 647, £
D FAHTF(A, 2, &, )= A= Sl o] Ao
K% PLI A2 ol A = A7 719, 0.17-1.03, Hat
0.61; Won et al., 2020)2} H3l|414-(0.6-1.3, FH+t 1.0; Koo et
al,, 2019)= 22 BH, ool F-AA AM(1.4-3.5, 3
at 2.3; Hwang et al., 2021)2} ‘Faf 42 wk—5 9] 9K(1.4-1.6,
4t 1.4; Hwang et al., 20232 PLI>1.47} 2 =it} #13)
T 5t 5 Halle ] w2 L e ALY iyt A
AehA|, 244 9 gutehy, FASE 5 A8 Sek B
e Holil, FalF oA As, Pb, Hgol & 5%+ Q191
A3l 5] ot T AFAA R Bt Aol A] vl = of
aiet FAH 2 FYUENS 7HsAdol Harke vl Qleh(Hwang et
al., 2016).

EAE e dk H7HE flof =y st 71 SQGset vl L
399 THMOF, 2018). Li 352 2A4% Cu 55t 241-15.1
mg/kg (B4t 8.60+2.03 mg/kg)= TEL 20.6 mg/kgo]sHE 77
7N 2= oA whEshelaL, Crat Pb 5= %= TEL 717} 116
4 44 mg/kgolsHE W& Aol A TS5t As 5= TEL
14.5 mg/kgo|5}= 76 A (99%)oll A =31t} Cd, Hg, Pb
== TEL 2H2} 0.75, 0.11, 44 mg/kgo|a+S 75 AR (97%)
o A BrEalth Li S 52 B AE Zn 55 28.8-90.2 mg/
kg (B4 54.6+9.7 mg/ke)2] B¢ & TEL 68.4 mg/kgo|s=
72 A7(95%) WrESch TELS 21)6h= A8 AHELS F
2 JollsF (AL 717, Hs 7t st Zsieh et sl F(ald,
&z, 271, raE)o| A 2AFEGI o] B2 TELS 238t
AR B2 E 2] 7])%(probable effect level)o|5}2 ZALE
Act.

A Aol FR A e ek A s whofdt 4= ¢li= ER19]
HQ=20-693 (Bt 147)E H ATt ERI= A e ¢l el = of] what
STHA R FEE ], A Z HlelldS & 7Fe /o] W A H
(low risk, ERI<100)x= 19%, 2FF A2 A IS & 5
Q1= Atel(moderate risk, 100<ERI<150)+= 48%% YEI| 3]
o} ARl AR Y= & 4= 9l A Hi(considerable
risk, 150<ERI<200)%= 10%, A A4S0l uf-$- A3t a4
% 4= 9l= At (very high risk, 200<ERI<300)2} #] A4 o]
3 YA & 4 = AEll(disastrous risk, ERI>300)+
17%, 5%= AR T A A A= o9 At Hsid=
Ue 2APIEEE B IR0 1)et Fels 8
DollA 2AFE]SIch B a1 ERIL G- Aol A = A8l 55
73719k, 17.0-104; Won et al., 2020)7} '3 A 5-(61-118; Koo

etal, 2019)& W2 =20l v Hafeito] 49, 5%-

_1), J}l_, jubad

% wN I

o

gl

ok - A

AR AK(120-610; Hwang et al., 2021)3} Gl 421 7k-E-0 9]
2H91-440, Hwang et al.,, 2023)& =2 =20 & H 1 Fgit},

B4 U sz2E

B Aol Al sll=e] nlegFa4: s Zn 0.29-5.84 pg/L (
Hat 1.29+1.14 pg/L), As 0.69-1.78 pg/L (H++ 1.22+0.23
ug/L), Cu 0.39-1.72 pg/L (B+t 0.91+0.42 pg/L), Cr 0.07—
1.13 pg/L (B 0.22+0.26 pg/L), Pb 0.02-0.61 pg/L (B
0.12+0.12 pg/L), Cd 0.014-0.043 pg/L (H++ 0.025+0.008
ug/L), Hg 0.0004-0.0009 ug/L (*8<# 0.0006+0.0001 pg/L)
&9 2 ZnrAs>Cu>Cr>Pb>Cd>Hg2 X % th(Fig. 3A).

Sl Al wgg<s AEAR7E o9 o] v} A3 o
Ak, BT Avk= A 2ETHKiIm et al., 2015)0| 4 A}
H Zn>Cu>Pb>Cda} AR el & H3A0, =75 &l =1
Bohai Sea (Gao et al., 2014) 2! Skshili Bay (Han et al., 2018)
oA Zn>Cu>Pb>Cdete GA] FARE el 2.

2 AT Aite Sl S8 71 s S AI R ST =
717128) Zn 34 pg/L, As 9.4 ng/L, Cu 3.0 pg/L, Cr 200 ug/L,
Pb 7.6 ug/L, Cd 19 pg/L, Hg 1.8 ng/Lo]al & m %= vkEalgich
(MOF, 2018). =3+ AA] 21#8 7 Zn 0.14-2.94 pg/L, Cu 0.28—
1.75 pg/L, Pb 0.003-0.029 pg/L, Cd 0.018-0.034 ng/L¥}
Agt 20| I th(Kim et al., 2015).

AMME | sERE

o

2 AFlA HAMEER, dER Wd® viEs
% $%E Zn 0.92-134 mgkg (Bt 41.3+45.5 mgkg),
Cu 0.13-26.1 mgkg (B4 5.73+7.66 mgkg), As 0.76-
7.39 mg/kg (Bt 2.64+1.48 mgkg), Cd 0.01-3.81 mg/
kg (B 033+0.64 mgkg), Cr 0.02-0.84 mgkg (F
0.18+0.13 mg/kg), Pb 0.01-0.44 mg/kg (H+ 0.08+0.08
mg/kg), Hg 0.001-0.018 mg/kg (H++ 0.006+0.004 mg/
kg) o2 W2 =S HYUtK(Fig 3B). A EolA W%k
24 AFPES Zn>Cu>As>Cd>Cr>Pb>Hgo 2 E 4%
ol Ao e (Zn>Cr>Pb>Cu>As>Cd>Hg) % af4=2] sjel
(Zn=As>Cu>Cr>Pb>Cd>Hg)2} v|a3lH, E ufx|of|A] Zn
<7V e Bolen, Hegol 7MW s Btk

7=, GA, 7HeH], BEAE; n=25)¢] A 9= Zn>Cu>
As>Cd>Cr>Pb>Hg, 33 F(4 7, n=3)%] 4= Zn>Cu>As>
Cr>Pb>Cd>Hg, a5 (7] <, thAIRE, 71; n=6)9] 4 -$+= As>
Zn>Cu>Cd>Pb>Hg <=0 ¢lt}. Zn} Cu= AMEE A 4
29l v AR, e WY W thAlz oA Fa%h o
gotr, PAMIES S FolA Zn Cuf] w2 == A
alo] 0|52 Fle] 2517 E SHHGao et al., 2021; Yab
and Al-Mutairi, 2022).7]2F54 ¥ =8| WS 314, Zn, Cu,
Hg, Cd& 7> di>sl2f7, Ase sl2f>uf7i>ud+,
Crt Pb d>aff>sfl 27 eoldlnt. MEs2 A
oM g, ngase SA7UE, A Aol 5o



ok

=

re

o

fs

o] EA iAol A mlEFELe] 1he AR

325

Table 3. Summary of trace metal concentrations in marine sediments (mg/kg) from farming areas of Korean coasts

Location Zn Cr Pb Cu As Cd Hg Reference
Korean coasts 116 604 330 221 844 012 0.034 This study
Gomso Bay 60 44 23 5.7 4.6 0.03 0.004 Choietal. (2015a)
Yeoja Bay 137 81 292 178 7,57 0.047 0.016 Choietal (2015b)
Gangjin Bay 157 819 332 268 105 0.119 0.031 Choietal. (2015b)
Mokpo-Haenam coast 73 58 24 13 5.8 0.06 0.013 Hwangetal. (2013a)
Islands of Jeollanam Province
Semi-enclosed bay of Jeollanam Province Hwang et al. (2013b)
Deukryang Bay 104 24 14 8.6 0.06 0.017
Yeoja Bay 110 27 19 7.5 0.09 0.02
Gamak Bay 125 30 27 6.5 0.13 0.027
Taean coast (Iwon and Mongsan) 38 33 16 4 44 0.03 0.003 Hwang et al. (2014a)
Jaran Bay 146 78 40 31 9.8 0.15 0.03 Hwang etal. (2018)
Southwestern FRPA 99 70 25 15 7.5 0.04 0.01 Koo etal. (2019)
Gamak Bay 101 70 24 17 74 0.05 0.01
Yeoja Bay 104 74 25 15 7.7 0.04 0.02
Deukryang Bay 97 70 27 15 7.4 0.04 0.01
Wando Bay 103 71 25 16 8 0.04 0.02
Youngkwang Bay 81 60 20 13 6.6 0.03 0.01
Tongyoung-Geoje coast (Fish farming area) 175 83 39 127 105 037 0.04 Hwangetal. (2021)
Geum River Estuary 49 45 27 9.5 7.3 0.12 0.01 Hwangetal. (2013a??b??)
Taehwa River estuary 157 43 28 38 10 0.3 0.06 Hwang et al. (2015)
Ulsan Harbor 189 62 35 81 16.1 0.3 0.11  Hwang et al. (2014b)
Outer Sea of Lake Shihwa 74 588 274 181 675 0.14 0.026 Raetal.(2013)
Yeongil Bay 202 286 363 492 1.5 Lee et al.(2008)
(A) Seawater (B) Marine organisms
10 100
~ 1t i 7‘-;7 10| T
B‘J ()]
% 01 | _\é’ 1+ ]
S £
S 001 g o1rp
© o001 | S ooip
0.0001 0.001

Zn

Cr

Pb

Cd

Hg

Fig. 3. Concentration patterns of trace metals in (A) seawater and (B) marine organisms of Korean coasts.

=l 2H857) o] thE nlEkas AR

o v

(Yab and Al-Mutairi, 2022).

filo

welt}

AARENT ZFh] et FH R E71EPd 2.0 mg/
kg oJs}, Cd 2.0 mg/kg ©ls}, Hg 0.5 mg/kg ©|she} H]ast

W, 37 F &= Pb 0.02-0.17 mg/kg, Cd 0.07-3.81 mg/
kg, Hg 0.003-0.018mg/kg & th 5 7] 52 S w5191 ch(96-
100%). o 5 ZH 2 H| W 3}H, Pb-2 ©3]~7 e H|=A| wat~at>
HEA g 20| 1AL, Cde: 7H B> A B> 2> 2 21 A 2 <=0
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3L, Hg 7hejul>upr|2i>a~g x| >upA] et o] gltt. & A
AAE Foll AR D el E (s, AR =, i
At AF3ehE FHEske] vl wsh, Ph, Cd, Hg B4 &
of| A e} FALSHA Fol A R T el g ol A A o'
B SES HI

g2 Foll gt =t #73]-8-7]%(Pb 0.5 mg/kg o3}, Cd 0.1
mg/kg ©]5}2} 4] Cd 0.3 mg/kg o]kt v sk, o257 5 &
E= Pb 0.01-0.03 mgkg 2 Cd v]-thA]ut 0.01-0.08 mg/
kg, 71 0.18 mg/kg O & R 7| Zo|5t& qr=Ea}glr).

S-EIRS-SAME SRS M

2 AdFoMe T A £F dlloeet 25 B v
o83t si-E4 = ZulAl(K,) % log K& A

o] 7hssteh =& A3 A-H(Liu et
al, 2021, 2022)01 A= B2 3|9} B2 HAE 52 7|uto
2 K, 3 AHste] e dEA 0 B4 £ Brskelh ®
3t Zwolsman et al. (1997)2} Chapman et al. (1998)°] wh=mH
#3 A= 2 A4 24 ugko] Ehikste], = A
o] FH|E Foll LE=H Y HAAF LS Htshs Zlo] &
F35h, Liu et al. (2021, 2022) 2JA] 5UgH WS 283}
Kd 7k& APgstar sief &8 54 fAof| 283t Qlok. 2 <
Tol A K, H log K o] ¥ 212 3.5 X 10%-1.6 X 10°, 2.54—
6.210] 3}, vlgFa4 log K & H|awsHH, Cr=Pb (5.7)>Zn
(5.2)>Hg (4.7)>Cu (4.5)>As (3.9)>Cd (3.7) %=0]3lt}. log K,
%k 5 o)A Cr, Pb, Zn 0]l 11, log K, 4-5 H9]+= Hg} Cu,
log K, 3-4 H 9= Ase} Cdolgltt log K 7t =245 B8 &
of S 02 75HA HaL, RS sfgof 2HRdl= vlS
o] zolx| = EAS B olth Liu et al. (2021)9] QFAT}o] wh
=W, Yellow Seadl|A] log K ©] 9]+ 3.3-4.70] %132, Cr (4.7)
o] 7 &9k, Cu>Pb>As>Zn>Cd>Hg 0.2 Wo 7He |1
&t} Liu et al. (2022)+ South China Sea®f| 4] Pb (2.1)0] 74+
=931, Zn>Cr>Cu>As>Hg>Cd - 0. 2 A A 0 = -2 Ko
Aa(log K <29)E Kol 4o s EAsh= 43S Bt
Ik b=

S AYEol it AE-55A19+(BCF) 4 log BCFE 4t
A B, 27 23 % 10°-1.1 X 10°, 3.4-6.00] T}, n|ekas:
¥ Jog BCFZ v] w3}, Zn (5.6)>Cd (5.0)>Cu=Hg (4.8)>As
(4.2)>Cr=Pb (4.0) <=0| it} BCF= 44 &o] &2A4) 84
BHE Y nFaE AHE Yrlsh, w5 vgasel &
gy o 2 B AR R S5 = 5 o] AXA Hr log
BCF<29mj %2 542 Wetd] oL, 2<log BCF<32 $7+ 54
& e AL, log BCF>32 32 528 UEpit), &2 A4 3t
of| A<= log BCF>5+= Zn3} Cdo] 3laL, Y A] vlga<-2 log

Wi - FEE - YA - ok - A

BCF 4-59] M9|2 W& n|gkg40] $4RYE0] of$-
LS 2k

E| A& A Eol| Tigk BSAFE 0.01-859] 92 Hglo
o, o]k BSAF= Cd (19)>Zn (3.2)>Hg (2.8)>Cu (2.1),
As (2.1)>Cr (0.03)>Pb (0.02)0]¢lt}. BSAFL: 44 0] ]
HE2HE 9 ngkad HJ3E Y=, BSAF glo| 1Hch
AW EHE nkg o] AR A H4E 5= USS
ou|git}, & & Lo]| A= BSAF>1S Cd, Zn, Hg, Cu, As|$)
ok A E 5 B, ok AEE, B4, BA; n=17)
2 Cd, Hg, As, Cu, Zn 50| BSAF>10|31a1, vleh2] Y&
Ajzet, vpR)2h n=7)2 Cd, Hg, As 3&0] BSAF>10]9jt}. &
o1l Al BSAFR.TE BCEF7L A 12 olf= HolE He &
=5 HFE R =Y A Y AR EAER T
2 U4 R FE&o] 2HE FE AHH R 15|

Fo]tH(Jonathan et al., 2017; Gao et al., 2021). Zhang et al.
(2022)2] Aol w2 W, =31} w7 H](barnacles) AW v
2:9] BCF:= Zn>Cu>Cd>Cr>Pb>Aso| it ngFa< = 7n
2 Cuf log BCFE= 3 oA} O & =0 27 J=2220]9) 11, As, Cd,
Pb ¥ Cr9] log BCFi= 2-3 W2 F7F ol et =3 up
7HH] AW FF42] BSAF= Cd>Zn>Cu>Pb>Cr& UERH O
o, 2} w1 9] AW Zn, Cu 2 Cde] BSAF: 100 o]4o]
%t} Zn, Cu, Cd2 A= 5 vl=ka49 ZEs 2422
H31 %3]t Jeong et al. (2021)2] A2 3ol whe Ak &
2)ol| A W4 BSAF 72 Cd (6.23)>As (1.95)>Zn (1.31)>Cu
(0.65)>Cr (0.09)>Pb (0.07) 2= & 743199131, Cd, As D Zn
of th3ll =2 BSAF g(>1)S 2t} ol B+ BSAF gt
2 Cd (44.9)>Cu (31.2)>Zn (29.1)>As (2.19)>Cr (0.08)> Pb
(0.05)2] ¢=0 & 7+43}% a1, Cd, Cu, Znol| 3l =2 BSAF
o] ZAFE|QILE ol @R|et Fo] EFEA o] Al 7HA &
&2 AE ZAHT 4 9o, gho] @29t Fo] Cde] e
3t 22293 YERATE Jonathan et al. (2017)%= 9FAAF =
oA H4 BSAF Zh2 Cd (12.38)>Zn (3.89)>Cu (3.52)>Hg
(2.88)>Cr>Ni>Pb>As =22 XM 113}¢] 1!, =(Crassostrea gi-
gas)ol| A 349 YA o] &S Ae 23}, Zn Y Cukitt Cd
of| thgk BSAF o] o Erhal Hugict. ojajuj 7= o3&
(filterfeeder)o ™ 27Fe] 9] fLxEo|L} QFAlof Fabe]7] wfii
of F|LzoA] LS 2AE 2E| oF B9 EHEL =
A 4= 9tk Cde 2 E- 29 7471 9 18 73 Ad(ex-
chagable phase)#} ¥ 0] ¢17] wfjitol| ofujul 77} A ARE-
3+ 4= 9JtK(Soto-Jimenez et al., 2001). THEFE-E2] 5-7] Aol A]
Cd7} 233] AA == A2 Cde] BSAF #10] =2 E T} ©]
4 4= Qlrk

2 A A Aol tAF O R B4, EJRE, 424
W ojsa&e] B AT e dd W A Yl S F
7¥ekoict. Bl &= W vk a4 5%+ Zn, Cr, Pb -0 &
o, gl g et ol E i Y A ollA PLISHERIZH

Hi

rlo

=
=

fr I o
¥ o o

= H



N

re

0.2 357 upepdeh. 314201 9, 4 A Hel Al S shekale A
57]%E WESGOm, SR A R} 5YR, 5
27 7k v a4 %4 EAo] 23tk Zn, Cd, Culs 34, 94
2S4S RO F2 2 A 3402 Selsglon, Cdet
Zn SAMIE(E) R W 52 %4 4L Bt

o] = B2 2025 FAFARISH SASIAT ALY 5 ¢
ool g7 2L L W Q1(R2025015) 24| 2| 2hel] 9l
S g o] A7) A AHe L 7)71 84 £8L
2 FYSAtel SR AT PG, A Qe
A BAE
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