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Sl S5EA HAEA 24 714 Pbe] 29A] W olF AEE 1**0}71 Asto] 20059 4702 B2 AFH
A& (30em Ao AFNAL Al Pb 5% U Pb FDA HE-S MC ICPMSE o]gste] EA8glet. A+
Z|ellA 1M HCL €2 552 Pb 55 2 5994 vl&®Pb/%Pb 3} 28Pb %Phy 1930% A ok 3008 F<t
A A gk B o T T2 A AEHH R FIRI w5t A 28 7, THEA BE2 3.41%
2 1.70% S7HeE g BT AR PR Pb wEE AW 400d F3F A vA}o}Oﬂu} 29 Pbe] FHEE A

A A 1990t 0% 3.1-3.5 mg/m¥yr BHZ t7|ZNE 2] F ZetEH fARIE i AP = HE
& FHEC ke 4% oo RS #4% THE Bt 29 719 Pbe] HAEH w94 vlEY A3t
2l Wz g3 o< 714 Pb«l %ﬂ% 14 H1ET) 7 299 EA0] T4 vl vuE o] &5
29 .5—1_ J &)= 24 714 ppel 249 A9} o)% ARE AHE 4 glott & 1930141;“_'—]:/1 Z=- 1l F=re] Aek A
2ol el 29 Pbe E3Zo] o]FolHon] o7 §A FH ARROE 1990%3EH FREA 7 2HH e At

o] Z7}slo] 24 Pb ZAFo] A% ZF718K.0H 9] FAHEF Broken Hin)ﬂ Bl E3 M2 78Itk 1990
ol olF el g gl o) A R AR A 2 o] Avk AR G5 g8l AEEA Felxe 1
ojiF} - FARE 291 Pbe] FAES B o IFEAMA SN E 1990kiEH o|F Ry FFE FXF 29
o] oz A 2% Pb FHo| o]Foix| 1L UGt

This study investigated temporal and spatial variation of Pb and stable Pb isotopes accumulated in Ulleung
Basin core sediments (4) using MC ICP/MS in order to identify the sources of anthropogenic Pb in the East/
Japan Sea. Leached (1M HCI) Pb concentration and isotope ratios (*’Pb/*Pb and **Pb/**Pb) were nearly con-
stant during 300 yrs past than 1930, but increased up to twice in concentration and as much as 3.41% (1.70%)
after 2000. On the other hand, residual Pb concentrations were nearly constant for past 400 yrs. The accu-
mulation rates of anthropogenic Pb in the basin area were in the range of 3.1-3.5 mg/m*/yr, which were similar
levels to total atmospheric Pb deposition fluxes from 1990s to the present. In the slope area, more increase of
anthropogenic Pb accumulation than the levels expected from mass accumulation rate could be found after the
middle of 1990s. From the detailed evaluation for the temporal and spatial variation of accumulation rate and
isotope ratios of anthropogenic Pb, we proposed probable sources and pathways of anthropogenic Pb. Pb emmi-
sion by coal burning from the China and Korea initiated the accumulation of anthropogenic Pb in the sediments
of East/Japan Sea from 1930s. The accumulation of Pb increased by the addition of anti-nocking agents from
both countries untill the beginning of 1990s, but from the middle of 1990s to the present, the phase-out of gas-
oline additives and the rapid increase of coal burning from the China maintained the atmospheric Pb levels in
the Ulleung basin nearly similar to before. However, the local sources within this basin might take an important
role in the rapid increase of anthropogenic Pb accumulation in slope areas from the middle of 1990s.
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Pb(e) F2lol Aetar AAS7] 47] djFo] 2r) AtRE
vl ol ARRE e AIET ol F g A4 W 2 At
A &5l g3 el vlEHAL 19303 ©)F AEA1 Ph
A7HIE AMSSFAAMRE & 87 A2 28] 19704 o]
FEE UE EZE dAEHYo Y 25 A &5 <3 pb )
Zo] dAjel= HF= 1 Urk(Bollhsfer and Rosman, 2001).

S Mg P t71E B3 olF=o] g5 sl &
A= 2 UARb=ell sl AA =] B A E A (Grousset er al., 1995),
Folel A F-5datel sl AA= FHE 5 4 Dgo 9
3 F5oR &EEI A RS g8 AAFH HHA
(Turekian, 1977).

T diEe, d8AM, HalEx 5 o8 H438S X1
or 12 3149 F¢ 7Y 2 5EM A AF FA, of
= A B4 T T FARE Sl 8L Bol1 & okrlo}
9] 713 ZA-e| wl-$- F23 27}t Frh(Kim and Seung, 1999).
3 Fe] ARA 0 FYEE U s glou F oA
of tiFe] & X3t} ti7]el 3 B fde) At o
e gt PS5 34 719 B4 §90] o] R0l F
Ao|th(Hong et al., 1997; Cha et al., 2007). 18|31 )33 8L
T BT 19, BEY 2N, Ko}, ElEIZE F3 s 429
AgAQ] ¢ 38 FX5kT glomE Zolr|o} Z=of A )
29 4 24 EAS0] AFE VAol AtkE 5, 2006).

Aeke] el 2 7199 Pbe 1920 Aol =7 Mgt
Aol 2Jsf, 1930 0] o] Fell= 71 kAl 2l thy] 2 u)
EH30 0, 7HE-) Pb ARS-S BA] A7) 1970 o] 35-E] o
71, 3, Wat 2 BH B Possrt 343 Zastay 9ok
(Boutron et al., 1994; Boyle ef al., 1994; Riston et al., 1994). 5t
Hell $Ee 1 F71E0] B, B 1977, =S 19924
8] 53 19982000830 7HE HHA 2RHY T W)
AZEARER 717 BRlE F33) dZelME A A4t v
2% Pbe] 2H YOI O P E (Mukai ef al., 1993; Wang et al.,
2006; Zheng et al., 2004), 3% FH gjok A A pb .Y
AL Bk of]gt Phe] V9 BAE M ofg] Yekeks Wl o}
2oty BRuEQckKim et al, 2000; H -, 2006; Choi et al.,
2007). WA, Fotrlol tFM HiEEE 99 ERE0] &3
Helg} o= T8 R B FHTEC] o) WiEE Pb 2
F FE AHE F S Aoln

Pb *“Pb(4%), 2°Pb(20.5%), 2"Pb(24.5%), 25Pb(54%)°] 53]
YA7E FAHe] glom, o] & Mpprlo] X7 ABAAIEE] QAT
Pbo] 1L WX F B2 2z} Biy, By Yl P2The] WA B
Fof| gJste] AAE WA (radiogenice|th. YHE o g O 3
HEE =9, ¥Aele U oy Thel A9 dHa-slo] oA o
of WARE Pbo] o] ol AR gomE BAL MAE A
71914 ¢] Pb THAA4 v1&E AT AFglo] SR8k}, uka
o FH Aol A= A ool Al BAHER 2 ou A
71 YR W UE $994 5182 Bo|1, FA A7)
9} Z3He] U/Th Hl&o] TR FaAlooM s M= tE Boda
HlE&-S BRItk ulahA, o]=ldt FAk Alo] W Ak} 1 oFA A}

S

o]9] FH A4 H|E xjolgl FAo| HlEd T olF P H &4
Iy B3t o] vlEo] Wsksk] 716l g Bl P 719
4 ZHx] 33 A7l Pb FHLA: v Eo] FF AMHAT
(Hamilton and Clifton, 1979; Flegal et al., 1987; Hamelin ef al.,
1990; Heinrichs et al., 2002).

Shits oA EHE2] Pb 5 EXE Rudt Ao
ol ksl Ot Pb TR Y4E o83 Pbe] 714 5 A1

L
AEE 5, 20060047 BaE

mebs B A7 B9 E3EA Y EA H2 FudE
9] Pb % % Pb THYA ¥IEE EHE, 29 714 Pbe
2 Y T4 vEE FHEIT ol9) ), V]ge]
2AEY F99A vEE A SHAY £ AE T3l
slo], 49 24 714 Poo FH A nlgy vugo e

AE 4= 1 9l Pbe 7]dS FA3ISICH
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Irt
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A= i3 & 2

B AFoA A3 BAE A8 20054 89 sHEEjokaA T
Zaekaad AATO gt 7 vhAg AIFTE o] 43l Uis
AP A58y A8l 4G AR ARSI CkFig, 1, Table 1).
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Fig. 1. Sampling locations for box core sediments in the East/Japan Sea
(a). The lower map (b) indicates sites for seawater and suspended par-
ticulate matters (SPMs) collected along the coastline of Onsan Bay.
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Table 1. General geochemical and environmental characteristics for the core sites.

Characteristics D1 B4 D2 D4

Water depth(m) 616 1569 2208 2143
Latitude(N) 37°03" 35°3¢' 37°03' 36°36'
Longitude(E) 129°31" 130°18' 130°18' 131°18

CaCOs(%) 0.64 0.52 0.49 0.38

POC(%) 2.84 2.65 2.6 2.56

Mean Accumulation Rate (mg/m?/yr) 69.8 36.8 243 17.4

TN EE BrAF A|F716A 30 cm o2 o} T solZE o
B3] FF AFH e F AP 0~3 cm ARIE 0.5 em 7HE L.
2 3~10cm AlE 1lom ZH2CE 10 cm o2 B5 2 cm 7H2
22 AEE FHeh BH AlEE FAE ST F 1
oA Azste] ¢ S ARG o0 E BEEEE A}
£3l) 23} 519t

3 Hd=olM 29 Pbe 719 F FAE 2GR AR
AAE F, 2006) SIS FEF A2 24 T viEre] Py
AL HEE S Aske] 7180l Pb F5U} A By
e (Kang er al., 1999) Al 2ol #i55 20050 82 A3t
A3 °o|F 045 um WEHR] A9} AF o7 FAE o] &35}
o] AAE E2d & 420 pos B £ AEE Fsis
oh 3 fAleE AaellA] 20029 F3F o4 AHE F, 2003)
ARGEIE 8719 Eol QR F-R-EdE Axsto] waslsiit.
JEln = OE SAF oo qaEgiel T3 Adse B
g Pb FHda BA4ol ARSI

HAEES] Pb 7= LU Pb FYL 42 Choi e al(2007)]
WS mgit o] 8 7] AW shH £5 52 Ph A% A
E 02g° 1M HCl £ 20 mE =204 247759 £535
T YRR AT H R AL HolBle IAlE E3AHHF+HNO;,
+HCIO )2 AF Fafish § S8 Axsia 1% A4t §Ho0% &
Z3l0] o)F AFFRLE 33t

R4 37 212 9 §&27 8 522 4498 3%
I #TE APDC-DDDCE EFEE e Ty 408 &
sl SAlFEHE AMEEte] 2458 FEI9I0

AAE S A5 Pb sTE dvV|zdsA a1
3t Zefxn) AR 7| (ICP-MS; Inductively Coupled Plasma
Mass Spectrometer, X-5 52 TermoElemental, Ltd)= #15}%1
= HE 252 A7l upe Wste) HEY ) o8t A% W

—_

—_

gh= 7] o2 AT AR 712 s YaT e f =
23 Zgpznp E53-2417](ICP-AES; Inductively Coupled Plasma
Atomic Emission Spectrometer, Optima 4300DV, PerkinElmer)=
=4815ic). &9 A 52] Pb T4 ¥]E&-E Choi et al.(2001)9]
BAS wgkst) o5 1hds] sty o At A% ¥o|
BAE 98 853 AR vl BFE A4 TI EF=2NIST
997yS 5 ng/mlZ} A E H7Ret &, sh=7| 2R dATAY
ThHE) St Selen) A A7 (MCICP-MS: Multi-Collectors
Inductively Coupled Plasma Mass Spectrometer; AXIOM F 4,
Thermo Elemental Ltd)2 =78 (53%/3), 2038))3F3L NIST 9972
05T H]& 2.38855 ARSI A A7 WHol BAMO
2 24 82 13810 Pb F9UA 8lE P *Pb U 2Pb/
wppye HNEFGITE

Pb 2 Al 55 AFY AHEE dFA 5 A u= A
AR 8o HAE BFEA(USGS MAG-1)YE #4319 715313
on o] EFEHY £F Hio| diF] Pb oYL BlEE 4
o gm AAA RS FHEa v& gt S AE 3%
o} B3 Po A AR AYEE AT FEATA P EF
EZ(NIST 981)& AR 570 o 3 w4 243t Hrlsie] 1 2
7 Table 201 LoF61%TE Pb H 25 103+3%2] S5F&E 43
O] 27pp20py W W8pL%pRo] BT Todt et ol (1996)7) H]
T3t} 22 53 ppm 2 330 ppme] X015 B3 HAE A7
Ao AL 0.1%(2SD) oSt}

HAE 2pp FFEE V|2 AATAY g3k F
A17](Canberra Inc., USAYE AHE3t] 431510 A|FE A&
G- FE0) A3 e BN 7} Zlo]9 MPbE AN
thLee ef al., 2007). Bt HZE F24E(Mean Accumulation Rate)
& AA3 HHE 9 M, FHE RES AMEEEE 7 59 A
0]Z & (compaction)el] thall BAsk Zlo] 2 Wehi il o] F *'Pbe,

1,
BN

Table 2. Pb concentration and isotope ratios in standard reference materials (NBS981 and MAG-1).

NBS981 (NIST SRM)

MAG-1(USGS SRM)

TPb/Pb W, 5ph Pb b/ ph TP Ph NS
mean’ error* mean error (mg/kg) (1M HCl leached)
Measured 0.9145 0.0001 2.1663 0.0004 24.8+0.2 0.8311+0.0008 2.0548+0.0015 5
'Reference 0.9146 0.0001 2.1670 0.0004 24+3° - -
Difference -53 ppm -330 ppm - - -

: Data from Todt et al.(1996)

: (Measured-Reference) x 10%/Reference
N=20

: 2 Standard Deviation

: Data from USGS

: Number of measurement

AN B WN =
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Table 3. Pb concentration and isotope ratios in the core sediments.

vy —T®pp P,
Depth WC. Al Pb Pb . Pb /°Pb Pb/"*Pb
(cm) Year (%) (%) Total Leached Residual Leached Leached
(mg/kg) (mgkg) (mgkg) mean error mean error
Core D1
0.25 2003 71.5 36.3 0.8758 0.0001 2.1335 0.0003
0.75 2002 71.5 36.4 0.8749 0.0002 2.1317 0.0003
1.25 2000 74.6 34.0 0.8710 0.0001 2.1268 0.0002
1.75 1998 74.6 29.6 0.8672 0.0001 2.1234 0.0002
2.25 1995 73.3 5.46 32.8 28.6 422 0.8652 0.0002 2.1208 0.0004
2.75 1993 73.3 27.1 0.8636 0.0001 2.1185 0.0002
35 1988 72.0 27.5 0.8662 0.0001 2.1220 0.0002
4.5 1982 68.6 25.7 0.8620 0.0001 2.1166 0.0002
6.5 1964 70.6 5.31 30.0 25.6 4.34 0.8605 0.0001 2.1146 0.0002
8.5 1957 68.3 24.6 0.8544 0.0001 2.1049 0.0002
11 1929 70.9 544 24.1 20.1 4.05 0.8509 0.0002 2.1025 0.0002
17 1871 68.3 5.58 23.7 19.7 3.98 0.8479 0.0002 2.0974 0.0003
23 1842 69.0 17.0 0.8451 0.0002 2.0950 0.0004
Core B4
0.25 2002 79.6 48.7 0.8738 0.0001 2.1277 0.0002
0.75 1999 79.6 41.3 0.8739 0.0002 2.1291 0.0003
1.25 1996 77.4 35.7 0.8716 0.0001 2.1261 0.0002
1.75 1992 77.4 39.9 0.8704 0.0001 2.1243 0.0001
2.25 1988 74.5 5.57 39.6 35.8 3.76 0.8685 0.0001 2.1237 0.0002
2.75 1984 74.5 354 0.8672 0.0001 2.1218 0.0002
3.5 1974 69.2 32.8 0.8631 0.0004 2.1160 0.0003
4.5 1964 69.5 29.6 0.8579 0.0003 2.1129 0.0004
55 1953 66.6 5.84 26.7 26.7 0.8536 0.0003 2.1036 0.0004
6.5 1942 66.5 243 421 0.8491 0.0004 2.0992 0.0003
7.5 1930 64.5 222 0.8472 0.0005 2.0986 0.0004
11 1862 62.2 6.31 27.4 23.2 4.22 0.8444 0.0002 2.0939 0.0003
23 1704 62.3 5.75 243 20.8 3.54 0.8451 0.0002 2.0952 0.0003
29 1691 64.6 5.79 24.0 20.6 3.37 0.8442 0.0001 2.0949 0.0002
Core D2
0.25 2000 82.2 44.1 0.8735 0.0001 2.1311 0.0002
0.75 1996 82.2 43.4 0.8733 0.0001 2.1312 0.0003
1.25 1990 78.9 41.0 0.8718 0.0001 2.1302 0.0002
1.75 1984 78.9 419 0.8706 0.0001 2.1273 0.0002
2.25 1977 75.3 5.21 434 394 4.05 0.8665 0.0001 2.1232 0.0001
2.75 1970 75.3 394 0.8620 0.0001 2.1174 0.0002
3.5 1956 74.3 31.9 0.8573 0.0001 2.1119 0.0002
4.5 1943 72.4 6.31 30.4 25.7 4.63 0.8507 0.0001 2.1028 0.0002
6.5 1928 71.2 24.1 0.8467 0.0002 2.0970 0.0002
8.5 1912 67.2 24.6 0.8451 0.0002 2.0939 0.0002
11 1851 66.6 5.93 27.5 23.5 3.93 0.8455 0.0001 2.0951 0.0002
17 1728 66.1 5.90 22.0 18.1 3.85 0.8452 0.0003 2.0959 0.0003
23 1666 66.9 21.6 0.8440 0.0002 2.0932 0.0003
31 1568 63.4 6.28 27.5 232 427 0.8440 0.0001 2.0933 0.0002
Core D4
0.25 2000 79.7 45.0 0.8721 0.0001 2.1300 0.0002
0.75 1995 79.7 43.1 0.8698 0.0001 2.1267 0.0002
1.25 1989 75.2 453 0.8684 0.0001 2.1250 0.0002
1.75 1983 75.2 44.7 0.8663 0.0002 2.1227 0.0002
2.25 1976 71.4 5.55 457 41.5 4.14 0.8637 0.0001 2.1186 0.0003
2.75 1970 71.4 39.6 0.8615 0.0001 2.1163 0.0002
3.5 1956 70.4 358 0.8557 0.0002 2.1089 0.0003
4.5 1941 72.6 31.1 0.8500 0.0002 2.1009 0.0002
6.5 1926 69.8 6.07 30.4 26.0 435 0.8446 0.0001 2.0929 0.0002
8.5 1911 69.5 28.0 0.8448 0.0002 2.0946 0.0002
11 1854 69.3 6.16 29.7 25.6 4.19 0.8445 0.0002 2.0945 0.0002
17 1727 69.0 25.0 0.8437 0.0002 2.0931 0.0002
23 1666 69.2 6.49 30.1 25.7 4.39 0.8436 0.0002 2.0922 0.0003

25 1650 67.4 6.18 29.4 24.9 3.82 0.8431 0.0002 2.0912 0.0003
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FANBE AT AFEL 740 e 616 m(D1)eIA 2208 m

D279 Y& HYQou 1 AHEM BF HAEEY ¥

W39 7187]

Ak RS 0.38%(D4)01M 0.64%(D1) B 187 /7] &4
TS 2.56%(D4)elx] 2.84%(D1)S] 7i-¢- F& WS e
HAEY EHEL ul$ 5AISE Ao FhHATti(Table 1, Lee et
al,, 2007). 23} Bt HAE FHELS 174 mg/mYyr(D4ONA
69.8 mg/mYyr(D1) WHE F4 B F28 FAE B Cha
et al.(2007)2) F4lel W ElAE wgke}l fARE AEE Bt

2 HES

Pb 5= 3 Pb SHIRA HIE

Table 30l T4 AlgoA] Lo 2 &3, Al 2 Pbsl:, &
& (Leached) @ ZHf(Residual) -+ Pb % 181 §&572
Pb T 94 AEE ARt 2t T HAAUE 7 FolA
EAE 289 ol wAHY 74 AN H HAE &
HEE ol83te] AXFElon 7F A5 Al Y Pb ¥ ¥
£3 o] A1 Y I 34.1%= T
o7 AY3TE F Al D Pb Tt £F HiEy AR 729
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Pb 2 Al E%F Fig. 20 HERISTH Al 557} 5.21-6.49% B
9l gEla 25 Pb ¥57} 3.37-4.63 ug/g W E FARH Y AF
HFOA FHe W) 2k BT ZF XA 849 WEle
A2 oy Y=g} FE TRV ARGl AA vl FARES
ojF), whdo) £ R ph Fr= ZH X FoN A A}
oj7} wf$- FA vehded 2E AR 19308t 2]
FAT S48 BT 11 o]l A dA% wEE e
o} 1930t A9 €% Pb 55 AWEE ol AJo)F Ho)
=8 DI B4 Z$ 20.5£2.0 pg/g A3t D2 2 DaollA] 242+
2.5 pg/gl.® HEEo] w9 AT QA0 g = HEA] H
AZoA oF 20% B T2 FES BTk 2000 o]l 7}
AN 71 FE 57 A5 DIolM= 36.4 ug/g, B4
o A= 48.7 ng/g, D29t DAOIAE 44.1-45.0 pg/g ©IUT &, =
AR A Ao 22 Pbe] FA) i 1930 Mol vlsted 1.8
(D1, D2, D4) - 24 B4l F718t] B3l &334 HZE Pbe
Z3o] FAol= A&EA o7 Har ge-S Vet §4& Pb 5%
o] F7h= A9l gkl o8l A 1930 A £
Pb2 F3} A4y 72 AAZ) o7 o FH 5 41
HBo| ), o]¢9) 7+ £% pb 50 F/H= Fa U UIEE
9 g EAN HAEME 5= 2 A7) B4 A% 7
7 AAM 9] & Pb X 193080 AR 199030 ZuE
ol 15 ng/e 7HSISITHE 5, 2006). 1211 E A7-9] B4 A7
A 2,000d] Z5te]l F Pbe] FEIT 1930 HET} 27 pg/g
F7Iem® A 15d Bt & 12 pg/gdl FE TUHE ViE
islth. &, 29 Pvo] dAE AAY fAMe SE2 Folsta
PSS VRN

2

Fig. 2. Temporal variation of leached, residual and total Pb concentra-
tion, and Al concentration in the box core sediments. The ages of each
sediment layer were calculated through dividing cumulated accumula-
tion quantity by mean accumulation rate following the method of Boll-
hofer et al.(1994).

2 ppe 71AgkS A 1508 7] BAENAM ) v Htwk
& AXKPE DIF B4olAE 23.1+1.8 pug/ge) HaL D2 2 D4e]l
e 28027 pg/ee] Sl UiF AHAS] A9 FF diEEelxg
AR 3he BT AeiRA] BAEME F Spgeg W w2
< Bk

Pb 5994 &S IM HCl €& Fivt 574319199 Fig. 3a°l
Aol W 27pbA%Pb HERLS H] Aol AX A =S
Fig. 3b&= 2Pb %Pbe} 2%Pb/*Pb H|& 71 #AIE EAEISAH.
Wpp296p3} 208/ 2ph HIEZEE-S Pb FE9t PR IAIR 1930
o)z A Al FA% T7HE BT 1 ojdele wie
28k kD12 1894 A A\ ¢S vrERiSIT). 18701 019
Pb £ H-&S 0.8444+0.0007 L 2.0940+0.0014 S5 1l
2. Holoa Watgl ot 18706 Aol Avhel we) eukst &
712 BYl=d) 2 59 1700 Aol 0.8438+0.0004 H 2.0930
+£0.001402 1700314 18708 Ale]<] SETFER] 0.8448+0.0006
2l 2.0947+0.0008 2.0} 9}t 227 vERASITE

17000 A2] Pb E9194 B8-S A AF5A) 2t Bkl 0.8356
9l 2.0657(Cumming and Richards, 1975; Shotyk et al., 1998)%
B wald F Hg 2% 2 Z(less radiogenicys UEN|I 3]
208pp06phL= w9 I 2}o] S B THFig. 3b). ¥ ATelMT
B 3t Foldi ulEs S| o] el w3 9
82 gAZA 191080) A2 2 PEolA] HlW 0835 Y
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Fig. 3. Temporal variation of *’Pb/"*Pb from dated box core sediments (a) and the profile of 10 years-averaged 2’Pb/”*Pb for 4 cores (c). Three-
isotopes plot for Ulleung Basin sediments (b). Pb isotope ratios in the shelf and slope sediments of this sea (Choi et al., 2006), for dissolved and
particulate Pb collected on the Onsan Bay (this study), for atmospheric particulate matters collected at Jeju (Choi and Yi, 2004) and Oki island
(Mukai et al., 1994), and their growth curve from the past to the present are also shown.

2.0909 @& F, 20068 AF 2|Zigka} v wEE 27ppSpp=
AR Hlwdo]) 2ph%pht Fal hEE HAZol] AW = gt
& Btk &, 78l dSE H3E0 82 2R 1 A5 By pp
© B¢ Azl vlste] Th 719 F99AC%PobyH E2519 (more
thorogenic), 8% oA 2] Pb T9UA v§2 ZE B 1)
3199 27Pb/ o7t wl-$- A LERd T (less radiogenic). 0] E&)
A Eo] 45 A7t BFRTUE= TU H$0] 2 )74 7] 95}
gom &% HEo Aol edld Pb FAold 719% Pho
THEO] Y5 YERITh 02 2 2 b o] pp FAto)
35A12+9] "7 A(Growth curve, Cumming and Richards, 1975)
B}t Th 719 SH94C%Pby} 53 A5t 9Ux] hMukai,
1993; Choi er al., 2007). 38, 18701 ©]FH 2] Pb T8 ¢4 v)&
< E3f 3 diF5elA 191090 A HAES pp YA H)
& 0.843+0.001 % 2.093£0.003 (& 5, 2006)8 A2 SA}sIg.
u, SafolA B3 d¥o) 500-15,0008 4 HHEX9] pp
A W8(0.8419£0.0005 3! 2.0894+0.0014, n=46; Fig. 3b,
Choi et al,, 2007) B.oh= 9k7F 2 218 R4l

18704 o]F-ell= 3 DI1S AAs Al AZNA 1910-19304
FE 54% 3712 2N DIoAE 1870358 2712 By
or 1930t Fell= A oA A ARl 2712 B
STHFig. 2b). ] ) FYY: HES 104 D92 FFsld
B (Fig. 3¢c) A% W3lkgo) 7 A 10418 7B 2 A)AEL 2000
Wl 3l 19702 A 2F 0.0006(PbA¥Ph)e] Z7HE KT,
S7HEo] 7HF A& AAL 19909 W 1960 a2 Pb 39
F7F 1970 th9} 200030904 7 2 W88 HQLL S 5
Aok AIHEE B 20009 3o A FAojA Q] 27pppy =
%Pb/ "Pb H]&-2 747} 0.8738+0.0018 T 2.1302:£0.00282) -

F& HAE Belon 1990dtholl= A AAo)A 0.8700+0.0035
4l 2.1257+0.00420] T 19803 THolE= 0.8672£0.0029 L 2.1228+
0.00369] #t= HAth 53l T tESolA PojA 1980
HAE29 Pb 594 HEL 0.868£0.002 D 2.124+0.002F 5,
20060 % & A9l A9 & k& BT} Fig. 3bol] & AT
9] Pb THHA AES} 199330 AHF A5 HHEY YEgy
9 EAME AR @& 5, 2006)3 Blaste] B 1990 0]39]
ARE Agsas A9 22 ko ¥ Holed o= 2 o
Tl &3 Pb EHLA HIE A7) T &3 21 A 4R
284 F S Yehdd,

Fig. 3bellA B ¢ Q& & U2 5L 53 {3594 Pb 5
A2 vlgo] Al 7R T9dh TelA] AL AMAte] Eoltk
= Aot Z81 T4 vlE o) F2 REL ¥ 57
Eo|T HlE gho] & AL ] HA B Pt &, A3 H
AEA Pb T €A vl&2) W3k Pb EE W H|Eo] 2 ¢
dE HHE7 Pb $=7) 21 v)go| 2 HZ HAE Al &
el g3 e F Aok 28 A HEEA AqAoR
T8 £ U] diEel Pb 5994 nlgo] fAKEE 2ado] A
ol whe} S7kElo] FEet TH94 HiEo] AL ow ZlE
FAY Qo] T oy eEUEe] FYel & E3tg
Z HA=1 sko R FFEE T Pb B4 vlgo] I
2} SVl E B2 A 4 Qo

dREF o7 F )9 E A FE Alole] 8 #A= Pb 599
2 HE3 Pb FES] A Apolo)] A #A) glod 53t
UHDickin, 1995). 53 tiE% HASIME o] BAV} %58 F)
AE BTG F, 2006) AT NHoXE A& FHEnlt} ph
ARG} FE A5 Fal BAE 2 Ul age




3 284 A3 BB ¢ Pb YA o83 pbe] V1Y 4 321

2 AN E &), 4 Ao, AHEE FEE 29 719 Po
9] THEA HEE TE £ 3] Wil 24 7149 pbe E91¢
A HEE T Y FAE olgste] FAEH. Pb THEAL
Hlgo] 993 7197 ApAF 7199 o] AR EF FeE Ve
3% 58 dERE 5, 20060) 2 3 5F AF HAE
(Choi et al., 2007), H7]el] 9 Z7] 4bH2] A% (Shirahata er al.,
1980; Petit e al., 1984)°lX 2 B=EQIt} ol 24 7199 Pb
o] t71E B FEHH AT A Ho] o ofe] 749
FAA 7)1 ztor olF W FEEHE ¢ wHEAE a3
o7 743} 3k Fgo] Qo] wistE ARk S AR B
A9th(Kober ef al., 1999; Z %, 2006).

2H 71 pre| SHE H Ppe| 0|5 4=

7z} HE8Fo 29 7149 Pb HFE-S TESH 29 71 Pve
EAEE F8H FHEQ A-5HE HIERE 29 PbY o]
T AE 9 71de] B3t {571 7FsE Aoltt. o7l 24 714
Pbe] THAA vlES 43 Jhed 29 EHEY T4
A vlE3 v wshd S8 §4E0 2F 719 Pbe) 2]} o
Z ARE P 5 & Btk WA, 24 714 pb] £ E

& o) g olgslel Akt
—2013 7]% Pb %&‘%(mg/mz/yr) = (Pbmeas.'Pbback)X Fsed

A7IA Pbmes AlEAAN EXHE 5 £F Pb FE(ug/g)0l
Pbeaes PbS) 713 B, Fsm 2 AN B H8F &4
E(mg/m*yrelth, 2 789 714k 18508 ol A7 B

& AME- 3ISITE Fig. 47 7t AR 24 Pbe HHES Al
el wel BAIS Aoz ZF AN Pb w0 FUNEE B
2e 7R HElE gA18IT). 1850 o)A (DS 19008
o)) 7|A gkl dFsh= €& Pb ZHE2 DIolA 12.8+13
mg/m%yr, B4°l|4 8.0+0.5 mg/m?/yr, D2 & DdollA Z+2} 5.3+0.6
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Fig. 4. Temporal variation of anthropogenic Pb accumulation rate for
each core.

mg/m¥/yr D 4.4:0.1 mg/m¥yrelR2™ 1910309t 2 Pb 5
AL 0.5+0.2 mg/m¥yrE B4, D2 ¥ D4olA FARE gh& 19
ThFig. 4). 19300th ©1 %A 1970d7KA1= A A ellA 71271
= ohEAE Al $7FE B9 71e719) A7l Dol 7
33, D2 9 B47} SAFHY D4olA 718 2R ks BT 1970
WRE= B4} D49 2 197030 A 22 &5 2 U8
o1} D1F D29 7A-¢ 7 AR gusl S7HE B3I 1990
dr)l o]l&z= D13} B4olA 71199080 &) B A (1990:d
ol Zuh 283 48 F7H1990dH) FHhHE Blow D2 B
B4 M= 1 A3 fAKSE Z7HD2) © YT FHEDHS B3
t} E0]gk 28 D17} B49] thEARA A oflA 1990 o] W3}
7} izt 1990 FHREE F55Hs FAIE BHRvh=s o)
t} & AsEA el H 153 AlRlef Halk A2 giglent
EAPE Aol 1990t Z H3E BT 1990d T 2
B 323 29 719 Pbe) FFo| o)Rolf5-E & 7 Ith(Fig. 4).

2000 ©]F29] 29 Pbe] HFHES WFEAHA 10.3(B4)-13
(D1) mg/m%yr HAQTL AHEA Aol 3.4D4)-5.5(D2) mg/m’/yr
ot a3 B thES 9 iSAAeA 1985 oF 1993
W79 24 719 Pbel HHEL UFE FoME 17-44 my/
mYyrC3 292 mg/m¥yr) WHAL NF A E 6-9 mg/myr
B3 7.9 mg/m¥yr) HAZE 5, 2006) &2 7IZFEt & AT
o] g A EA D17 B4) A E 6.4+0.8 mg/myre
Akt ARE Bk 38 42 V)7kEer ASEAN G D2 B
D4ylAlE 4.140.8 mg/m?yre] 52 2 7|4 Pl FHHJCH

B Apds dojd 55T 280 AlE7 Wt FIES
grlexe] & el FHEES AR W A AT AR
odxbsl viwaEE 29 Pbe] ©)F AEE FHE F UL Aol
th AA 7)ol Pbe] & ZShR ) AgkelelA 1988l
2 1993Q Aole]l 4.1-37.1 mg/m¥/yrCAT 12 mg/m*yr) HARL
(Choi, 1998), AF= Aol 19953904 199613 Alelel] 1.0-
8.8 mg/m¥yr(3 7 2.8 mg/m¥/yr) BN FH ) Bt 1999), U
B Oki Adellx] 198839014 19913 Aelell 0.7-6.1 mg/m*/yr(B
2.0 mg/m/yr)H IR H Mukai et al., 1994). &F5olx 2004-
20065 Alolel) W7ol & 738} 2.48-3.85 mg/mYyr WS
]3], 2006).

A, 7] F pbe B 2= fA 9 FA ILF AR
Axke} WAskA B gl S 1992d0] FA FER AR
< AW ZX 3] 19903t Mol o] EAleA W7} F Pb F
b F2% AS B3loH ] 5, 1994; Kim, 2007), Y22
197749 4 37 A A3l 1 F2E Po T} A
8o 220 T Mukai et al, 1993). BbEd S5 1997
dAro] 238 Al&slel A=z oz 2000l F1 3T AL
& 231 o (Wang et al., 2000; Zheng et al., 2004), 200013
o Zubell th7] & Pb 5 L FAETE ANk o]gkE A3 &
SFH(Wang et al., 2006). °= ti7] & Pbe] 7)ol # 37
wot ohgl Mgk Ak, T &x U AHE S T3]
w20 Zheng er al., 2004; Wang et al., 2006). Fig. 501 =7,
AR wl EoA] 19653FE Q) AT AR B 5) AHEF
& JehliglEd] obrlo} Z71Ee] 1990l AR A7l
oJg sl ARgEe] Wst & VERITHBP plc., 2007). 5
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Fig. 5. Yearly consumption rates of coal and oil in Asian countries
(China, Japan and South Korea) from http//www.bp.com.

3] T AR ARG 1990 Zubell AT 2}, Fuk o] B
B 283 5k o)F 20009 009) FAT 2} A4 BEo W
3= 2 Holx SiviAkimoto ef al., 2006).

by 7 |2RE Q] AelEke AR A Hol WA )45
THOZ ZHA43}31(Chester, 1999), 1980 T ©] 3ol Ea|2 44
AW 2% Pbe] ZUA7L F3 W S (Mukai ef al., 1994)
EAEolEta 718 Faidold 19904 o) 3ol Ty 2 e
733tk F Pb 20000 255014 9) Q) 248-3.85 mg/miyr
I AR FE0I0E Blolt). o] AL # FuEI} Fo Ao
ek 19909 ko] 343 744 o 2000dt)2) S7}12 01 7+
271 SI%& Aoli 3K A5 g 9 M%) davt Foddo]
SATHA Fig. 5914 BojF%o] 19909 Eub7ix] 9 Aldw Z7}
o} TRk ZHA T3 2000909 F2% Frhe] WElE wojob
ok ks w3 t7lell flEE M) 93-S el =
1990t 9-2] A 3ubF AR Aol I3t 7] 2 b a9t
M A8 A4 F7l % W] F Pb BE S} 8418 V)

55 2 QS-S vehdig)

3 DaolM9) 2 7191 Pbe] 2AES 19904 0% 3.1-
3.5 mg/m?/yr WO 2 7| ZHE] Q] Za}ET} HALEE o) 1990
Hrf o] F AR WSt F4) Qgh)el th7) 2 HEe] ARE
A FUCZ ofsid 4= gk, B8 o] 94k 1990t Ao
T D4 FA 249 24 7149 Pbe = 9 3hhuoN &
FEF AR 2 S Ag Aol ] )R wiEEe] S
“F3he PboZ Vs Fig. 4004 Uehls 2248 W= o))
2 BE9 FslEe] Hilz f39r).

Rbde] thF Al 9 D2ollA= 197031328 4 mg/m?yr o
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B A #9 ool 371 f9lge] yglealar ot
o F7HR $992 )7t sl dolAgt Saz 1A 72t
3h= Zlo] ohir ghik: FHg|ode] Falsle] Bale S9lE=

FH e} A SFRAR o1FHY HAE HHHE 24 714
Pbé} th717} obd frd oA F8ll URe fsEs A2 Az
g 5 Q)

T3 B I ES B BE 2 EEZ 0T o|FsH= A
HE HAES A T3 diFolq AAL Poo] AT Ao &
214 4= 9ItK(Choi and Park, 1993; H 5, 2006). T3 28X
oM HHES @5 Usadd MY 1 BEE 9 BEE] A
A Z 7HHA Wolx=d) AR £ e AGegHo g
223t Hong et al., 1997; Cha et al., 2007). WabA ohst 3
2 T8 FYEHE HEE delet SAUsolN di7|22e 7
3kt 2.1 Pho] XE O] B A EY 87 &SRR 235 5 9
o} o]gl 2 A A HAEAY 249 Pbe ZHEE §
HE9 FAE nlEst] Ueld Ro1thd 5, 2006). Fig. 49
A1 1990t A7 2 AAHE 24 719 Pbel £ Eo) §F
=9 B FHE o419 FARH A3ksh 19908 Sl % D2
9] A% D4} AARE A3} oFY 2 AT FHE 2J0)F Hol=
AEo] 99 Ae Hgith ey Ao o 7127)7} D4
of vlgle] The: FABOIA o & AL 2 = Y3 19904 o]
Foll iFAFE FRELS HaEAgel vjale] nle FA% Z7}
£ BRItk 19900 Mol FHER 7877 O AL SR
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FHASS Ingit}.
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HE Al ke, FAbEE, S8R WV, 2 gu &
AEAL 59 F71Fo] Al&3t] S8R L@k, 2002; 3
FF71FLHEA2H, 2007), F718019 BB FFS50] 5=
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A Hols 28 F71e] dgle] | 5= glg Aol

4, = Pb B ABFEE 1990 o] Fo)] FEEI=
19909 AFE 7 Holls ) AAke 2 Fgsigion 17 3
T WS ol SIS T @EEARDANA T, 2004), AlA
a9 At dle F 8 2 A Pb w57} v EoKTable 4,
Kang et al., 1999) 2G99 AQ2) Pho] BFHOZ o)Fsh= &
3 9l A EH 3 LA FHEHE A¢EE 5, 20060 F
3l WSl 417 efdlo] & = Qlvh FAF 2999 A9 o
710l &%t o]Fo] ofe} f=3jol] o FiPolEE HEER] A
Eoll= vlwd Je] A7) veldael ot

webA 7| 25619 Pb 2K, ZH) 34 dg 2 74 3
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71l 4 AR AR E 19908 2WHK] o2 REe) 7




B 2TEA AF HAHEN K Pb TALAE 0183 Pbe] 7149 3% 323
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TR} FFUR o) 2 09 7199 TS F9dA v go)
T A 7199 o] AR £ FE)R SAR sickFig 3b).
olEF 2 o] FAR: T4 HHE(Kober ef al., 1999)0]4 = 1}
B B3l W g HHEE T, 2006) 2 3] 3 AF
E1#E(Choi er al., 2007)°IM = 2 Leldt}, o) 2+ Algjo) &
k= ol2f 29 7149 prol 2 V1S B TREI 550
A 2 EEo] H2El F2%)7) ghito]th(Kober ef al., 1999).
LB 29 719 Pb of2] FH/F EAE ¢ glom zt Algje]
we e S 99 71do] & vk weba zt o)A
7148kl == P EE B Pb B AL vl FE £ glo
2 o) A& ol 24 A, Al 2 719 Pbe) 9
& vlEgs 4 hsdit =,

PBieas X (7P Pb)ess=Pbract X (7P Pb )Py X (7P Py
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o] ©th. %714 meast= 7t Fo49] Pb BE T FIUA HlE
O] backi= Ak AFE) 78]l anthE 2@ 7]19e vEbALH =}
A AES] A 1850 oA Pb EE 2 EoYa u|gS AT
3o ARgatglth T2la 99 7199 Pb EEE: 7+ 29] pp %
EX 714 FEE A3t gholtt, o) At BgelM pb EE 2}
o7} AL A4 At 24 719 Pbe] T4 ulgo] mjo o}
€ #ol 2 7 gl 24 719 Pbel w57 283 2 19504
o ©1%2] EAEo| thairrt AdE AAEIC}

2%F 7149 PbS] 27PbA%Ph 2! W8phph u] S-S D12] 19661
Al&8 D29] 1970 A EE A8k 19504 0.884+0.001 2
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Fig. 6. Historical variation of anthropogenic *’Pb/*Pb estimated using
binary mixing model.
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Fig. 7. Comparison of estimated anthropogenic Pb isotope ratios with
sources-related materials. Leaded gasoline of Korea, Russian ore and
leaded gasoline are also shown. The coal and ore lines of Korea and
China were explained in Choi et al.(2007).
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o} 3 O)7] 5 Pbe] ZEX|9h #EAF)7]) e iRl
Pb HIZA S A5 IRl Af) AAE, vidES Al| 9 A
A 34, AHE 33 S (Nriagu and Pacyna, 1988)°] tigt =
o] Pb T A4 2BV edt. T3 fA 3EFol AReE
Pb H7HA1Y A8 BFEWATE 22 4 el dig Arot o
Al Aot AAAA R FEF 7] ¢ Pbe AR ¢
9] Associated Octel A2} w]=2] Ethyl Corp. & Dupont Al
olg] F= o|FoiFlt}. 7} FatEe] AREE Pb B Al71SE ¥
7 Ao §iAle) ulet thEA N F2 ARHPE P 5
Broken Hill @ Mt. Isa®} AVicke] wl 7e)1 u|=9] n]AjA|g]
AFoA AAEoH o] 59 pb FH L4 HEL 4 ¢ &
S5t EA4E Btk &, 55 9 Atk 334 Pb/Pb(*™*Pb/
206pp) B]-&o] <F 0.95(2F 2.22)Cooper et al., 1969; Cumming and
Richards, 1975)% WAP149 T4} 7FE A2 Aola v=
2] A% 7 1)80) 0.719-0.781(1.871-1.959)C F HAPY £
27} 7P FH3 ot). 21 o) 9jel| HAlof, REH, AW, &
A&, HF 0] FLF HA7HZE ARSI Mukai ef al,
1993; Véron et al., 1999; Bollhofer and Rosman, 2001). ©ebA
A LR AR HIHAY Y BRI A7l F Pb T4
Bl&-g olalsh=dl 52 ARV}

SEEA A ) £ Pb B9E 4] diEl BuE AlEE= gloy
57 (Mukai et al., 1993; 2001b; Wang et al., 2000), %] (Wang
et al., 2006), ~33(Mukai ef al., 2001b; Zheng et al., 2004), *|
@S, 1998), Ao} BEfHHAS, MR HASE ¥3ehs
018 EAS(Mukai ef al., 2001a)2) 7] 3} AFEE AJAH(Choi
and Yi, 2004) 3} 27| A Mukai et al., 1994)0142] t7] ER4j
st Pb 5994 v]Eo] BuEgieh 3 Z=ollA AMERE A

g 2 Pkl thst Pb Y94 HEE Huso] itk (Mukai ef
al., 1993; Mukai ef al., 2001a; Choi et al., 2007). ZZ2]\} 352
A% 19908 IR E 2] FA AR i S A
o7 29319 01} 19909t FHMEEIE S B Ate] 38t
3 FR1FEeR JqAEH o] B FUELS Al et A7}
g2l =6 57} 40-70%(1996-1997 A 2])E X515 1996-
1997300 FLitolA 40-60%% 73151 Fulell A AR AT
SR AAAATY, 2004). 0)HF Y FFo] AEHAES AS
= Pb 5 il 935 719A 40| g oA} EF FA
Furgo] ALg 7)700] ZhE) we) thEEE Oi7] #79] AsE
v waly] i S R AN AIS 7 R AR Al
712 TRl A5 vlwd L7} YItKChoi er al., 2007).
Fig. 79 JehiIAE kARt B4 7] 23 /4 3dF
AR X716l 1987340 0.866+0.002 L 2.123+0.0030]1 Fo]
89 AT ARgo] A9 1 1996-1997d Alo]ell= 0.871+0.002
9 2.129+0.0070.2 zH) F7VE MG, AR A 54 A
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Mg A9 A IR AR 7171 1985-1988 Alolol| 0.851+
0.009 2 2.09120.0110]%! B]&o] 24 2l 1995-1996d°lE 3
7 0.872+0.012 E 2.134+0.029% "¢ & 7 Btk &, F
o] AL 44 g FA 0 wkt ti7)9] pb T A4 vlEF
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719 9947t FRsR= AL = U g 7] i) #3
(Mukai ef al., 1994)3 23] EZE(Choi et al., 2007)X % &
Z3)= Ao E 4S8 7]9] Pho) 579 A =2 Yot g
At B ML IS WSS Uit AFE At

o= MBS

A9l tiy] B2 A== 1995-199613 Alelel] 0.873+0.005 2 2.134+
0.012% Ag EA} vf$ fARSE b8 B3k

23] 7] BRI 1980t 2 1990 el BSH Pb =
9 da ue3 B SR 22 A7) FAHEHULD 29 Pb
o] T4 vl L mi$ g2k g & F AthFig. 7). =
g Ajoto|A R AAEE P BT § R 2B o) &
Aol REYH Pb T YA ¥lE(Mukai et al., 2001y =}
L =g & 4 gk vl 1950t 29 Pbe] FH A
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Table 4. Pb concentrations and isotope ratios in dissolved and particulate phases collected on Onsan Bay and in atmospheric particulate

matters collected at POSCO.

. . 27pb /%Pb 208ph/2%Ph
Station No. Location Concefl:)rations mean error* mean etror*
Suspended Particulate Matter, Onsan Bay, 2003 (mg/kg)

st.3 Kakkot 151 0.8825 0.0003 2.1291 0.0013
st.4 Samchun 157 0.8885 0.0003 2.1370 0.0013
st.5 Songwon color 1835 0.8904 0.0003 2.1371 0.0012
st.7 Ijin-ri 527 0.8913 0.0003 2.1389 0.0015
st.8 Toamto 130 0.8927 0.0003 2.1428 0.0016
Seawater (Dissolved), Onsan Bay, 2005 (ng/kg)
St.4 Samchun 1.38 0.8825 0.0003 2.1209 0.0009
St.5 Songwon color 20.89 0.8828 0.0002 2.1211 0.0009
St.7 Ljin-ri 2.18 0.8824 0.0002 2.1209 0.0008
Atmospheric particulate matters. POSCO, 1998 (ng)
POSCO-F1 Lime-burnt part 0.43 0.8631 0.0019 2.0966 0.0036
POSCO-F2 Filter for line dust 25.79 0.8603 0.0001 2.0971 0.0004

A - F43] S0 7 $2E okzhe) Zrhi Belon
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o F=ME 199035 9 94 9 A& HrAE A
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el 2AA 299lo] @ F gl Ty JERe] A 1
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Ad £ EF Pb F5E 50| B sjednct m$ =8 S=50]9)
A|RH(Table 4), Pb T4 vl&-2 E3] HAEM =L = gt
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