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B AelM= 2000Lﬂ HE 20239704 QARE sofellA] Bl Bl HAE U T s Al RlsS A8
TF GARES iR ARIEA7F Q1) Qo] T4 298] flddo] w2 A9 oR, Ay T v W+
olgl T2 24, Jd xo] s FEEiACl vxE FEFE T8 o= Frkstarat ek, siell A Cu, Zn, Cd, Pb,
Cr*, T-Hg, AsZ, ¥|Z&)A Cu, Zn, Pb, Cd, Cr, Hg, As, Ni, Mn, Co, Li, Fe, ALS EX&}11 aj9kst77]53} v]ws}
o] LAEE BRI Bl & SEE FavE Al o E RiEAS BiloH, 53] 20000 F-FHE UAIA S
T F7¥e H A ghashke A Eke] vkt E *%94 A5 skl ARE ol 55 F TI7F AN AlselA
F7|EE 28], 53] Cust Zne o] AwelA 247t 20.60 mg/kg, 68.40 mg/kg®] 2171 et

Ak, B2k 0 2= gk ol (H1, H2)elA 7Hg
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%L TR BEEom, A7 0 2= 2010t ©] % Cr, Hg, As

57} AR SR A mol, B B AR WES R, 7] BA 5 Tk 2499 7)o] 754 A
AR 1 Q1 JRIUe 710 B Fdhe] S W TS Rajslel, A5 WA ol B
o 48 He g

Slgt Foa B /2R ATE

Abstract — This study analyzes spatiotemporal heavy metal variations in Yeongil Bay seawater and sediments
(2000 to 2023). Yeongil Bay, which hosts large-scale industrial complexes, is considered a region at high risk of
heavy metal contamination. This study aimed to comprehensively evaluate spatiotemporal trends in heavy metal
concentrations, identify pollution sources, and assess the industrial impact on the marine ecosystem. Concentra-
tions of Cu, Zn, Cd, Pb, Cr*", T-Hg, and As in seawater, and Cu, Zn, Pb, Cd, Cr, Hg, As, Ni, Mn, Co, Li, Fe, and Al
in sediments, were analyzed and compared with marine environmental standards. Seawater concentrations exhib-
ited considerable spatiotemporal variability, temporarily increasing in the early to mid-2000s before gradually
declining. In sediments, seven of the eight metals exceeded the threshold effect levels (TEL); specifically, Cu and
Zn surpassed 20.60 mg/kg and 68.40 mg/kg in most years. Spatially, port stations H1 and H2 exhibited the highest
concentrations. Since the 2010s, progressive increases in Cr, Hg, and As concentrations suggest potential contribu-
tions from various sources, including industrial effluents via the Hyeongsan River, atmospheric deposition. This
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study highlights the necessity of continuous monitoring and pollution source management in Yeongil Bay, and pro-
vides a scientific basis for future coastal environmental management policies.
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Spatiotemporal variation(*] 574 ¥-5), Seawater(31<7), Sediments(E 4=

LA 2

FH 54 Az ARlske TAISEE Q18 g Ll Tkt

LA Eo] A Y= B AR AR Qo &
w52 A FE it Do, o)7] sk T ARIF V)
5 W, 2 S, 98T kg, Av S 5 1914 71ds
1 S1eksbd o2 1 ¥Tk(Nouri ef al.[2008]; Singh ef al.[2008]).
5] ARTEA] ¢} ko] st A9t 31732 S0 ZHE] 25 2]l
AL = o A AAF o7 Agkaidold FE452 A%,
4, ey ke qrysiels Ase] EUs] 8= gk
(Morillo et al.[2004]; Ra et al.[2013]; Wang et al.[2013]; Qu et
al.[2018]; Liu e al.[2020]; Kim and Kim[2023]).

T4 Ukt 37 w2 (matrices)oll A =718 5% (ppb HY
oA 10 ppm PITHE EAIEE] wiiTol| v|EF S5 (trace metals) O =
Y9 tH(Kabata-Pendias[2000]). ©]23F 45 94252 &Ude7
oA wllf- vk FE R Slle]] EABHAA, U, 2984 T ok
et sfiok A o] FARE 7]ssIth H(Fe), 7-8(Cu), YR NI),
FFEH(CA), 014 (Zn) 5 3% A=olAl B4R vF dUi e
24 A3, a4 843}, 38 Uik 5 olE] Ak 7sel o
&S S=8)8HH(Morel and Price[2003]; Bruland et al.[2014]). RF
W H(Pb) 52 AF vF TEES 59E e FE 1914
LA A= o] ljF AefAlel F7d4] J3E w|RITk(Boyle e
al.[2014]).

Flofo® FYE TS AEA FaEH HAE el
Auw, B ee Eegeld 2 sl uel &2 g AolF
(remobilization)F| o] d= Fo 7 §&F = = AAH 3549
(source° | R} A4 (sink) S-S SHH(Long et al[1996]; Fichet et
al.[1998]; Ra er al.[2013]). 78 BEiAlIA 7V & Su55 A%
2 HA 5019 (Gaur ef al[2005]), HAEo HEE FEE5S
T U £ 35 T2 F2 2E AXE 23t (Huang et
al[2012]). wEbA] S8} H A B FE452 EE 5L gt
= AL TEE5 AT 1 3 9T 7t ool Fos

A5 55l EAlskE Sade Mo RS BEl AEEES
do 4= 9lom, A o7 QA A7l A7kt JES v 4
SITHLim et al[2013]). T 242 4] 524054 (systemic toxicants)=
=, ofg] 7ol e ol 718 il 9l Ak 25
1ek 4= 9Jth(Tehounwou ef al.[2012]). 91E S0, TH] =FojA]
W FER HAE IRk, IR b dAeks &
sl 4= 9l50] W 1% T Hong et al[2014]; Adams et al.[2014]).
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Fig. 1. Map showing the Yeongil Bay (YB). The triangles indicate the sampling sites.

Table 1. Information on the sampling stations including latitude,

longitude
Station Latitude (N) Longitude (E)

Y2 36° 00" 45" 129° 25 48"

Y6 36° 027 26" 129° 277 04"

Y11 36° 03" 56" 129° 30" 46"

H1 36° 03" 00" 129° 22" 40"

H2 36° 01" 26" 129° 24" 48"
Qbelled = dol el 17) Aol AP 3E L St
S 199735 A7 A 43](2E, 52, 8¥, 11¥) 47
How goisin, B3} A% vl S3elA 2A} ol FolAltt,

E AN &, 98, S (Dissolved oxygen; DO),

kA ik Q75 (Chemical Oxygen Demand; COD), &4 (Total
Nitrogen; TN), %Q!(Total Phosphorus; TP), & % %2 (Chlorophyll-a;
Chl-a)?] & 77| FEo = a4 A 52 =e3ets] SAS Tots
o, 3] %= (Mean grain size: Mz), At 334 33} (Acid
Volatile Sulfide: AVS), %37 (Ignition Loss: IL) §}3]‘7<‘V\V\ Q
T (Chemical Oxygen Demand: COD)?] #7)] 3502 E|Z&E A
o) Belsior S sl A FE A 95E T

2(Cu), H(Pb), °}A(Zn), 7H=F(Cd), 67}TE(Cr*), FF(T-

Hg), H]&(As)9] 770 dgoln, Hl A& $55% 4 52 ¢
(Cu), ©}(Zn), F(Pb), 7FEH(Cd), T=(Cr), T (Hg), H12(As),
YA(Ni), 7HMn), ZE (Co), Z1H(Li), A (Fe), EF11E (A2
137] 55 o= siict

Sods diolels v ul 571 g Rleld Ak lem, s 5
T 289 89 3l FAL, BAE Fade 28elw &=

= TSm0
/‘}Elc’*‘:‘r olell wet 2000

FE 202397H] dl4 5 297

82 XT HolHE, H8E T35 2€ HolHE % o ggs}
. BAE 55 5 F YUANI), BHMn), ZLE(Co), &

F(Li), D(Fe), (AN Z9 20124 0] F FA f‘z&%ﬂ )
so] BAEgIT. e AP Wale] G vl 84 291

o7 71 71AE N EE (https://data kma.go ki/)2] 5 A}
HE A Aol FEEITE 2 Aol AFae ek AFES
7} 951 9 A7 dolElE 7] glo] dlete] wse Ak st

(Simple Arithmetic Mean)S |- 88T} 3, BE w4 A5
sl ok &7 A1 3 7155 (Standard Methods for the Examination of
Marine Environment)ell 718103 Arke 571 591 BAIY-S A=
stof, Mo A e A4 glo] sfid ARE Ql8sto] A7
AEdE gEs
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3. 43 4 =k Q7(Chemical Oxygen Demand; COD), 24> (Total Nitrogen;
TN), %?1(Total Phosphorus; TP), & % %3 (Chlorophyll-a; Chl-a)°]
316l SE=RE Sd B3t 7HS Fig. 20 VFERAITE.

ToA A8 200093 2023371412] 29, 8¢ HZ 8 T 8.0014 26.2 T2 WLICET: 16.7+ 7.2 T)s B3t <
AT, ST (Dissolved oxygen; DO), $FaldAtA & 29 Wl 882 =2 AlEZ o] 5 Ueisth vl &
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Fig. 2. Long-term changes (2000-2023) in surface water parameters (temperature, salinity, dissolved oxygen (DO), chemical oxygen demand
(COD), total nitrogen (TN), total phosphorus (TP), and chlorophyll-a (Chl-a)) based on the mean values for February and August in Yeongil Bay.
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FAR R oA Ak Hp > 0.05), B4 o= At &

20| tsiA “dsehe e YER T

A2 2.6014 34.3 psul] A (1 31.8 = 4.9 pswyE KTt

A7 0 7= A& 11 o] 5ol WolR& A gk UERR o,

© ALHe] AL Aoz Qs dr 79 FAe), AFHY
O

Ao Q% U5 f9 FHE wet. 5
3

;

A (anomaly)7} B2 =T, o)== 2013 82 585 mm)
I njwato] 2014 89 FAF A7) (453 mm)e] S S7F
S AE Kol AQE ddo®E 8| RS 7hsAol At

£F4F2(Dissolved oxygen; DOY= 659141 11.8 mg/Le] W)
(33 9.0+ 1.0 mg/L)E YERICE 2020 8l 11.8 mg/LE
gk 7153k om, FFEieh A A ws-e eRA] sk

38k Ak~ @ F8F(Chemical Oxygen Demand; COD) 0.39]14]
7.5 mg/Le] MY EET 1.3+ 1.0 mg/L)E HePstth Auzos A
AR} o5 - vk SRR AES Hlou BAKOE &
93k 78 ol tHp > 0.05). 53], 0] 5 psu ©]5FE w¢-
word 20149 8ol COD H1F #lo] 7.5 mg/LE, ThE A17]¢} H]
w3l AABHA =hTk. A o) 20149 8ol B 19S5
aff W2 ¥l f7lEo] YUt s oR f1ld Zlo] T ejlow
Kol o] 2 Q& Ht COD7} YAFor AA F7Ist o= 3
Sl

%7 2 (Total Nitrogen; TN)E= 149.0014] 1808 pg/Le] (B
T 283.2 + 339.6 pg/L)E, % <1(Total Phosphorus; TP)> 6.361A]
107 pg/Le) W@ 15.6 + 269 pg/L)= eI A7|Zo s F
= LE DAshs A4S B o BAA foAL «l8ithp >
0.05). TNI} TP H3F 93-0] 5 psu o532 Wi S 20143 8
Aol HuizkS 71538h, FLRtelA] B52] figle] 44 55
AJsh= T2 2AAES ARSI

£ 2 23 (Chlorophyll-a; Chl-a)2 0.23 °|A 30.0 pg/Le H)
(B 5.52 + 4.02 pyL)yE Bk ALAo] W ojEHo| A
Ao R =o AEA e HYlom, F7|H 02 sk AEo|
eSO f2l514] ekhthp > 0.05). H FEFL0] 5 psul®
ol SHA] YERJAL TN, TP #lo] 3] veRd 2014 8Ll 718
8 5 Chl-a #0] UEREET], o) %8 25202 Qg &
2 719 ATl ]le® s AEEHaES] AAFe] St
3k Zlo] 3 ¢glow whe)

320l B35 322 MY 2= =Y

42 T3l Aol sl TES5e] AR Bt FEE Fig. 300
YeRAILE a5 & 5% H3f $ 5 Cu 1.53+2.03 pg/L, Pb:
054+1.00 pg/L, Zn: 8.11+132 pg/L, Cd: 0.14=024 pgl, Cr*":
0.25+031 pg/L, T-Hg: 0.01+0.02 pg/L, As: 0.92+0.62 ng/LE 1}
ERTE,

N

Cu, Zn, Cd2] F%+& 200040 X SHko] AxF o7 =781
o} o]F b 7AaEke] 2010 o]Foll= e B RS H4

Fo] - olg-3 - uho]s - HAe - el

3ISATE Cugl Zn= 2004~20051301], CdE 2000~-200100 2 1X|E
71589tk Pb T8 Cu, Zn, Cd2} A 20000 Z-ZHtel)
L7 ST 0% fhashs FA7E LEREAEE, 2018100
HIHE 715359 om 20230l Bl A =2 Fho] UERTh
(Fig. 3). 2000 th &Rkl YR Cu, Zn, Cd, Pbe] 52 55
E4 QRlef] 93| 3l 2710l Bl 5 55 s=F T daE
ekt At sedolx= 1997AHE] 20033714 AA 7S
St =dx 140 =S 9™ (Yoon et al.[2003]; Pohang Regional
Office of Oceans and Fisheries[2025]), W2tA] 4 2] & 299
a7 BHEo] By or wtHUA 5 F dld Fu5
Tof Jgs m)R Aoz AR R o) T2 AlY] HHE Y Cy,
Zn, Pb, Cd9] 557} A it Akl 2 1alsich3.5 E%
E oS5 59 AAYE B B4 ). e o EAE U
THEE 879 B -3shy 24 Wil ul 502 A8E
= 7 3UthRa ef al[2013]). 53] &4 2 =814 wehe g3
(desorption) % AJo]5-(remobilization)y 3151, 31~ W] T
FEE T7/PIR PR1o® bt Crf S 20000d) &2 F5F
AR S7FeE - Fhashs AEE B0 2011de] YAl 5

So] ThE €0} ThE ol 19l S4do] LeRtet. o) s A7)

ARSH), T-Hgs 20000 Z20F A8 02 =2 w58 HYlo
ol§ A&H 07 H4sto] 2010d o] Fells Hhe T FEL

FAIE AT o= 2004 A e AFFEA =919 A 31
=

2

2 #4502 34 789 o 79 FEL 2] S5 9 Al
A 950) Gelut Afede ENEO R Aol JURO vlE
= A Aol 9ol Haleks 7haa]7] €olo g vkt whe

- 2 E71 T

i

[e]
7193 AE Fe 7HE ZoR Akt

330l 5235 2% "ot

T T Tu5 29 B7EE S8l siREA B 713t vl
SHltt. S EAl REE gt a5 dlg 7152 AdTAT-
TA](2018-105 )l 2Bt A= oM, 2 A= 3 7]
= 5 W71 Blaste] 28513tk Table 2). s EIAl Bs
7155 29k Cust Zné] A H% FEE Fig. 4, 5o YER]
Ak FA AR S FYENA RE7|Ee Cudl A5 7E
3.0 pg/L, Zn 7|71 34 pg/LE A7 o] Qlrk

Cu= 200033} 2001 29, 200433} 2005 29 B2l 8o 3
FAHA BE ©@7|7]52 3 pg/ls 2346k 0n | Zn 200411
293} 2006 8ol 22} 34.3 pg/L, 38.19 png/LE 715(34 pg/Lye
oK IS o, 20059 287 8¥oll= 212 60.94 pg/Lel 58.26
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Fig. 3. Long-term changes (2000-2023) in the concentrations of heavy metals (Cu, Pb, Zn, Cd, Cr®, T-Hg and As) in surface water, based
on mean values for February and August in Yeongil Bay. The red dashed line indicates the marine ecosystem protection standards.



52 0] ol - uhe)S - A - e

Table 2. Concentration values of marine ecosystem protection standards for heavy metals (unit: ug/L)
Cu Pb Zn Cd Crt T-Hg As
Short-term standard 3.0 7.6 34 19 200 1.8 9.4
*Short-term standard: applied to single measurement values.
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Fig. 4. Long-term changes (2000—2023) in copper (Cu) concentrations in surface seawater at each station. Black and gray bars indicate val-
ues for February and August, respectively, and the red dashed line represents the marine ecosystem protection standards.
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ng/LE 71535k sl EA BE w@r)7)Er) oF 1.7~1.84 =
& e HERl

Cu®] &% ¥ 200407} 200500 dloE)7F EAlEHA] =
H1 435 Aelet 5= FAelM 7IeAE 2s8lslth. 53] Ak
WAl 7R QAL 71 el S1x1%E Y2 7g3delk 13.91 pg/l®
1 st PEE oM, o= W71E(.0 pg/L)Rr o 4.64)

=2 50190t Cu s YRt glofo g s Fudog
Taehe 31 W HElS UER o= A sl g
Ao & FErt Yehtal &]oF dlgelM= 78 57T Hot
A= BEE Hol= o] ATsl XH BES HATK(Vance ef
al.[2008]). ©]2I st a2 5432 S 299, 53] A=A elA H)
FH= B0 Cul 2 23ddS AAKTE Y2 A glele

dlolel7F EABHA] o= H1 47& #A12I$ Y6, Y11, H2 g 7elA]
717} 8.12 pg/L, 8.01 pg/l, 5.19 pg/Ll] =& FEE Ho Hubxoz
200413} 2005\ A0] A7 fielA Q1914 719 Cu P&l =2 4
B leS 18 4= 9k

Zn 55 71 ool YIS Y11 el 20054 89.71 pg/LE
FHagko] #EE O, o)= A Ber|E 7171534
pg/L) tiH] oF 2,681 Z3ksk= ol leh. Y2 FRlellA i 62.11
pg/Lel =& Tt S4E W)7IES oF 1.8 2938I90ct. Zn
TR ¥ BXx= Cud UE oS Helet], o= Znd] &
ddo] Cush= e BAE 7 -8 9nleitt 53] Y11 3
oA Zne] =2 T JLN g 54 2@9lo] EAg
7Fs ArkelA, olell gk 37121 9ol A B asitt

sl FeHg oM Cugl Zn B vlA= oAl B2l vEF Y4
o7 oA YA, Q1A @QloF Qlal FET) Hold A9
AESHA AA delM 535§ 5 lvka 4214 Atk Sunda
and Huntsman[1998]; Duréan and Beiras[2013]). T+ 5949 4%
H ArellA] S EA RET|ES 2t o] EAlSh: T
FURtA Cugt Znoll st 578714 RUE P 299 w9
g QAJo| 7xFr),

34 ElN=E 22N Y

2 E9] 1= (Mean grain size; Mz)9} 715 3 543&

Yehf= Al 34 3181 (Acid Volatile Sulfide; AVS), A7
(Ignition Loss; IL), 31844k @ %(Chemical Oxygen Demand;
COD)2] A FFZkS Table 30 A= HAgES Fig. 60l U
ERiiTt.

At FAE] BHIEE 1.16-10.52 ¢ (F 628 ©) WA=
Kolu], Hduta o7 A E(silt) 712] AlHA E2=o] Akt
o= WHAIA Uivke] EA8 540S Whdsh (Allen[1993]), A1
HA BAE] 5 v EHAS vgas Sl e 208 A
S (Horowitz[1991]). - oA e HE(Clay, 8 @ ©]
H 9 A} (Sand, 4 @ o8t H4=2] 3312 FiE WeS 2R 4
oA, 123l §7 BAE ae] visAed 9
25 MAFSHHGao and Collins[1992]).

AVS$} COD= 217} ND~1.265 mg S/g-dry(8 7t 0.26 mg S/gdry),
3.15~36.58 mg O,/g-dry(H 1 13.46 mg O,/g-dry)?] W9 = L}e}
sk, @A -2ukeke] LRt aFeh 7ol AVSel coDell
§F R0 7)o AAE o] QA etk whbA] 2 ATtelx = o4
S5 Wrlksl] Sl gt EAE Vs A8skelth ditellA
TFAAE HEE 3] AEe 43S T 7€ v52 AVSe)
CcoDell thatod ZHzF 0.2 mg S/g-dry, 20 mg O,/g-dryS #|A18}kaL
SITH(Yokoyama[2000]).

AVS] - A A A5 oF 47%7F Do) 7)E F5(0.2
mg S/gdryys Z38h= 0% vepdth A Es X3Ie A
4ol H2ollM <F 67%7) 7152 238 o, £3] 20153 H2 4
AollM= 1.145 mg S/g-dryd] il FE5 7|1E31800 AVS7) =
th= A2 HAE Ul gslEo] Wrhs gv|E, Saso] I3tz
A3 vAETA o ® EAeH Ao ® AEelA 54E v
BRI 955 57 QIXITH, Aks} 5 SWE) A SskEe] EallEw A
T FFEo] EEH Al A 54E v 5 Tt
(Zhang et al[2014]). COD2| 79~ 5= A4 5 (Y6S] 2012,
2021, Y112] 2005\, 2018'd, 2021, 20223, 20233, H1 9]
2003, 20223, H22] 2004, 20108, 2019 )ellA] DE2] 7|F
F5(20 mg Oy/g-dry)s ZIFsI3iTt.

L2 1.05~20.32%(C3 1 6.07%)2] W= vebge), 245 1L
HgkS v w3t A}, Y2(4.94%)9F Y6(4.91%)5TF Y11(6.14%),
H1(7.20%), H2(7.00%)°] #to] B A Yehd 3102 Kol sl
4He] 718 o] A oR =2 A& < 4= 9tk ILY COD:=
HEE AR IA e F1bE, AR BligAo]l 8 &4

AT

o of

O Wl
= T

a

oot

b

Table 3. Mean values of sediment parameters (Mean grain size, AVS, Ignition Loss, chemical oxygen demand (COD)) in Yeongil Bay from

2000 to 2023
Station Mean grain size (®) AVS (mg S/g-dry) Ignition Loss (%) COD (mg O,/g-dry)
Y2 4.89 (1.16-7.61) 0.133(ND-0.795) 4.94(1.05-20.32) 9.71(3.46-18.00)
Y6 5.85(3.46-8.81) 0.262(ND-1.265) 4.911.69-16.17) 11.01(3.15-36.58)
Y1l 6.93(4.02-8.44) 0.282(ND-0.736) 6.14(2.87-10.69) 15.32(6.07-32.49)
H1 6.23(2.39-9.10) 0.181(0.008-0.478) 7.20(1.89-13.57) 14.50(6.66-20.95)
H2 7.47(4.53-10.52) 0.387(0.073-1.145) 7.00(3.19-10.50) 15.83(8.12-31.48)

*ND: Not Detected
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Fig. 6. Long-term changes (2000-2023) in sediment parameters (Mean grain size, AVS, Ignition Loss, chemical oxygen demand (COD))

based on the mean values in Yeongil Bay.

35 ENME S5 s&2 AAE 2= &Y

20007E] 2023A7k4] GLrt B & EellA FF45(Cu, Zn, Pb,
Cd, Cr, Hg, As)®] 1549 337 F5F Fig. 7, 201397E] 2023
WA7HA] 245 (Ni, Mn, Co, Li, A AT Hit FEE Fig. 8l
HeRHSIT

Cu, Zn, Pb, Cd, Cr, Hg, As, Ni, Mn, Co, Li, Fe, Alx== Z}Z}
0.85~40.67 mg/kg(H 7 27.02 = 821 mg/kg), 15.96~198.8 mg/kg
(33 151.2+35.00 mg/kg), 3.54~50.6 mg/kg(B 7t 37.6+ 8.74 mg/kg),
0.05~3.41 mg/kg(*3 T 0.49 = 0.63 mg/kg), 13.4~134 mg/kg(*H
743 +302 mgkg), 0.01~037 mgke(*3 7 0.12+0.11 mgkg), 1.64~17.82
mg/kg(B T 12.25 + 3.47 mg/kg), 16.65~25.99 mg/kg(F 7 21.10
+£2.95 mg/kg), 424~671 mgkg(3T 568 £93.1 mgkg), 6.86~9.77 mg/
kg(H T 7.97+0.76 mg/kg), 36.39~62.64 mg/kg(H 7 44.74+7.72
mg/kg), 3.22~4.24%( 1 3.75+ 0.32%), 5.84~7.5 5%( 1t 6.87
£0.57%) B}

PP} T §% 79 gt 2o, oo Tl

=
YERE O™ (Hyun ef al.[2003]), Z715E] 75 o543 ALH 7
o5 T Aoz U I T (Won et al.[2020]).
HEA, pRES BE S Tt A 0 ® ) g,
o= whakgke] 1+ ggo] Ak} Al $IAIghe = <l
et A3 AEItKSun ef ol [2014]). 2 2] F3jRlo A= Cu,
Cd, Nio] 34 JER2 1 (Cho and Lee[2012]), SAT-2<F ¢Ieko]
M Cd} Cre Al9lst B T5% %7t A4 VERETHSun e
al.[2015)).
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Fig. 7. Long-term changes (2000-2023) in annual average concentrations of Cu, Zn, Pb, Cd, C
dashed line indicates the TEL, and the solid red line represents the PEL.
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r, Hg, and As in surface sediments. The red
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C
36 EiME 234 oos BY| lyeo = ogs{ 135
33 =] - - = ’ "
HAE T 55 L9EE FUtete WHelle w545
(enrichment factor, EF), 5314%*(geoaccumulation index, I,), & C,2 24" £F59 ¥5, B2 4 £F5Y widsE

=55 H](Concentration Enrichment Ratio, CER), L3539~  (background concentration)s- “FEFHTE. Bl7d-553= Woo er al[2019]°]
(Pollution Load Index, PLI), AJE}$I8IX]<(Ecological Risk Index, H.18t Li® % ¥F3hd SHEE At E8E9] 5% WiAds %
ERI) 5°] 9t & ol o5 5 Miiller[1979)F Akt 1,5 (Cu: 14.7 mgke, Zn: 69.8 mgke, Pb: 252 mgkg, Cd: 0.134 mg/kg, Cr:
283t 2AEE Hrleklh L i dllolo) AFsa] EAo] vk 46.1 mg/kg, Hg: 0.0159 mg/kg, As: 7.4 mgkg, Ni: 20 mg/kg)E
ol 5 glon, 3 slele] 0ol F7e PP ol feSt  BEI.

(Lee et al.[2008]). 1= #ke] W 9lel whe} 792 Hisle] 24 FUNE H Ao A TS w0 e o® 1, B
A=E 7IeH (Table 5), 1912 LHES ddshz Ul ARGk A3HE Table 601 HERAITE Cut= I, class 0~2 AF] 2 unpolluted~
Lo T8l AR &8l AEeh moderately polluted, Pb$} Cre- L, class 0~1 AF] = unpolluted~

unpolluted/moderately polluted, Zn¥} Cd- 1, class 1~2 A}o] &

geo
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Table 4. Comparison of heavy metals concentrations (range and average) in sediments between the study region and other coastal regions of
Korea. (unit: mg/kg)

Study region Cu Zn Pb Cd Cr Hg As Ni Reference
Gwangyang 6-34 23-126 13-35 0.01-0.27 18-76 7-35
Bay (18) (86) (28) (0.15) (51) . . (24)  Hyuneral[2003]
. 18-91 67-352 10-69 0.20-1.84 23-82 8-16 22-39
Jinhae Bay 42) (125) (29) (0.57) (58) - (10) (34) Cho and Lee[2012]
21-76 118-327 34-76 0.1-1.1 27-34
Masan Bay (46) (200) (50) 0.6) - - - 31) Sun et al.[2014]
Ulsan-Onsan 20-249  103-1160 0.14-1.02 54-80 0.03-1.53 10-21 26-38
coast 92) @317y 26-331003) 7 46 (64) (0.34) (16) (30)  Sunetal[2015]
Gyeonggi Bay 1.54-17.16 8.71-79.96 19.33-36.14 0.02-0.13  6.78-62.91 0.002-0.019 4.07-9.62 3.98-25.24 Won et al.[2020]
(summer season)  (8.87) (46.55) (23.84) (0.07) (36.43) (0.009) (6.37) (14.42) etat
Gyeonggi Bay 0.74-14.67 5.41-65.94 18.73-32.31 0.01-0.18 3.01-56.88 0.001-0.018 3.23-8.42 1.20-23.17 Won e al.[2020]
(winter season)  (7.03) (41.64) (23.89) (0.06) (33.31) (0.008) (5.79) (11.94) )
This stud 0.85-40.67 15.96-198.8 3.54-50.6  0.05-3.41  13.4-134  0.01-0.37 1.64-17.8 16.65-25.99 )
Y (27.02)  (151.15) (37.6) (0.49) (74.3) (0.12) (12.25) (21.10)
TEL* 20.6 68.4 44 0.75 116 0.11 14.5 472 -
PEL** 644 157 119 275 181 0.62 75.5 80.5 -
*TEL(Threshold Effects Level): The concentration below which adverse ecological effects are expected to occur rarely or have only a low
probability.

**PEL(Probable Effects Level): The concentration above which adverse ecological effects are expected to occur frequently or have a high
probability.

Table S. Classification defined by Miiller [1979] for geoaccumulation index ()

I, class value sediment quality
0 L, <0 Unpolluted
1 0<Ig =<1 Unpolluted/moderately polluted
2 1 <Ig <2 moderately polluted
3 2 <l <3 moderately to strongly polluted
4 3 <, <4 Strongly polluted
5 4<I,<5 Strongly/strongly polluted
6 Leo> 5 very strongly polluted

Table 6. 1., values of heavy metals in sediments of the Yeongil Bay

Station Cu Zn Pb Cd Cr Hg As Ni
Y2 -0.21 0.34 -0.14 0.99 0.63 1.85 0.10 -0.29
Y6 -0.52 0.20 -0.32 0.28 -0.45 1.93 0.08 -1.01
Y11 -0.23 0.35 0.10 0.63 -0.41 1.86 0.14 -0.76
H1 1.52 1.11 0.19 1.84 0.02 4.12 0.42 -0.35
H2 0.90 0.98 0.39 1.31 0.79 2.84 0.50 -0.28

unpolluted to moderately polluted~moderately polluted, Hg<> I, ™, XIaliwka} wiiRte] 73-9- Cu, Zn, CdolA 1, Class 1~25 LHEk
class 2~5 A1°]= moderately polluted~strongly/very strongly polluted, As  Wlo] FATH} FALSE @ S BEITH vhd, SAE-24F 19k} )
= I, class 1.9 % unpolluted to moderately polluted, Ni<- L,, WIS wf thite] So5 ol JAdntuct 2 o] 59
class 0% unpolluted % EIATE. & 7H4] © 2= Ni(l,,, class 0)=  ©] 2RI¥SITE Hg= 1, Class 4% A25E 0% 755 anq_ a
A 2latar st (Y2, Y6, Y11)2] -4 1y, class 0-2(unpolluted~  2jut FARF AA] HeZb I, Class 3.2 552 @ Q=5 H3loH,
moderately polluted), &7+ g5 (HI, H2)Z I, class 2~5(moderately ~ Cd 53t 1., Class 25 YERIO] 4241, 8, vt} e

ﬂJ

SR ks

polluted~strongly/very strongly polluted)®, &4k o] Uyuk 4 244 555 14—3}141%‘111} o e 1, Pl B7HE FE =

ATt A o7 A Yepst) o, FL9e- Heob Cd7t ‘3]*4 =5 50”1"1] Hlaj 19121 2%
U F8 A%e] Bt FEE O R AEE I, 4k Table 70 FA]0] oEH Aoz FHEHA 18 Zlow Avkec) b 3

LERAIE, ddnke- Anta o st A, Class 05 ¥l Hgol CdE -+ L]H d2 T st olrh

FeFt 7] vlaiAs 2 L% (l,, Class 0~3)5 R3S 3, TR A2018-10Z00)A A sdRd 7|+
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Table 7. Comparison of |

J)

% 529 A

of

7 s 59

«o Values based on mean heavy metal concentrations in sediments between the study region and other coastal regions

of Korea
Study region Cu Zn Pb Cd Cr Hg As Ni
Gwangyang Bay -0.29 -0.28 -0.43 -0.42 -0.44 - - -0.32
Jinhae Bay 0.93 0.26 -0.38 1.50 -0.25 - -0.15 0.18
Masan Bay 1.06 0.93 0.40 1.58 - - - 0.05
Ulsan-Onsan coast 2.11 1.60 1.45 1.19 -0.11 3.83 0.53 0.00
Gyeonggi Bay (summer season) -1.31 -1.17 -0.67 -1.52 -0.92 -1.41 -0.80 -1.06
Gyeonggi Bay (winter season) -1.65 -1.33 -0.66 -1.74 -1.05 -1.58 -0.94 -1.33
This study 0.29 0.53 -0.01 1.29 0.10 2.33 0.14 -0.51
= FEvER) WA E el AEREs Telste] AR HAE & X BEES B A fdE e9udo] dlF fes w
A7]159 F9]7])F(threshold effects level, TEL)? #2]7]F 2} GUvt e A&z 07 S5uo] F29S jpysigion, 9
(probable effects level, PEL)¥H= Bl sttt B]2E S5 kol Avk YollA t7] 7] 2:29] 7]9& glaiqltt. T3l = o,
o5t el 2HE 71 ke Table 40l ERASIEE. o] Z1EelA Cusl  #H B2E g TE5E2 vk 4o PSS A
zn®] B Li FES olgale] Q5 wAs Avkghe 1F5Es  E50 K93 Y] 38 5 v 248 o99le] BgHos
H] w8k i7gshaL Qv 1o i -9 2014L4 o Hlofel=  7]ofsk A3k s €Tt Ni, Co, Fe, Al Li- Bz Fg2<l 5
3 7= =51 olddell 59 AnEA, Li 5ol thet 4%kl =S fARCH, Mn2 H2F S7kehs AEES Bl ol W
RAato] 2014 0172] Cu R Zn HloEl= 7R ske] Wlm WYL k= X1 Aleh, Sk BE, A8 Wal 5 o) a9le] JEke
ool A Allskolet. Cust Znd AlLlst 67] F45(Pb, Cd, Cr, As, Rk AR ebelch dhd, 199635-E 2011974 zl3e 4
U

Hg, Ni)ell tislixl= 71 w59 24 vlasisict,

Cuc BE A%ofA F97]155(20.60 mg/kg)ys 238l 48
BT Zne BE AxelM F2715(68.40 mg/kg)er Z:JJrOHiE
), 20161, 2017, 2019, 202043, 2021, 2023 d0ll= #2)7]
(157 mg/kg)ye 33T} Pb= 200443, 20064, 20161d0] F
27144 mg/kgys 2SI Ch T2 AwollA egaQl
FE s fAIE o, 20010 #E171E(2.72 mgkg)E 7
Aeleh= 543 v 57 F B Cr 2002497 20034
PRl gt 7]%?2&\% o]F ANk o ® TrVeh= A HYO

o, 2021L14Jr Joll +2]715(116 mg/kg)ys Z33I3iT). Hge
200090 ZRF S FEE MDM 201000l ZRHE AX
Ho= ~7}o}« ZAgko] LElskow | E3] 20165 E] 20233714+

F712(0.11 mgke)yS A&HH0Z 5?%&%1@. As= 200219
7P S S 715 o] T Al A o T S Bele
770 F 2004, 2006, 20163, 20201, 2021, 2022,
20231 )04 F+2)7152(14.5 mg/ke)S 23813t}

Cu, Zn, Pb, Cd, Cr, Hg, As s+ Q5 53138 W3} ofyo]
B oM, A Awe|r= Fo7|E W A |ES 27 ARIE
3] UERdth 53] Cu, Zne thio] Aol 71EX5
207 238150, Cr, Hg, Ase #H S7Fsk= 4115 Bl
ule} B A5 34 9 AeiAlel] #94 9¥e vE 7t Qi F
o A= Cr, He, As®] 71 A3 3PS B8l A9l At
Jt=] 719 29 Fakel st wdo] Qe
et al[2023] X3 A7AAGEA QI FEAY AV 25 B

7

] IEE Fus 9o AEHA] wiErellA

1HgE A ARF 20069 5E] 2013714 Q) E8Fe-at A AR
(Pohang Regional Office of Oceans and Fisheries[2025])¢] 2173
Wl 9 2 felell S FUE 7ol itk webA, 2 A
Tl olxl Aik= HAE TSl gt A154]Q1 RUEH
o] He/3E AAlskar Q.

O] ALollM FE7eE 293 Cust Znd FEE B
B2 el QA ThFig. 9). Cut Y294 0.85~40.67 me/kg((E
19.01 +9.04 mg/kg), Y6l 10.07~33.61 mgkgCa e+ 1533 +£4.92 mg/
kg), Y1104 11.25~32.49 mg/kg(d i+ 18.74 +4.29 mg/kg), H1 4]
36.04~8649 mgkg(B T 63.17+639 mgkg), H2olA] 19.81~58.18
mg/kgCETt 41.01 +9.46 mg/ke)2] MHE WA ow, ZnE Y20llA
15.96~231.74 mg/kg((B Tt 132.84+ 43.08 mgkg), Y641 79.05~209.79
mg/kg(B 7+ 120.25 +28.81 mg/kg), Y114 101.77~194.51 mg/
kg(%H 1 133.78+28.33 mg/kg), H1°l 4] 181.02~314.42 mg/kg(33 o
225.86 + 37.51 mg/kg), H2ell 4] 129.38~270.75 mg/kg(3H o 206.91 +
31.85 mg/kg)al HIE BT

Cu®} Zn 5% HIT H2 Aol Ahr oz w8 557 32
Elgio:q ] xﬁ;ﬂg _z_zﬂ—?-s} ) /\tﬂ—o] Hx]z:s_ @9& 301—131-

3 EF B0 9T 2 ) ek Zlow dddr),
toll $1A18F Y2 Ao vl & F 57k VER O, Cus
oA Qo R AR Fvt fhadhe TR 30 A
Uk WHA, Zni= QAR 7R 9ol 9118 Y11 oM E =2
7} BEEIY ARk o2 zno] FQ 993 edYdor =
L5CE, AR, A=), ek, 985, 181 A
uko] o}l 2= (zinc anode) Y W TR ARG 5o] AIRFATH Zhang
et al[2012]; Rees et al[2020]). o123t A2 545 1 HT o),

Y11 3] 52 Zn w5 98l Q1] At & 5 9 &+
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Fig. 9. Long-term changes (2000-2023) in concentrations of Cu and Zn in surface sediments at each station. The red dashed line indicates
the TEL, and the solid red line represents the PEL.

7HARL @.delell o7t FEA 7Fsdol Atk s, GURE e (resuspension) 5 5]
884 = %H(hydrodynamic circulation)} ¥ & &9 AF-fF Ao w2, FUNE U] FAE 4 3telA] 7] st e dEHo]
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B33 = 5ol o8l Qa2 45 (transport) AU, Y&
(sorting) 3F4& AR 5 olel] A 7 glge] el vt
EhKim ef al[2025]). WePA, B A1) 5% 1) Cush zn
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