l3_'-;'-0H Ok3}A .

o T O

ol x|&t2] x|
J. Korean Soc. Mar. Environ. Energy

’i) Check for updates

https://doi.org/10.7846/JKOSMEE.2025.28.3.117
ISSN 2288-0089(Print) / ISSN 2288-081X(Online)

Vol. 28, No. 3, 117-132, August 2025

Original Article |

2] B FU el o) 24 290 Al Y
BRI FukA)2 . ukr] 05 2 o)t o= AN e} - o] g Al
(EFH A 2B A ] 517 shs A B A1)

I DR R
gkl Tet sk g
sgj|okslz ek gjokrAE] v
SEW QA AR A R 317 SFE A e Ao AL
6(T)X] QA|AEIEA R S 3l A el /\]_1:1 o)A}

EWR QA 2B M%) S Bl e BALe

Source Identification of Metal Pollution in Commercial Ports

?ugﬁ“ﬂ{hmﬂ
Y

o
oy
it
[t
2
5
IS
iy
5
o, bH

o X

o
R ot oft

e

o 3@ e

Using Copper Release

Jongkyu Park"’, Mansik Choi’, Geonwoo Park®, Chulin Sun®, Junsik Woo®
Taeha Kim®, and Hyojin Lee’

!Senior Engineer, Department of Environmental Chemistry and Ecology,
Geosyslem Research Corporation, Gyeonggi 15807, Korea
Professor, Department of Marine Environmental Science,
Chungnam National University, Daejeon 34134, Korea
Researcher, Marine Environment Monitoring Team,
Korea Marine Environment Management Corporation (KOEM), Busan 49111, Korea
“Senior Researcher, Marine Environment Monitoring Team,

Korea Marine Environment Management Corporation (KOEM), Busan 49111, Korea
’Managing Director, Department of Environmental Chemistry and Ecology,
Geosystem Research Corporation, Gyeonggi 15807, Korea
’Managing Director, Department of Environmental Chemistry and Ecology,
Geosystem Research Corporation, Gyeonggi 15807, Korea
’Senior Executive Vice President, Department of Environmental Chemistry and Ecology,
Geosystem Research Corporation, Gyeonggi 15807, Korea

FO
J

S, A, FAYE, 18, Tl el vkl = e R R E f=
e Bl B 2E Al s vl B gre A ) 249 719l
A, §EFE ASE 7o bl A7 7] &S At
} B 3FATE Mann-Whitney U testE -3l &9
HEEE °1 AR Felds Hret @ﬂ', thi=2o] @utel A Cu g5t 28kl 23k, Zn,
sa5 "15 AR 73 o] WERTE. viRt, eatee] - i Ak o] 9F T 584 adle] #
g, @] HHE Ao} HAE TuE s Y RS Fl Jq]q]cﬂ o drt
o] Uebstth. vloj A st o8 A, e e
Sk o] 313l Zn, Pb, Cdi= Frte] &2l 54 5l vid
Werw o 7ol dZ4 71oet 2 T559 o 9
o= e St 7| xR R 482 & ls 2ot

]
o
it
=
0,
rigt
o)
_ll\lf
o?ﬂ,
>4
Erﬂ
o
ol
>,
Ne
i
X
m{n
!, of
il
Ipr
off
H
o
E
=

o

N F

o O
ok
32
o £
o2 i
o
nE
1
AC)
1o
N

TCorresponding author: jkpark@geosr.com

117


https://crossmark.crossref.org/dialog/?doi=10.7846/JKOSMEE.2025.28.3.117&domain=https://jkosmee.or.kr/&uri_scheme=http:&cm_version=v1.5

18 W - AN w1 A

Q- 924 - et - o)zl

Abstract — This study aims to quantitatively estimate the copper (Cu) release from antifouling paints applied to
vessels operating in six major trade ports in South Korea (Incheon, Mokpo, Ulsan, Busan, Pohang, and Dong-
hae), and to identify the potential sources of Cu contamination by comparing the estimated values with seawa-
ter and sediment monitoring data from port areas. Based on ship statistics (Port-MIS), vessel specifications by
type, and known copper release rates, the annual copper release each port was calculated. These estimates were
then compared with concentrations of heavy metals in seawater and sediments derived from the Marine Envi-
ronment Monitoring. Using the Mann—Whitney U test, the statistical significance of differences in metal con-
centrations between inner port areas and adjacent sites was evaluated. Cu concentrations were significantly
higher inside the ports in most cases, with similar trends also observed for Zn, Pb, and Cd. However, in the case
of Ulsan Port, the influence of surrounding industrial complexes appeared to contribute additional sources of
contamination. Correlation analysis between the Closure Index and sedimentary metal concentrations revealed
that ports with higher enclosure levels tended to exhibit greater accumulation of certain metals. Furthermore,
Pearson correlation and factor analyses indicated that Cu contamination was closely related to vessel activities,
including the number of ships, gross tonnage, and wetted surface area, while Zn, Pb, and Cd appeared to be
influenced by a combination of physical port characteristics and non-point source pollution. This study provides a
quantitative assessment of copper release from antifouling paints and an integrated analysis of the sources of
major metal contaminants, offering a scientific basis for future evaluations of source-specific contributions to

Cu pollution in port environments.
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Table 1. Marine Environment Monitoring data collection information

Data acquisition period(month)

Study region Station Sediment Seawater
HK1435
HK1a36 2019~2023 2019~2023
Busan port HK1437 (Feb.) (Feb., Aug.)
HK1438
HK1439
BK1417
BK1418
Adjacent port site BK1419 2014~2023 2014~2023
BK1420 (Feb.) (Feb., Aug.)
BK1421
BK 1422
Ulsan port HK1520 20212;3.())23 (213(2:%3951??112;)
BK1509
BK1510
BK1511
. . BKISI2 2014~2023 2014~2023
Adjacent port site  BK1513 (Feb.) (Feb., Aug)
BK1514
BK1515
BK1516
BK 1506
Incheon port HC0139 20%2;5.())23 (213(239:1?12;)
BC0101
BC0102
Adjacent port site BCO103  2014~2023 2014~2023
BC0104 (Feb.) (Feb., Aug.)
BC0105
BC0106
Donghae port HE2553 2014~2023 2014~2023
Adjacent port site  CE2523 (Feb.) (Feb., Aug.)
Pohang port HEI613  2019~2023  2019~2023
HE1612 (Feb.) (Feb., Aug.)
: . BE1602 2014~2023 2014~2023
Adjacent port site ~ BE1606 (Feb,) (Feb., Aug.)
BE1611
Mokpoport  HWO0612 20%12;5’())23 é%}fj?lz;)
. . HW0613 2014~2023 2014~2023
Adjacent port site BW0602 (Feb.) (Feb., Aug.)
BW0604
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Table 2. The ship information for 6 ports from 2014 to 2023

Study region Year No. of ships (ship) ~ Gross tonnage (t) Dwell time (day) Wetted Surface Area (m?) Cu release (ton/year)

2014 48,183 80,317 55 352,627 919
2015 49,923 82,950 56 364,859 1,020
2016 51,158 83,614 55 368,111 1,052
2017 50,021 86,029 57 386,481 1,153
. 2018 48,051 88,643 54 405,705 1,074
2019 48216 96,542 50 419,873 1,108
2020 45,989 96,126 63 401,462 1,243
2021 43,534 99,852 52 407,626 1,353
2022 45270 96,755 56 404,443 1,401
2023 45,421 94,060 49 370,289 898
Mean S.D. 47,577 + 2,453 90,489 + 6,984 55+ 4 388,148 + 22,765 1,122 + 169
2014 25,998 101,768 28 324,632 644
2015 25,889 104,113 27 325,859 571
2016 25,266 110,399 36 350,128 651
2017 24,094 114,294 38 373,004 732
Ulsam port 2018 23,375 115,231 61 374,175 729
2019 23,874 116,944 65 380,208 813
2020 24,029 116,202 59 368,375 688
2021 23,861 117,896 69 394,303 849
2022 24,368 118,090 119 392,978 822
2023 24,343 117,122 67 367,267 686
Mean S.D. 24,510 + 898 113,206 + 5,876 57<27 365,003 + 24,541 719 £ 89
2014 17,753 107,859 28 408,547 390
2015 19,008 105,388 31 401,085 456
2016 18,719 104,142 31 381,636 451
2017 18,122 108,411 40 400,572 391
Incheon port 2018 15,732 116,797 58 438214 467
2019 14,931 117,690 53 453,294 497
2020 15,566 118,691 41 446,630 487
2021 15,756 134,300 51 483,923 416
2022 14,762 135,048 40 494,744 420
2023 14,266 139,736 54 521,275 430
Mean S.D. 16,462 1,760 118,806 + 13,209 43+ 11 442,992 + 46,105 441 = 37
2014 4,220 39,119 78 215,897 115
2015 4,050 50,631 36 262,569 122
2016 3,979 45,895 24 230,453 92
2017 4,289 34,057 25 163,520 86
Donghse port 2018 4,071 30,446 39 165,046 112
2019 4,036 33,286 26 167,777 109
2020 3,823 30,162 240 164,292 96
2021 4,090 38,429 49 187,081 104
2022 3,669 34,104 38 175,489 124
2023 3,619 40,133 40 193,735 131
Mean S.D. 3,985 + 219 37,626 + 6,649 60 = 65 192,586 = 33,695 109 £ 15
2014 1,043 46,068 30 200,229 31
2015 2,815 39,189 70 150,567 27
2016 1,843 39,328 59 102,828 17
2017 1,853 54,076 38 154,402 21
Pohang port 2018 1,877 60,060 78 154,093 53
2019 1,888 57,458 59 151,191 18
2020 1,809 47,543 50 133,118 16
2021 1,761 63,851 129 161,090 54
2022 1,650 55,445 35 177,434 17
2023 1,762 52,564 208 162,189 31

Mean S.D. 1,920 + 325 51,558 + 8,363 75 £ 54 154,714 + 25,545 28 £ 14
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Table 2. (Continued)
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Study region Year No. of ships (ship)  Gross tonnage (t) Dwell time (day) Wetted Surface Area (m*) Cu release (ton/year)
2014 1,657 20,408 85 116,301 38
2015 1,776 18,269 105 92,212 31
2016 1,739 18,620 92 97,992 30
2017 1,839 21,970 116 114,780 43
2018 1,993 17,236 159 75,874 21

Mokpo port
2019 1,995 130,161 143 441,079 14
2020 1,791 25,385 70 124,627 19
2021 1,800 28,324 131 154,981 31
2022 2,479 23,099 57 126,643 37
2023 2,125 49,188 97 210,872 17

Mean S.D. 1,919 + 242 35,266 + 34,611 105 + 32 155,536 + 107,111 28 £ 10

Table 3. Classification of vessels by purpose (Moser et al. [2016])

Vessel type

Type of vessels by purpose

Tugs and supply vessels

Towing tug, Tug boat, For berthing tug, other tug, Pusher, Ship’s tender, Pilot boat, Tug & barge

Other ships

Other ship, Goverment ship, Warship, Police ship, Plying boat, Waste carrier, Ohter barge, Water sports equipment,
Dredging vessel, Other barge, For construction barge, For general cargo barge, For oli product barge

Passenger ships

International ferry, Passenger ship, Cargo-passenger ship, Cruise ship, Car carrier

Tankers

Other tanker, Oil product tanker, Chemical tanker, Chemical gas tanker, Crude oil tanker

General cargo General cargo

Fishing vessels

Long-range fishing vessel, Coastal fishing vessel

Bulkers Sand, Coal, Cement, Steel, Ore, Wood, Coil, Hot coil Carrier, Bulk carrier
Container ships Full container ship, Semi-container ship, Reefer container ship
LNG&LPG carriers LNG carrier, LPG carrier

Table 4. The information of required for estimating WSA and DWT calculation formula (Moser et al. [2016])

Vessel type GT(Gross tonnage) Coefficient DWT(Dead Weight tonnage) Coefficient — Exponent WSA
Tugs and supply vessels 0.847 19.36 0.5530
Other ships 1.658 26.20 0.5510
Passenger ships 0.095 14.64 0.6710
Tankers 1.971 9.56 0.6300
General cargo This study 1307 GT x Coefficient 14.24 0.5960 Coef%l’:gn;pm
Fishing vessels 0.845 15.58 0.6020
Bulkers 1.861 9.57 0.6300
Container ships 1.038 5.39 0.6980
LNG&LPG carriers 1.000 541 0.6990
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ke 2 B2y Floln, =l AS AkErt HE53 1S s B 2]of| 4] Wi WSA(Wetted Surface Area, cm?), D= AUMAH-A]
FHoR Aty e At Fdt 8] A8H 2> 1K), ¢ T8 §EE(24491 ng/em’/day), F 2 B A1
AA| zpolg whrslst ZAo®, Adld vl F=YXE AFSH= (Paint Application Factor, =44 71553k 1), F,= AMEA] 2474
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Fig. 1. A map showing the sampling locations at 6 ports(Busan, Ulsan, Incheon, Donghae, Pohang, Mokpo) and adjacent port sites.
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Table 5. The metal concentrations in seawater in the studied area from 2014 to 2023
Study region Year St. Cu Zn Pb Cd Cr®* As

HK1435 0.94 +0.40 2.45+1.89 0.06+0.09 0.02+0.01 0.16+0.04 1.41+0.20
HK1436 0.61+0.23 1.97 +1.31 0.09+0.11 0.02+0.01 021£0.17 1.36+0.18
HK1437 1.45+0.54 4.10+2.33 0.05+0.06 0.02+0.01 0.17£0.05 1.45+0.28
HK1438 1.54+0.50 5.05+2.93 0.09+0.07 0.02+0.01 0.16+0.05 1.36+0.16
HK1439 1.72 +0.44 6.76 + 3.49 0.10£0.15 0.02+£0.01 0.15+£0.04 1.32+0.12

2019~2023

Average 1.25+0.59 4.07 £2.98 0.08+0.10 0.02+0.01 0.17+0.08 1.38+0.19

Busan Port BK1417 0.82 £0.57 2.34 +1.30 0.06£0.07 0.02+0.01 0.13£0.07 1.31+0.34
BK1418 0.48 +0.40 1.52+1.11 0.05+0.05 0.02+£0.01 0.13£0.07 1.34+0.25

BK1419 0.48 +0.25 1.64+1.33 0.08+0.20 0.02+£0.01 0.13£0.07 1.40+0.34

2014~2023 BK1420 0.43 +0.32 1.52+1.90 0.07+£0.06 0.02+0.01 0.14+0.08 1.35+0.31

BK1421 1.18 £ 0.44 4.18 £2.66 0.07+0.08  0.02+0.01 0.24+0.5 1.32+£0.32

BK1422 0.67+1.13 1.76 £ 1.62 0.11+0.17 0.02+0.01 0.13+£0.06 1.30+0.32

Average 0.68 + 0.64 2.16 + 1.94 0.07+0.12 0.02+0.01 0.15+£0.21 1.34+0.31

2019~2023 HK1520 1.12+0.30 4.75 +0.93 020+0.36 0.06+0.03 0.15+0.04 1.94+0.35

BK1509 0.38+0.18 231+1.84 0.07+£0.05 0.03£0.02 0.17+0.19 1.48+0.23

BK1510 0.95+0.39 4.11 £ 1.96 0.13£0.20 0.05+0.03 0.15+0.06 1.54+0.31

BK1511 0.99 +0.31 4.59+1.72 0.14+£0.18 0.05£0.03 0.12+0.05 1.72+0.49

BK1512 0.99+0.33 4.79 £3.25 021+£0.71 0.05+£0.03 0.16£0.16 1.69+0.30

Ulsan Port 2014~2023 BK1513 1.04 +£0.32 439+ 1.69 129£4.76  0.05+0.03 0.13£0.07 1.71+0.41
BK1514 1.29+0.54 9.47 +11.69 0.11+0.13  0.07+0.04 021+£0.28 1.87+0.71

BKI1515 1.67 +0.89 1591+2133 0.13+0.12 0.07+0.03 0.18£0.10 2.40+1.80

BK1516 0.62 +0.28 3.81+3.54 0.10£0.06  0.07+0.05 0.14£0.07 1.58+0.20

BK1506 0.87+0.26 5.60 +£2.96 0.09+£0.06 0.06+0.03 0.14£0.07 1.55+0.19

Average 0.98 £ 0.55 6.11 £9.11 0.25+1.61 0.06+0.04 0.16x£0.14 1.73+£0.74

2019~2023 HC0139 2.80+2.61 7.07+5.72 0.11+0.05 0.06+0.02 055045 142+0.23

BCO0101 2.13+1.75 6.82 £ 8.63 0.74+1.68 0.06+0.01 0.83+1.76 1.34+0.32
BC0102 1.75+£0.74 5.08+4.74 032+0.55 0.06+0.02 044070 1.43+0.29
BC0103 1.77 £1.02 3.85+3.69 020+0.18 0.06+0.03 0.29+0.27 143+0.36
2014~2023 BC0104 1.60 + 0.63 3.24+£2.01 0.19+£0.16 0.06+0.02 0.26+0.21 1.50 £0.32
BC0105 1.42+0.39 3.05+1.75 0.17+0.20 0.06+0.02 0.32+£0.38 1.52+0.27
BC0106 1.11+0.19 2.76 £2.02 0.10£0.08 0.05+0.01 0.19+0.21 1.52+0.30

Incheon Port

Average 1.63 +0.97 4.13 +4.63 028+0.75 0.06+0.02 039+0.82 1.46+0.31

2014~2023 HE2553 1.15+0.52 5.18 £2.38 0.14+023 0.03+0.01 0.15£0.06 1.37+0.27
2014~2023 CE2523 0.46 +0.41 2.01 £1.97 0.05+0.04 0.02+0.01 0.14+0.07 1.40+0.33

HE1613 1.70+0.71 6.44 +3.87 0.08+0.06 0.04+0.01 0.24+030 1.48+0.26
2019~2023 HE1612 0.82 +0.40 3.27+1.82 1.34+3.88 0.03+0.01 0.16£0.04 1.39+0.18

Donghae Port

Average 1.26 +£0.72 4.86 +3.36 0.71+2.75 0.03+0.01 0.20+0.21 1.43+0.22
Pohang Port BE1602 0.51+£0.22 3.73+4.03 0.05+£0.06 0.02+0.01 0.16+0.09 1.33+0.27
BE1606 0.59 +0.84 2.02 +1.54 0.11+0.17 0.02+0.01 0.13+£0.06 1.44+0.29
BE1611 0.39+0.23 1.84+1.48 0.16+048 0.02+0.01 0.18+0.18 1.40+0.26

2014~2023

Average 0.50 £ 0.52 2.53+2.73 0.11+0.29 0.02+0.01 0.16+0.12 1.39£0.27

HWO0612 1.61 £0.53 3.69+£2.72 020+£0.25 0.02+£0.01 0.13£0.04 1.35+0.28
2019~2023 HWO0613 1.22+0.47 2.64+2.14 0.14+0.25 0.02+0.01 0.12+£0.05 1.28+0.51

Average 1.41£0.52 3.14+2.42 0.16 £0.25 0.02+0.01 0.13+£0.05 1.31+0.41
Mokpo Port

BW0602 1.33 £ 0.68 3.80+4.90 0.13+£0.18 0.02+0.01 0.16+0.14 1.28+0.24
2014~2023 BW0604 1.00+0.30 2.17+£1.97 0.10+0.11 0.03+0.01 0.15+0.13 1.30£0.29

Average 1.17 £ 0.54 2.99 +3.78 0.12+0.15 0.03£0.01 0.16+0.13 1.29+0.26

44 A, T, BTG, BEP, TAFPE QB G Bl <0.05), o5 4 Eet Fuk el rpH o
el SAHOR frolahl e Ao debdthp < 005). =8 Mtk
o] F EHYoIME Posh Cd, ST 70 3k H AolE  Cush Zn A, PlelL, 242 FolA] AMEHIE PoRRY F

H
Mo
off
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Fig. 2. Spatial distribution of Cu concentrations in the surface seawater at each port and adjacent port sites.

Q ARo7 A 9] O (Claisse and Alzieu[1993]; Cresswell et
al.[2006]; Kim e al.[2015]; Schiff et al.[2007]), Pb&} Cd <A
2 AR, At 54, BREA o olfrE e ks 4F &
2% A7 Bu® vl 9ck(Tumer[2014]). WERA s 2552
L7 N Uiel A A vERd Ak e ks 7RI 7kl
S AARBRE A TAZ e 5= QU

e, SARFN = U229 55<(Cu, Zn, Pb, Cd, Cr*)ell
A -85 7F frelgk xlo) 7k vrERA] fkgko ], Astto] Bk o
F-olA FeskA E=A YRt THp < 0.05). o= M e ERHT=
Qlte] Afslsh, vldE4, 24 5 R AAduH| oA frast
Al 29399 S o] A W Qloke 7 AT Te)
F-3+STH(Kim et al[1996]; Baek et al[2013]; Hwang et al.
[2014]).

AAFY] A4 B= THENN AR #F23 Ajo)= ¢
E{l_

o
3] wjAE )= o). vkt S sl 29, 4% 5 =84
Aol B ow Agehs A oo|nw voh AU FrkE 9
F F7tEAPE ot E T
ARAoR, FAXCE o3t F% Ajo|& ¥Rl Cu, Pb, Zn ¥
Cd= o= e 52 78 FdEHdoleh= HellA vt A
uke] 28k 9l Au} ggo] s Fad 290l 7loskal e

w .

it

14

I‘Z
1.0

Cu(ug/L)

l11
10

Cu(ug/L)

3.2 0 oIy EIME L 352 2= S5Y
=

201435 20233714 9] sfjor3hA
T8 A, AR 1A, 5
AR HAE F Fus
H| -2+ A3K(Table 6), Cut= T2
FTE7F AR ARG A JERY gl
A E RO H (Fig. 3), T9ka} 1 )<

(Cu, Zn, Pb, Cd,

z
Q
o
3
o
ki
¢

HQl LT FR o

.
FOS BlstT Fuk BEA A AL PFHNOE B

7Fs17] 18]l Mann—Whitney U testS AA18}31T}

0 A3, AR, 23, Fl

&, 5xg

A= Cu =7t

UpollAd f-28HA A1 e ™ (p < 0.05), Zn, Pb 2! Cd &4
A7 FulellA] FAIHOE {25t 2polE BTt 53] o|5 dwt
|X:= Cu, Zn, Pb & Cd F 3F o2 w5l FrelstA =7
Uehd, g5k o) Aeke] el =M §A4] B B ok o) o}
2 9% 71535 AAFF tH(Turner[2010]; Turner[2014]; Schiff

et al.[2007]).

F2¥ao 4= Cu, Zn, Pb ¥ Cd7l &
A w2 TS B o1 (p <0.01),
folE Y], 244 T3] 9 Au) AJuto] Rivigh vt 5498
v} a3 o3k Znd} Cdoll A 242t

6.8912] F5% 2folE HolH(p < 0.05), FHF Dol
AAFaESiT.
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Table 6. The metal concentrations in sediments in the studied area from 2014 to 2023
Study region  Year St. Cu Zn Pb Cd Cr Ni Co As
HK1435 228.8+76.7 321.0+482 76+18 048+0.13 76.7+7.1 28.8+25 122+15 140+23
HK1436 178.6+73.0331.5+174.5 74+40.7 0.59+0.50 84.5+153 304+34 11.9+08 145+4.0
2014-2023 HK1437 213.5+85.1 266.1+57.5 60.1+17.0 0.34+0.15 80.2+6.5 29.5+14 120+0.6 126+1.5
HK1438 105.4+81.5228.5+154.5 51.0+29.6 0.38+0.46 75.6+9.7 284+33 11.3+£0.7 124+32
HK1439 120.5+16.7 281.8+29.5 554+80 047+0.19 763+7.7 28.8+3.7 11.8+14 127+1.6
Average 169.4 +84.42858+112.3 63.3+26.3 0.45+0.33 78.6+10 292+3.0 11.8+1.1 132+2.7
Busan Port BKI1417 328+4.0 118.7+14.0 31.1+£5.1 0.18£0.04 66.2+57 28.1+3.1 11.0+1.1 102+1.8
BKI1418 23.0+1.3 125.7+244 30.6+1.0 0.16+0.05 70.4+3.1 283+23 124+0.8 125+1.8
BKI1419 25.1+£2.8 1209+12.5 31.5£23 0.18£0.04 693+4.1 282+£22 125+12 12326
2014~2023 BK1420 342+30.5 133.0£29.0 344+64 021+£0.08 72.6+7.7 29.7+£32 119+1.1 11.7+24
BK1421 50.8+9.4 1332+£20.0 31.2+3.1 0.17+£0.03 61.1+£6.8 239+£36 9.6+13 99+23
BK1422 29.7+£6.9 117.8+£16.7 32.7£2.6 0.17£0.05 69.0+63 249+42 112+13 128+3.6
Average 32.6+15.8 1249+20.4 31.9+39 0.18+0.05 68.1+6.7 272+3.7 11.4+1.5 11.6+2.6
2014~2023 HKI1520 729+11.5 214.1+£179 426+32 0.62+0.11 624+3.1 31.5£1.8 11.1+09 19.1+3.0
BK1509 264+29 119.8+16.8 31.3+22 022+0.04 66.6+55 293+32 114+x1.0 10.7+1.0
BKI1510 458+4.6 155.0+11.1 402+1.8 026+0.06 659+26 30.7+1.6 126+04 164+2.6
BKI1511 68.6+149 2053+158 42.1+3.1 0.51+0.12 61.1+£4.6 29.7+1.7 11.5+£0.6 21.6+2.0
BKI1512 555+11.8 163.5+14.6 39.8+3.6 027+0.05 60.9+43 283+29 11.6+1.1 18.0+29
Ulsan Port 2014~2023 BKI1513 62.8+14.4 183.8+19.7 41.2+32 0.33+0.13 583+3.6 284+23 11.5+£0.8 21.0+2.8
BKI1514 61.8+10.8 181.7+17.1 41.6+3.5 031+0.05 65.6+4.0 31.6+18 123+0.5 20.6+22
BK1515 106.8+17.3 253.3+27.8 51.1£7.8 0.50+0.11 74.6+32 333+18 12.1+£0.7 192+1.0
BKI1516 322+6.0 1174+84 339+3.8 025+0.05 66.4+45 29.0+2.0 11.3+0.8 109+1.2
BK1506 52.8+10.1 202.7+29.6 563+99 042+0.16 745+9.5 322+16 175+27 128=£1.6
Average 56.9+24.7 1758+44.7 419+88 0.34+0.14 66.0+7.2 303+27 124+2.1 168+45
2014~2023 HCO0139 43.8+23.1 1354+50.3 30.6+4.7 028+0.22 784+9.1 30.5+£4.0 125+£1.0 102+1.6
BCO101 19.0+52 85.6+20.3 253+32 0.13+0.05 66.8+68 263+6.7 10714 9.1+22
BC0102 183+39 86.0+129 281+5.7 0.15+£0.07 61.7+£84 251+2.6 11.1+1.1 103+3.3
Incheon Port BCO0103 195+8.6 784+16.1 257+4.6 0.12+0.04 61.1+13.5 23.8+58 104+20 98+2.6
2014~2023 BCO104 15.8+3.7 79.2+222 23.1+£3.1 0.11+£0.04 62.8+64 222+3.0 10.1+1.1 78+1.3
BCO0105 163+4.0 78.0+19.0 274+43 0.15+0.10 61.9+18.0 225+6.3 104+25 89+25
BC0106 175+1.3 793+52 245+1.1 0.09+0.02 66.0+3.8 252+22 11.0+£08 89+2.1
Average 17.7+5.0 809+164 256+4.1 0.12+0.06 63.3+104 24.1+4.7 10.6+1.6 9.1+24
Donghae 2014~2023 HE2553 68.7+11.0 643.1+137.3 70.3+10.9 2.11+0.60 72.7+6.3 299+33 129+1.7 224=+2.1
Port 2014~2023 CE2523 223+7.7 1202+49.7 385+8.5 031+£0.23 56.1+17.9 22.6+7.6 9.1+£28 152+49
HE1613 63.8+17.7 231.0+382 434+4.6 0.75+0.39 73.6+33.7 242+28 89+08 153+£2.2
2014~2023 HE1612 43.0+£9.5 211.1+£324 47.6+7.7 049+0.09128.4+56.1 25.1+£44 85+1.1 173+23
Average 53.4+174 221.0+36.0 455+£6.5 0.62+0.31101.0£53.1 24.6+3.7 87+1.0 163+24
Pohang Port BE1602 18.7+3.0 140.5+23.7 355+4.5 027+0.03190.5+£97.0 253+54 79+0.6 147+22
2014-2023 BE1606 14.7+6.8 110.0+37.8 313+74 024+0.12 56.6+9.9 148+53 72+25 11.7+28
BE1611 17.8+£2.6 1332+26.0 384+55 031+£0.04 53.6+6.1 179+£2.6 7.5+08 11.8+2.7
Average 17.0+4.7 127.9+31.7 35.1+6.5 0.28+0.08100.2+84.7 193+63 7.5+15 12.7+2.9
HWO0612 659+164 172.6+24.6 373+4.8 027+0.08 79.7£6.0 325+2.0 13.8+0.8 13.8+2.0
2014~2023 HWO0613 24.8+7.3 1044=+125 27.6+22 0.08+£0.01 79.6+6.6 323+35 143+£13 10.0+1.7
Mokpo Port Average 453+24.5 1385+39.8 324+6.2 0.18+0.11 79.7+6.1 324+28 141+1.1 11.9+2.6
BW0602 224+6.0 1002+11.6 25.7+4.1 0.11+0.03 645+7.8 251+3.1 11.2+13 89=+1.5
2014~2023 BWO0604 17.6+£2.6 889+11.6 255+£2.1 0.07+£0.01 73.2+86 292+38 13.2+£1.5 94+£22
Average 20.0+£5.1 94.5+12.7 25.6+32 0.09+0.04 68.9+92 27.1+40 122+1.7 9.1+1.38

0.05), E&F°] 735 PhelH = 28 Afol& Boi(p < 0.001), &
owg ARoR I 5550 Pt Y HAlwel sHHL S
7Fe/de Holett &

A= 2] F45(Cu, Zn, Pb, Cr, Ni 5)°llA

j‘Lj
3t xjo]7h 1w A] eigkar, cdute] Pk Uil tha
=

i sfjolo] Afslst, 55

==, v ]%,:5]'
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Fig. 3. Spatial distribution of Cu concentrations in surface sediments at each port and adjacent port sites.

FAY & S SRR FFE B or weths Yy SAF R FAsH 2 FEE Bol(Fig. 3), WIS
x%oﬂ/q Ak g nrh= AluA] 719e] 93RS i

o= Zlom  HomFE|L] Vo] gfef Pk o] A4 efelo] Y 1|
SH"“E]E]-(Baek et al.[2013]; Hwang et al.[2014]). & 7Fe7dS AARRIGE ool whet H2E0] we]A 54991 B
AHFE] - Cu, ZnH Cael 2t Aol BN p <001), U9 Cu gk o] S BAskglon, 1 At e
5 Aol B ANk o] iAo ZShT) o] Ao 9], 55 olX FRE AuaArE e eRSktk(Fig. 4). ol T @4
et 223 QA Agehs del R, T el e o AAA Yk B B v USRS T U914 2<)
nAE vhAe sE PLOJE S FFHoR yAT Fert ek o 9% 9 7FeAS HERIL)

AEA 0w, Cue thiHEe] bl vt Uiy 557t 94 A4 olg|gt 1914 2]l T st FEEE A2 vk 9l @k px
et folabA S Gk, Zn, Po o OO 1 Bl ol 485 B a0l WOl A HARTE ool
eIt 2lol 5 1o, Iuk o] s &g His o O?J%IJH Ayt T, HAE, A AN SolE B, F e Rl Tl

il

ol

7VFsd& AARSISITE WHA, Cr, Ni, Co 3 As= t-2-2] @utella]  alle}e] HE5S B8l Hxldow §&Fo] 71 el 4¢rt
Trqs} 2JolZ Ho)x| oo} &G A o] <& :1;4 EXLE Z (Voulvoulis er al.[2002]; Valkirs e al.[2003]). 3] 85 <=38ko]
2 AolsH yebes gRlgh 4= it AR 2 Rt A= olelgh F2] ddo] v Agkd &
At =9 T T 5 1-6pg/L T FelA s e Al

3.3 QIR @HTIA H2l /Y 7Sy 0l 3E e Qs F o= HaEth(Levy ef al.[2007];

gl A oA BEEE T2(Cu) 29 TRFEE 21914 719el)d] Yireberg et al.[2010]).
98 4 Qlk UlEAQ edfoRE A veola A= vk E ATelA oleldt e w g V]9l 7Y 94 | TFe e
(Jeong et al[2022]), Eto]o] wFEQIA(Wik and Dave[2009]; A} 7] 7uke] 2] §55 95 €3l FH o= B7eilct.
Jeong[2022]), =% ¥ W HAE, A H]H 2 d(Birch and

Scollen[2003]), AFIEHA] &4 %—01 olck. olgfet e & 3.4 FOKE Muk & B4 HIBAIZE EHLHA 9 12| 8
A A5 A 9 fEFS B3 dutoz §9]uo] d)4 HAE  ZZb Hw
o 259 & 9}, 2 q

oM Aut e g2 REe T §Y TS AF
7Vsl7] Qlall, 201435 20233714 2] Port-MIS A4t

oE—U
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Fig. 4. Correlation between Mean grain size and Cu concentrations in Busan Port(a), Ulsan Port(b), Incheon Port(c), Donghae Port(d),

Pohang Port(e), Mokpo Port(f).

a) 50,000 b) 150,000
2 40,000
g )
[ T 100,000
2 30,000 2
.& €
s 5
o -
@ 20,000 2
'g S 50,000
E ]
Z 10000
o 0
Busan Ulsan Incheon  Donghae & Mukho  Pohang Mokpo Busan Ulsan Incheon  Donghae & Mukho  Pohang Mokpo
C) 1507 d) 500,000
a o
_ g 400,000
& 100 $
T
3 < 300,000
]
s t
< @ 200,000
a 50 -3
; 100,000 —
0 o
Busan Ulsan Incheon  Donghae & Mukho  Pohang Mokpo Busan Ulsan Incheon  Donghae & Mukho  Pohang Mokpo
1,000 " .
e) B : Tugs & supply vessels [l : Other ship [ : Passenger ship
o 3007 B : Tankers [ : General cargo [l : Fishing vessels
]
> . . .
E 600 — \:| : Bulkers - : Container ships - : LNG & LPG carrier
£
2
3 400 |
[
3
o
200 |
|
o0
Busan Ulsan Incheon  Donghae & Mukho  Pohang Mokpo

Fig. 5. Variation in the mean number of ships(a), gross tonnage(b), dwell time(c), wetted surface area(d), Cu release(e) during 2014~2023.
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Surface Area), W2 =g 7IQl T2 §&%F& A3 H(Fig. 5,
Table 2).

ARk = AR 47,5773)0] 7P kAL, SAYda 1Kol
1 FE olon, walE, 2aE), Hardke vlwE AL o A
dlo] QIasIith(Fig. Sa). =T Ao 7P =9k, SAkE
¥ ARl 1 HE 2SI tHFig. 5b). A8t =5
ol A ow 7V A, 288, w3l ol rh(Fig. S¢). 3
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Fig. 6. Correlation between Cu release and number of ships(a), gross tonnage(b), wetted surface area(c), dwell time(e).
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Fig. 7. Correlation between Cu release and Cu concentrations in seawater and sediments.

Table 7. Results of the Closure Index at each port

Study region Bay area (r°) Maximum depth (m)  Bay mouth width (km) Bay mouth depth (m) Closure Index
Busan North Port 11.9 17.1 1.25 19.1 2.5
Ulsan Port 9.7 19.0 2.19 18.5 1.5
Incheon North Port 32 12.7 1.28 12.1 1.5
Donghae Port 1.3 15.0 0.42 13.0 3.1
Pohang New Port 3.8 19.3 0.91 20.6 2.0
Mokpo Port 9.8 17.1 1.37 18.1 2.2
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3 &0 A7) FALS Gk 4 Qo) weba dhak ) =% Factorl Factor2 Factor3
29 Whs BAE B ) A3, 50 2A 5 g g 4 Culeachingamount 0957
_ L No. of ships 0.938
ql-o S'_Zl;a ExS xslAog s Ho7) 9) .
o e 548 T AT AT Gross tonnage 0.780 -0.495
) Dwell time -0.784
3.6 22 U S35 20| Jek= Dlxls F2 2 =4 WSA 0.859 -0.357
ShA QA s} o], th-Re] GutelA a5 2 BAE 1 Closure Index 0.878
Fad wEs QA sl mall EA vebkon, 53] Cu, Zn, Cu 0.753 0.304
Pb 3l Cdic vt 953} R e wE fe sl g o 0078
_ P 0.310 0.927
%07 AEErh o] F Cuz Aut 7INke] 2] 85%e] & cd 0.926
FA HwE Fol HeEgolA 711E F2 Aol AR Cr 20.399 -0.823
SRRIE Wk, Zn, Pb B! Cdi= 8 WiEd¥e] F318k <17 3 Ni 0.982
7} 1)) 2t olo] R AolA ik 1 24 999 7) Co 0.900
Q1 B4L wr Fushl siets] g1stel, Aut %, Fuke] A o 0.801
N % of variance 33.3% 33.0% 18.4%
A EA) 2| B i g Exﬂ‘j :7-5\_ b:l: 7‘_}0 /\]—Td.jﬂ.ﬂé}i
8 5730 H]_ 1), =% B =7 ]f ° Cumulative % 33.3% 66.3% 84.6%
AR o R ST 4 elli= IBM SPSS Statistics 31.0 ZE 1
e Foiglon, gof AEAS FaEll W 1 A A
%3S F7Fskal(Table 8), T4 Fall 55 F2o 4TS -0.161), Zn, Pb, Cd & L7 TaHI= ol &9 a7t
A= FQ 2908 TESIUTHTable 9). YERITHZn: 1=0.830, Pb: r=0.759, Cd: r=0.726). °]+= 35
Slojes A A3k, To) §EFE AV} F(r=0991), A¥F  wFo] AFEE Fuk ProlA P ANt MFAL FUE
a2 (WSA, 1=0.798), TE5(r=0.710)F 73 o] Jaak o] g MiEHA xahal AF-F249 5 A5S 2fvlsk, w2
AZ wol, Aute] Frol o] F/HV5S POERE FH Aol FuY F2S FHAYI- BeJH 99107 A§RL Ak,
Tel fE0) Z7hRe ARITH R HAR W CuFE A T 291 Ak, 1Rgk(Eigenvalue) 1 014 712 wek F 37)
2] Gt fFolgh ko] ABA(r=0.8260F B3lom, o= A 9] @Rlo] EEESGlon, o]F QR19] FA AHE 84.7%%E 1
w7191 Pt 8152 vl B Ee] HH5 1 9SS A kk AR AU} 5 FES WSA, Cu §5%, HAE
gt ol of 2 AdudAle & A Fo 7k AR v - EEO B2 A Bof, v g whE Bekg 7|
Fel 8% - HAE FHolehs Qv ARE BALOR IWY Cu gog—;— A Q1918 Q010 S A28 A
s, whe v 719l el 9] A S 57412405 AFeteh. AGsl Zn, Pb, Cd, As®] & AARLORE FAE A om, k-
b, A EASE Cu SR e 4TS nelotkr= 29 i B Hedd B BYNe #3290 9% 0% 54
Table 8. Pearson correlation matrix between Cu leaching amount and influencing parameters
Cu leaching No.. of Gross Dyvell WSA Closure Cu 7n Pb cd Cr Ni Co As
amount  ships tonnage time Index
Cu leaching amount 1.000
No. of ships 0.991**  1.000
Gross tonnage 0.710 0.641 1.000
Dwell time -0.576  -0.532 -0.744 1.000
WSA 0.798 0.754 0.947** -0.790 1.000
Closure Index -0.161  -0.087 -0.704 0.177 -0.485 1.000
Cu 0.826*  0.879* 0.216 -0.313 0.386 0.346 1.000
Zn -0.127  -0.116 -0.428 -0.212 -0.285 0.830* 0.187 1.000
Pb 0.248 0.287 -0.289 -0.276 -0.125 0.821* 0.619 0.871* 1.000
Cd -0.261 -0272 -0414 -0.212 -0.328 0.717 -0.012 0.974** 0.762 1.000
Cr -0.435  -0.351 -0408 0.313 -0.468 0.045 -0.146 -0.209 -0.113 -0.208 1.000
Ni 0.178 0.127 0.195 0.098 0290 -0.092 -0.073 -0.095 -0.251 -0.110 -0.819* 1.000
Co -0.053  -0.046 -0.160 0.226 0.050 0287 -0.066 0.116 -0.077 0.055 -0.533 0.852* 1.000
As -0.165  -0.211 -0.301 -0.118 -0.353 0459 -0.012 0.791 0.654 0.855* -0.286 -0.142 -0.219 1.000

*Correlation is significant at the 0.05 level(2-tailed)
**Correlation is significant at the 0.01 level(2-tailed)
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