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ABSTRACT: Rare earth elements (REEs) are extremely useful tracers of various geochemical processes in marine environment. In this study,
therefore, we collected seawater samples in the Gwangyang Bay to investigate the distributions of dissolved REEs and their geochemical
behaviors. The concentrations of dissolved REEs in the Gwangyang Bay gradually increased as proximity to the land as salinity decreased.
Generally, dissolved REEs showed negative correlations with salinity (31.5-33.2), suggesting conservative mixing trends in high salinity
range. The enrichments of heavy REEs (HREESs) relative to light REEs (LREEs), along with distinct negative Ce anomalies, were observed
in all seawater samples. These results suggest that distributions of dissolved REE concentrations were mainly controlled by seawater in our
sampling period. Although the Gwangyang Bay is surrounded by various industrialized and urbanized area, no signals of anthropogenic REEs
inputs were observed. This implies that there might be little anthropogenic influences, or those anthropogenic REEs have already been diluted
by mixing with seawater. Our results suggest that further research, such as periodic monitoring and spatial investigation including near
industrialized and urbanized areas, is required to investigate the behaviors and possible sources of dissolved REEs in the Gwangyang Bay.
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1TLME

S| EF Y4 (Rare earth elements; REEs)= F7| &% &
2FerZ(Lanthanides)o]] &3t YAER, AAHT S7THE
B 718714 15719 ¥4 (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu)Z 4 =]o] Qlt} 48730 A
IR Yie Ce(dh) Eu2h)S A9k, +3719] oHY
H AR} e = EAhr] ol X|gteka o g fARt 4
2 7FA)aL Itk Goldberg et al., 1963; Elderfield and Greaves,
1982). ¥t o 2 ARPAT of) wi} 7he- S| EF Yax(Light
REEs; LREEs, La-Nd), &7 %4|9] 3 &% 94 (Middle
REEs; MREEs, Sm-Dy), A2 3|85 ¥4 (Heavy REEs;
HREEs; Ho-Lw)2 53t 4= glon, ARSI} F7ksk
4 ol w0 7k Bk, wehA ol 2utol Ak
%02 2 LREEsk YA EHlo] 1357|419, $7] 84
EL (o), YTHMn) AtskEe] Eelo) ALt 22
o|=et 33k B2 #H02 Rjoll Fahelo] Al75)7]
41 3HH, HREEs= A& 0 2 MY H 8 JH =2 4
31A Fch(Goldberg ef al., 1963; Sholkovitz, 1993; Zhang and
Nozaki, 1996). ©]2{3t S| &F Y4 0] BHZ-Q(fractionation)
o Aol N 53] ETE 21t XS e
of s4jo] Glo] AET UL TG THsAL AN 3]
t} (Hatje et al., 2016; Kim et al., 2020).

SER U % SRRl Co S0l A +47} Al 2 27
Sl U3 94T, FuRhE A2e TE JER dat
437} A2 EART B Coti Sl H Co 2 Ak
57] 19 && Ceo] sfi=oll A A AAH= 54 71
o} o] IS Ced] 7KWl (scavenging) 22 sl LEt

£ A0E dHA o, o2 Qlsf g oA Ce
o2 3 EF Y45y vluste] oAl £ E44E& Ho|
o, Ce} Q143 3| ER YaET H|w st 52 Ce anom-
aly= YER}A Eth(de Baar ef al., 1988; Schijf et al., 1991;
Sholkovitz and Szymczak, 2000).

JER Yot IF0| AL S5 W71H, Sekd 5
oz QIsjel M 44l W B9 A7, F2 B, W7l A
E3 AR, 484, FOE, DAZdo0|, 18 vl
T o8 H Aol AREE o] gith(Kulaksiz and Bau,
2013; Massari and Ruberti, 2013). wz}A] A AFg ol A
B EF a0 o YW AN F7t= Qs FH 7o
Al 19182 B ER Y] gFFo] AR glom, FFE 3
ER 927t s EH0A A% LEEEE A 7
A= A7) QcHPereao et al., 2018).

SEA|GE oA 7R = AE gAY §& I ER
a9 F= F3xof gt A= AE7F 7SS Ao,
55 A &R 8L I EF Y4 v X 9 7|%

A A QA etk mrebA] Aol e
g 2o 87 3 o] Ak B} $1RIa ek
o S5 ARE W] §E HEF Uil HE B
2 Ao, o Anke B3 4= SEF U o
g 712A2E AT A9H 7190 G 4b ¢

%) o35 wopsta} shict.

1 E30HS

St delere] AT TS YA S5,
oAt} Fol=2 Seite] e WA Tholth(Lee
et al., 2020). FFTe| EZol= A7 o] X8 e,
M-S Bo ooz FEEE AT BETE 23 ¢
10° m* e 2 o4& A 9IthKwon et al., 2004). E3F AR17k
SP47h SelEks B #ols of 21 k'’ WHo] %
izt 1980 T8 vl = o] A g= o] AE A
FA 2 G853 th(Kang ef al., 2001). T Yol o4
of o] e HTo] ZASE, YEE ol FAA
A5 E3 oA AAGA7E XS Ak FFUS HE
9] Arsfde ol T oo FEFO =@ dES
Sl ARk dAHo] eI 1). FFTHL =
Fdf A4 4 A DA7F ARG vl akdshE A S
o= 27 sioh Ak BRI SRt Thake W4T 6
Q1= glew, o2 <8 20004 SHBIA oD 1
=) 1 th(https://www.meis.go.kr/mei/mansea/special /kwa
gyang/summary.do).

2.2. A= A

2 AFollA AR Sl AR (n=28)+= 2021 110
A Ugts ] A7 FeiE ol AFERAHTH 1).
s Foll th RS FER ZAE GF =5 U
2 HLS R3] 9J8 AFAIFE 1.7 L Teflon-coated Niskin-X
A4=7](General Oceanics)S H|F<5A] Kevlar rope (6 mm
diameter; Pelican rope)of sjgo} W& the, Teflon-coated
messenger (General Oceanics)E o]-&5te] 24719 ZF
78 ol o4 A2 AR, A3 S ARE A
A Wofl A3t S Wi of|A] 4 AlAE 0.2 um Acropak
A& ZE(PALL, USA)E ARESHo] oo ict. ofahe 8f
4= Alg= AF AR5 125 mL LDPE (low-density polyethylene;
Nalgene/Thermo Fisher) £7]¢f 7 @9ttt LDPE 7]
o NEE &4 B7] 4, o1}H sj=A| 22 LDPE 715
Al | o)l 73] Atol A= 87| 25E AT 4 Q=
LG R EIAT) o]F, 2315T FAK35%, Ultra-High
Pure Grade, ODLAB)2 275 uL #7}sl4 pH7} 1.8 o]5}
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(final HCI concentrations = 0.02 M)7} H=2 A 2E
shs.om], 2| mjulol] o] $4 A7k BB 42,
B 8Z A4 9 pHE oJ89] §4=A| ZoJ|A] portable me-
ter (ORION Star A320; Thermo Fisher)E o] &3}o] =4
sk
2.3. =0 MM L 7171 24

AR 5 HFeR EAoks 8L JEF Yo 5= &
4 18] Zeole 44 BAL ol §F AR 55 W =
< o] Zasitk oI5 98l A5 55 AlLF(seaFAST
SP3 system, ESD)< B-83I3th. aiF &= Ala" A
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34.8°N

34.4°N
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A0 Sk X 391

s o] 8% 53 2EEAY A5 3 75 AF
a1 Qlof A BAo A T 4= = A 2 HS 243t
o= ek AX 27 R E AR B4 AF 55 AL
gofl 21 29 f=de S2kznt AgEA 7] (Inductively
coupled plasma-mass spectrometry, ICP-MS, Thermo Element
2)E 538 AP = Ak Seo and Kim, 2020). 7]7]2] vietgk
(procedural blank, n=7)2 Nd2] -9 0.36 + 0.41 pM©|3]
o, Nd< A3t B 9422 -9 <0.07 pM = YEF
o} 249 F= A(30)= Nd (1.23 pM)= Al Qi3 2=
oA <0.32 pM o2 ALFEUTE EAH O HEF2 <
ZRZEZ(CRMs)?] SLEW-32} CASS-6(National Research
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Fig. 1. Map showing the Gwangyang Bay (GB). The triangles indicate sampling sites, and black circles represent industrial areas.
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Table 1. The concentrations of dissolved REEs (pM) with temperature, salinity, pH, Ce anomaly (Ce/Ce*), and (Yb/Nd)sy in the

Gwangyang Bay.
Station Depth T(imp' Salinity oH Concentrations of dissolved REEs [pM] Ce/Ce* (Yb/Nd)sx
(m) [C] [psu] La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Gl 1 17.8 315 82 78.0 39.7 12.1 48.2 10.7 2.8 155 2.7 189 4.7 160 24 154 25 03 4.6
5 17.7 318 82 73.6 31.1 11.8 464 10.6 2.8 15.6 2.7 19.1 4.7 155 24 149 24 02 4.6
10 17.5 317 82 724 286 11.8 473 103 28 149 2.6 190 4.6 153 22 152 24 02 4.6
G2 1 174 316 82 73.7 344 112 455 98 2.6 149 28 195 48 160 24 160 2.6 0.2 5.1
5 175 319 82 684 22.7 103 41.6 93 2.7 151 2.7 186 49 159 24 154 25 02 5.4
10 17.5 318 82 63.6 20.0 103 41.1 94 27 143 25 178 4.7 156 22 148 24 02 52
G3 1 175 319 82 633 232 10.1 409 99 25 146 2.7 186 4.8 158 23 153 24 02 5.4
5 175 317 82 61.7 239 10.1 40.6 95 24 141 25 184 4.6 157 22 13.7 23 0.2 4.9
G4 1 175 318 82 63.6 23.0 9.8 41.7 9.7 25 144 25 18.1 47 157 24 153 24 02 53
5 173 320 82 62.7 257 10.0 403 94 24 147 2.6 190 48 156 22 146 23 02 52
G5 1 174 323 83 535 165 8.6 368 9.1 25 129 25 177 45 144 21 131 21 02 5.1
5 176 324 83 530 172 90 374 89 25 146 25 180 43 149 2.1 138 23 0.2 53
10 178 329 83 50.1 148 87 364 96 25 13.6 25 174 42 130 19 124 19 02 4.9
G6 1 179  33.0 83 49.7 154 8.7 352 89 25 13.0 25 176 4.1 135 19 119 1.8 02 4.9
5 179 331 83 487 156 85 347 87 24 129 24 169 4.0 128 1.8 11.6 1.8 02 4.8
10 179 332 82 475 143 84 356 85 24 134 24 164 39 127 19 11.8 1.9 02 4.8
G7 1 179 329 83 47.7 154 85 350 9.1 24 127 25 163 39 126 18 112 19 02 4.6
5 179  33.0 83 474 142 82 348 9.1 24 129 23 162 4.0 125 1.8 114 1.8 02 4.7
10 179  33.0 82 47.7 145 83 344 94 22 129 24 157 38 124 1.7 113 1.7 02 4.7
G8 1 175 332 82 447 164 82 327 87 23 122 22 153 3.7 119 1.7 11.1 1.7 02 4.9
5 17.5  33.1 82 462 142 85 353 87 24 130 25 17.0 3.8 125 1.8 11.0 1.7 0.2 4.5
15 175 331 82 451 156 8.1 354 84 23 13.1 23 158 3.7 125 1.8 10.7 1.8 02 4.4
G9 1 16.8 329 82 40.0 147 7.0 30.7 &1 2.1 11.6 2.1 147 3.7 123 1.8 109 1.8 02 5.1
5 16.8 330 82 40.7 143 73 295 74 19 121 20 150 3.6 120 1.6 114 1.7 02 5.5
20 16.8  33.1 82 408 187 7.1 298 7.6 2.1 119 2.0 146 35 124 1.7 113 1.8 0.2 5.5
G10 1 17.1 32,6 82 419 139 7.5 314 81 21 124 22 153 3.7 122 1.8 120 1.9 02 5.5
5 17.1  33.0 82 434 139 7.7 314 7.8 22 127 2.1 154 38 123 1.8 113 1.8 02 52
20 16.0 328 8.1 472 250 82 328 79 22 120 2.1 146 3.6 119 1.7 106 1.8 0.3 4.7

Council of Canada)®] £4-& F3l XY= 3o, 7] B2y
2 AT}e} ) @alo] YAHE 96% - 120%2] 3|58-2 B
AHKim et al., 2020; Chen et al., 2022).

3. 2t A E9

3.1. s A=0 Sclse EY

E Ao AFHE A =ZE(n=28) +2(potential tem-
perature), F+(practical salinity unit), 8% Ak4(Dissolved
oxygen), pH gk & 19 YRl SITE 2 dtollA] fojxl
T2, & Ak, pH 2 H|w A JASHA Yesith 2
216,004 17.9C o] HO)(Ha: 17.4 + 0.4), £= AAE
7.00014 7.7 mg/Le] HS(F: 7.4 £ 0.2 mg/L), pH+= 8.1
oA 8.39] HY(H: 8.2 + 0.04)2 Bt FEo A
31.594] 33.29) HY(H 325+ 0.6)F EFoy, ==

A ZolA AE ZFo] 30S 2T} 2o S22 veh o]

£ Aol AHT AR 0] G wol
& 4= qlok Ty 8 ke MR shet A 1@6}
Gl x-lxqoﬂ/q Q3 £2] GI10 AHo = Ap=2 =
Ry} ol HX7 shraiE fY=E
@a%#sa 514 Bshe Bse, oS Bel & A7 Ae)
NI Gl B2 24 ] G U W 92
& g4 ek

2. 8Z S|ES 2140
o7l 4=

242 59
oly 7_(;1

st 2X
& 45%- Y = ANE R
Lof] et et it S 5 EAsH= & JEF
a9 4 7Y "E—J FUS S8 SATIHeE &
9Jth(Sholkovitz, 1993). & @A &= JER A
29 = BNt WRO Gl A4 £J3el G10 FH
O 7 ZA4E JAAHORE WolA|= A Btk A= =

01

=
T
2]

=

[ Qs

O



o], LREEsS T #3l= Nd-2 G1 A& (1 m)ollA] 48.2
pMO| F=7F HEE oM, G10 FHOE ZA4E ¥X4
o2 7kAasle] G10 AW B3(1 m)Q) A< 314 pM2]
=7t A& ol B dEEY SEFR i
A FrAFHA UEFE 2™, MREEs % 814l Gd= G1 33
EZ(1 m)oA] 15.5 pM, G10 FA FZ(1 m)oJAL= 124
pMo] HZ&E|9loH, HREEs? Lux Gl Ad F3(1 m)
oflA 2.5 pM, G10 F3 EF(1 m)ollA= 1.9 pMo] HEH
AT 2). o] Bif= &£ JEF Y4t ﬁﬂﬂ& z
3 FFuto g FYEE FET T2 4 7199 399
YR BT Q)52 AJARITH 1 2).

£ IEF 949 QE 1Y AHTAE 398 39 Y

50

A0 Sk X 393

ERNQILE dEld o2 92 SES Yil 7MEo| 9905
AFEHO0-7)o0H ARtk vhe= Fal F2F H st
o] & Aol AAZE dojute, of2fet ARkeke) RS-
AL LREEs7} 7V 211 £&x1& 0 2 ZH4dte] HREEsY|
A ez A yepdtal &2A SltkSholkovitz,
1993; Kulaksiz and Bau, 2007). SFX]gE, 2 dtof| A= #]
Qo] oet A} glone sjg drdeide] HER
Ak A7E BT 4 QT AR A3 X717 240
Aol 1101907 ol Ajalo2 e 3y
Aol £ G PG1.5-33.2)0] Uehgort, Fapmo] 4
A7F2 &35 7}E0] 9ok wo] vkar Qith g A Q=
WE(Kwon ef al., 2004), 57121 oJEH o= E dL A
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Fig. 2. Dissolved Nd, Gd, and Lu concentrations at each sampling site in the Gwangyang Bay. Nd, Gd, and Lu are representative

of LREE, MREE, and HREE, respectively.
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719t h2A &E I EF a2 T BXA 7Y FF
o] Br} A yehd Ao R ditEh H|E A FE ol A
9] dlojEl= FASHAGE & A4 Bzl & JEF
sl GEI} AvE o2 £2 20| AUPA(R® = 0.53-
0.91)7} Uebgth 2 E 3). o= AF&EtollA AA=A] &
I I FEY] ol Y & JERF YAt HEAQ &
&) EAS 7HRIthE AL 9u)dtt). 53] o] 59 At
A= YA o = LREEs®} H|w ko] HREEsO|A] o 7=
HA 4= Foll EA5k= HREEs= 8 #7] s &kt
Ho} 7stA 29 o= o] 2 FEollA LREEs, MREEs
o vlmste] 24 O RO E ZAT & Yrka A
oF=]¢JtHCantell and Byrne, 1987; Sholkovitz, 1992; Byrne
and Li, 1995). wjahA] & Aol A Ueld HREEse} G+
7te] iAo 2 $2 A= HREEs7} 85> 5 &4
Sk 271 hsiet et Zastel UERtE Rz B
el

B Adjd e g ExjgFo] 24 EA5hH, o|& <l U<
T BEEE UERd A9 A2 L(Zig-zag) B O] W
o] YEldthMigaszewski and Gatuszka, 2015). wh2hA],
Oddo-Harkins rule®] oJ3t &9 A|AstL &£ JEHF
Pao] £ 28-S Bt & olalishy] Sl S |7 mE
E7219] Post-Archean average Australian Shale (PAAS)Z
B AT ASHnormalization)dle] 1 €S 13 4
of] JE 2Ith(McLennan, 1989).

PAAS 33} -2 =313 oA 7] o] whet thgFsH
Uehd 5= qlh A& 501, 379 o 53 U7 FHlA
= HEksk(flat) Bglo] %o m(Lim ef al., 2023), ©]
= 449 3k FIREE 7RIS S 7Y I ER
27t o s {olE A= AbE ick(Pedreira et al.,
2018). ¥Hd, oA o] & I ER iy Aoz
=2 YA ¥4 7H4 LREEs7} HREEse] H] 3 go] A
A=|w, o]2 QI3 HREEs®] R34 73kt g Ced Ak}
Z QlI3}t 29|(negative) Ce anomaly”} JERFA| E(Nozaki,

3.3. EEIEF A0 Wt BXE 2001). £ A70A dojr 82 FES Y40 =2 PAAS
Aol EAsh= S EF Y4 Oddo-Harkins ruled]  HREHZ GF3st A1, ZE A|Ro)|4] LREEse] H|3|
ot & 1o 0] S| EF Y4Vt S W15 &R ¥4 HREEs7} #3844 H3S B9 o, 39| Ce anomaly E3F
[LREEs]
80 \ Ta 45 Ce 14 AN r 55 N Nd
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= s SEAN 20 N 12 \ 20 SN 16 %
8 ; AN 1.8 AN " \ 1.8 AN \
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Fig. 3. Plots of dissolved REEs concentrations versus salinity in the Gwangyang Bay.



F595}7) Upeletth. HREEs®] 33} 4= theh7] $ia)
HREE®} LREES thE3}= Ybe} Nd9] H|(Yb/Nd)sy 2 7|
R¥BHIC. ol71 olef Ak SN BlER P14 FEE PAAS
FAZEAZ AFsket 72 9|3t (Sholkovitz, 1995). &
Aol A ALEE (Yb/Nd)sw 812 i $1= 4.4-5.5(F: 5.0
£03, n=28)2ATHE 1). ]2 55=3le] o4 A7 AT}
Hme) B ul, HER dad) SEE AHow Bk
o] A Yebg o, A3k ey (Yb/Nd)sw 42 73
< o} FASHA YERSTH4.4) (Luong et al., 2018) (L
g 4). TEbA 2 dolA fofdl s AlEe S 714
IER Y4 FYLoz Qs ST 7S st
234 Z7lshA, 420) ek 32 H4o) o
5 gol Werths 212 2 4 gtk

Iy 2 A Sy FHole B AREAI7E 2R
o ek SEZ ool M Hojxl PAAS 573k sielz}
H|mske] o)A 2Ql sfdo] s] YehtA] gttt A&
£, Kim et al. (2020)& 129 4437 X3P H 57
Sh-e] 9| slepA| 2| viE ol A HREEso| H]3] LREEs
7} £3he o]AAQl dES B, gntygez
EfbR] 9k= o]¥ PAAS mfiglo] Uehdt Q1o = Ake o
A 2RE 7|98 294 LREEs?] 44 7Hs4S A|Als)

Gwangyang Bay
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ick. b 2 AT Q1of I AT el S 4
ez I9iHe SES fae] wigo] ululsithe
2 ofula - glont, ofn] slreke] B3] ola) s4
Sjol Lehba) 9h9s /R4 EAaich metd] uek &
olulat WA ML AT FHe Eet we
W9Ie S ol el 27bE9l 2A} B e shokn BoEch

wgh FolH TER EAS AE A e 7,
St 9 ARt S0l A= PAAS 3}t siE oA g
(positive) Gd anomaly”} B 1H Al|7} JItHKim et al.,
2020; Kim and Kim, 2023; Lim et al., 2023). o|+= Gd9|
2715 GHMRI) FH|E o]-§3F ZdHALA o] HAL
Aol A Fofshz 2FAZA Gdo| HYE 23}gHE FH
= S| ANEE AL, o|FA ARE AERE FE 9] Gdo|
7 A= - P E AR st AAEA] i 37
o7 FU=7] wfZel WAgshs AR dEA JArHMoller
et al., 2002; Kulaksiz and Bau, 2007). @2}4 29 Gd
anomaly+= =2 EA|37} 218 At s oA Q1
AR G Bt T2 AXNAZA EEE oA gt
(Bau and Dulski, 1996; Moller et al., 2000; Hatje et al., 2016;
Kim et al., 2020). L&} 2 @ALof| A AojXl PAAS 4t
3t R ol A= &Y Gd anomaly7h TEER] AUTHIH
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Fig. 4. Post-Archean Australian Shale (PAAS) normalized patterns of dissolved REEs in the Gwangyang Bay. The yellow and
red symbols indicate data from the East China Sea (Luong et al., 2018).
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