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Prel iminary study on the characters of elemental
geochemistry and high resolution sedimentary record in

the process of land—sea interaction in the East China

Abstract

Yangtze River and Yellow River transport numerous materials, including a lot of
pollutant, to the marginal seas of China, and the dust storm of the East China is an
important passage, delivering the materials to the Pacific. The mud areas in the
Southwest of the Cheju Island, the South Yellow Sea, the Bohai Sea, and along the
Fujian-Zhejiang Coast are the sedimentary center of the fine matter.

Firstly, the mechanism of the colloidal flocculation is described and introduced to
discuss the formation of fine mud areas in ocean in my dissertation. The mud areas in
the marginal seas of China are all formed in the upwelling areas where the condition
of the physical chemistry (temperature and salinity and so on) changes regularly,
which leads to the flocculation and sink of the colloidal solid.

Major elements of 118 surface sediment samples in the Bohai Sea and the West of
the North Yellow Sea and 57 sediment samples of sediment core B18 in the Bohai
Bay were analyzed by the ICP-AES, minor elerhents, including REE, of all sediment
samples above were determined by the ICP-MS, and the compositions of the grain
size of all samples were analyzed by the Laser particle size analyzer. Three sediment
cores of B178, B18, and A435 from East to west in the Bohai Bay were dated by the
method of *'*Pb.

The distributions of the toxic elements showed that clear anthropogenic inputs of
toxic elements mainly from the rivers to the Bohai Sea, and the Dalian industrial
region was the important source of the toxic elements in the West of the North Yellow
Sea. The results indicated the potential pathways of trace metals via the transport of

sediment from the coast to the Bohai Sea and the West of the North Yellow Sea. The



high concentrations of toxic elements near the Yellow River Delta were caused by the
processes of adsorption and coagulation of dissolved trace metals with particulates as
well as aggregation of particulates between freshwater and marine water zones. The
results of EFs and the correlation with the Fe indicated that As and Sb may be derived
more from the anthropogenic sources, and Ers of As and Cd indicated that they may
lead to heavier ecological risks in the studied region. The results of PCA indicated the
most of the elements analyzed may be derived from the natural sources, and the Bohai
Bay may be the heaviest polluted areas among the four parts of the Bohai Sea. There
may be considerable ecological risk in the most of the Bohai Bay, the Yellow River
mouth and the southwest of the Liaodong Bay. In the West of the North Yellow Sea,
the pollution of toxic elements, especially As, near Dalian may be much heavier, and
the sea area near Dalian may be in moderate or considerable ecological risk,
influenced by the Dalian Industrial area region.

The distributions of the major elements in the Bohai Sea and the West of the North
Yellow Sea, the compositions of the major elements of the sediment core B18
(0-40cm), and the 2'°Pb dating results of three sediment cores were used to study the
transport process of the Yellow River material into the sea. The results indicated that
CaO/TiO; and CaO/Al,O; were the effective indicators of the diffusing range of the
Yellow River materials in to the sea, and CaO/TiOy=6 and CaO/Al,05=0.3 were the
boundary values of the diffusing range of the Yellow River material in to the sea.
There were two centers of the fine sediments near the Yellow River delta, influenced
by the flocculation process. The sediments near the Yellow River mouth were
resuspended, and transported to the Bohai Bay by the tidal current. Impacted by the
wind in winter, the sediments near the Yellow River delta were transported to the east,
and the fine materials could enter the South Yellow Sea through the tip of the
Shandong Peninsula. The Yellow River’s contribution to the center of the North
Yellow Sea may be small, indicated by the CaO/TiO, and CaO/ALOs. The 2'°Pb
dating results of three sediment cores indicated that the materials from the Yellow
River were transported more to North-Northeast and the west along the south coast of

the Bohai Bay than it to the Northwest. B18 was a mixture of the Yellow River and



Luan River materials. Since 1976, the grain size composition, CaO/TiO, and CIA of
B18 had changed remarkably, indicating that the Yellow River materials transported
into the Bohai Bay had decreased distinctly since 1976, which was caused by the
man-made changing of the Yellow River channel, the decreasing of the Yellow River
sediments into the sea, and the changing of the salinity field and the circulation
structure in the Bohai Sea.

IREE, IHREE and ZLREE were positive relation with the clay content (%) of the
surface sediments of the Bohai Sea and the West of the North Yellow Sea. In the west
of the Liaodong Peninsula near the Changxing Island, Liaodong shallow bank, the
Bohai Strait, the Luan River mouth, and the Northeast area near the Yantai,
ZLREE/ZHREE, La/Yb and La/Sm, were higher than them of other regions, and
EwEu’ was higher than 1, indicating that the sediments in these regions may be partly
derived from the Archean rock on the land. Ce/Ce” was higher than 1 in the South of
Dalian, around Caofeidian, near Yantai, and the center mud of the North Yellow Sea,
indicating that the oxidized condition was relatively stronger in these regions.

All the analyzed elements in the aerosols of Qingdao displayed strong seasonal
variations: the concentration of Fe, Ti, Mn, V, Ni, Cu, Pb, Zn, Cd was the lowest in
the summer, and the highest in the winter. As an exception, the concentration of S in
summer is higher than those in spring and autumn. During the dust episode, the
concentration of Fe, Ti, Mn, V, Ni, Cu incre;ased remarkably, while the concentrations
of Pb, Zn, Cd, S were obviously lower than that in winter though they also increased
remarkably. Ti, Mn are mainly derived from the soil source. V in the atmosphere is
mainly derived from the soil source, with minor contribution from ship emission. The
anthropogenic source has a relatively higher contribution to Ni and Cu in the non-dust
samples, while Cu is mainly from soil source during the dust episode. The S, Pb, Zn
and Cd are mainly derived from the anthropogenic source, even during the dust
episodes. The natural sources contributed about 60% to the sum of measured elements
and anthropogenic sources contributed about 30%.

The rapid economic development in the Yangtze River Delta (YRD), China in the

last three decades has had a significant impact on the environment of the East China



Sea (ECS). Lead isotopic compositions of a >'°Pb dated sediment core collected from
the coastal ECS adjacent to the Yangtze River Estuary were analyzed to track the Pb
pollution in the region. The baseline Pb concentration in the coastal ECS adjacent to
the YRE was 32 pg g’, with the corresponding 2°°Pb/"Pb of 1.195. The Pb
concentrations (average, 312 mg g") and fluxes (average, 307 mg cm™ yr') were
relatively constant from w1860 to mid-1980s, and they increased rapidly from the
mid-1980s to 1999, peaking in 1999 at 65 mg g for the concentration and 61 mg
cm? yr'! for the flux before decreasing sharply to 36 mg g’ and 31 mg cm? yr’,
respectively, in 2002. 2°Pb/”"’Pb was constant from w1860 to mid-1960s (average,
1.195), and decreased from the mid-1960s to 1.165 in 2000 before rising to 1.185 in
2002. The variations of Pb flux and stable Pb isotopic composition in the study area
reflected the impacts of the economic development, in particular the leaded gasoline
usage in China. The severe flood of the Yangtze River could contribute more
anthropogenic Pb to the coastal ECS. Due to the different time of economic
development, especially about 20 years lag of the phasing-out of leaded gasoline in
China, the historical records of Pb in the environment of China were obviously
different from those of most European countries and the United States.

This work is supported by National Basic Research Program of China (973) (Nos.
2002CB422304 and 2005CB422304), and by the State Oceanic Administration of
China (908).
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Ciay(%) % s . S Silt (%) ] “'r:’;/,' 2 Lo
N I RN -] A T
p Qinhuangdan— ) . 5 L 40+ Qintmmrgdeg— ) —~_ « 3
Lo & _‘-;4‘/‘\2 _l ».,/Jr:’{: e o VL =1 <
= Uy S N ) x,

o

B 42 #i1(%), M%), (%), UERFEKE (Mz) B2
43.1 REVIBYHIRLE 4R
ERRYHIRERMELES AN EERHR R, &%, HFRE
BEEARNKAST WA, bEE—CENET Y. FETHERTHMETE
RKESRFETESRED, BYESERK, BAREFHTMRALE. 5—F
[, @BRYTE, Pl UHREYR, 8%EERKNRER, EEEN
FRFeMnEMAY B, MNUBTERTBRMER, ik, AFRNYRERET
FNA O RN IRETRETENEM. R, JIARYKKIE thE
5 R X K 3 J S A VTR B M A AR Y, BRI 2046 W )R BRITAR
YVIREHEXENYEA LD BHENLEEARREARYNE LB
SARE4-2. #EE, PERBEEN, TREER, AEFORKBEAEHENE
MHETESEE, PRNESSESAAMLISEN O AMEHARKE.
EEEBPOLFE-ATRERX, BLEIEEFTT16%. BHTFZRT
R TR RIfE R, SRR JTURORSE, YRR EEM, 55
XS ARHER G .. #IELRYBEEOTRY, KBTI RESR R, B/

T T T T T u T
119 121 122 13 124 18 19 20

38



o B R 0 o AR L AR o T R AR AL B4R E R R Y R TR B R AR

tAb s Hg T EVe XA, T RSRIET AR Em A R,
432 HEILEMNSAH

##+ V, Cr, Co, Ni, Cu, Zn, As, Cd, Sb 1 Pb §1F R E 4 5k 77.9, 58.9,
11.6,29.5,23.2,71.3,11.2, 0.1, 0.9 1 23 2mg/kg (B 4-3) . E#FEHTE V, Cr, Co,
Ni, Cu, Zn, As 1 Sb RIIRE & =M, 4518 121.6,91.2, 19.1, 49.1, 43.1, 949.7, 25.6
1.9 mg/kg: Cd FIBKEEPEEIE, H 0.3 mgke; T Pb MR KEEFZEMD,
4 35.7 mg/kg. V, Cr, Co, Ni, Cu, Zn, As H1 Sb H B/ MEH N FEZ % L AKBELTE
BAMEXE, 4514 23.8,16.8,2.8,2.6,0.8, 8.8, 5.7, 0.0, 0.2 #1 14.0mg/kg.

TR AN X, BB HTV, Cr, Co, Ni, Cu, Zn, As, Cd, SbHIPb I FEHIIK
E&E, 73714101.5,74.9,15.1,38.7,32.5,91.2, 15.6, 0.2, 1.27124.8 mg/kg; TV,
Cr, Co, Ni, Cu, Zn, As, CAMISbEIL RE Fa #F B FIE A I 4+ X R B AKHI , PbFy
ENBMESTEPHEE .

AV, Cr, Co, Ni, Cu, Zn, As, CAFISbTFHERNRX R HK, THERES
AR EMRAEA, URFEBRBEEFX M I, Rk, MHESIHES
SHEMPEC, ATHEEHLENTEESFK, RHEERNIVRY
—, EEFER, HEFRRRE, A& RH ST EER—EFS.

FEMNBHNBENEECEFYRETRIERLZHARAAGEYHEN ’
030, smALERARER, BRYNTRYEEARERNOBRERS,
BOMTIEEE19964E A TS B i e 02, [, 75 19964F Bt B HO B2 1
ARFERNMEELENREX . AR OVRENFERTAEY R BN
ERMAXMEEFERY, RAKRMKKREZ WEERZIEL, EERIEFHET,
SRR Y AR INE . EHRNBROERERT, MRERTOXEY
RPN BEE, #MEBEEBRETT, TEUREHRE, REMNBNDE

T RE I RYIET R4 B TR, AR, LRSS g AL,
EEHARYA, IRBNIRYCLZE TR LT, RENEMSE T H—
3. FRAPHTFRAERELEBEILEREROXEARY, ST RBNIS
PRMA L AARRENEN™E, FHRERILEREX",

K& $E 55T 5 0 FHRBEAE T 2R e RARRTBAR A0, KP4 i B R F 05
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o B AR AR R A AT A P A T R ERAL AR IE R R A R AR RAR

G5 BE B AT TG 5 1 VS IR A B AR MU, KT, ZnfE P ENE
RUFE—MIBER, INMEHEXTERZRAKETVRGRINEHE.

FEEEABHREENER, As, POHICoRBRREMKE (E4-3) , XATHE
R K& Tk X 5 R A IGE R « KIEMHE X #Sb, CuRICA IR B A5 # % &
BIWREE . b3 vE 30 PO M 41 BURLYE R X (I 35 Sb, As, Pb, Cu, Zn, Cd, Cr, V, Nifl
CoZBEXERZHATHBRMIERARWHLER.
433 ZRITENPIEST
433.1 MFe,0, (%) WAXMESH

BHEMILEEERREIRYN EETEALO; (%) HFe,0; (%) KIStk
RRFBYHIRE SRR 0. By WESREPEHAINFe, AlfFe
FERE TR LEARUNY), TRERItEEFEITEALO; (%) FFe0;
(%) oAk BATIRRYI KRR 4 A R+ 4a 1L, X BRF X §¥8] DR
R X IREEZREIRERYRKIE M. Sb, As, Pb, Zn, CdfllFe,0; (%) Rt
{&FCo, Ni, V, Cr, CuflFe,03 (%) (B4-4)B4855E, KIS, As, Pb, ZnHICd 7]
BeE L HRET AR IER,
4332 ERRH(EFs)

XA TCEREFET AKENRE R BRRUR BRI ETRNERL RS
E£ Z% (Enrichment factors (EFs)) Kt E AR T

EF=(X/ Ti)ma/(X/Ti)ux>*"!

HEFHANAK, HHRTEEIERETRE; HEFELBM M, BT
EELHRIETAERR.

V, Cr, Co, Ni, Cu, Zn, As, Cd, SbAIPbHEFs{E 145 £ tnE4-5F 7~ . #FEFV, Cr,
Co, Ni, Cu, Zn, As, Cd, SbFIPbHIEFs{E 143 kg R AN N TR R ER 5 Atk R+
S AL, FEREERRILE, AsHISOHEFSH®iA14.97110.5, RAXPMKIEH
AsTASbEERIFET ANR, RATEEERETEHHBMAG 4-1).

I8 FE A #E K As, Co, PbHISbAH B M RIEFsE (B4-5) , KHAs,
Co, PbAISH A A KR4 K8 T RKiE Tk X A KB KIHER
4333 XM

FE AR HTPCA) AT FIRIRFN TR EEYREH 25, SR8, M.
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K 42 BEEIRBOTER

B R 4ERE
i
PC1(72.4%) PC2(14.0%) PC3(4.3%) PC4(3.5%) PC5(2.9%)
A 0.77 0.38 0.02 0.45 0.22
Cr 0.76 0.37 -0.14 0.46 0.18
Co 0.77 0.21 -0.03 0.50 031
Ni 0.75 0.30 -0.22 0.47 0.25
Cu 0.85 0.21 -0.18 0.25 0.27
Zn 0.46 0.20 -0.25 0.79 0.15
As 0.02 0.15 0.98 0.04 -0.03
Cd 0.45 0.33 -0.16 0.23 0.77
Sb 0.35 0.83 0.01 0.36 0.21
Pb 0.83 0.19 0.31 0.13 0.35
ALO; 0.86 0.31 -0.28 0.22 0.05
Ca0 0.53 0.80 0.20 0.02 0.16
Fe,05 0.86 0.38 -0.06 0.20 0.13
MgO 0.81 0.39 -0.33 0.26 0.08
TiO, 0.74 0.52 -0.08 0.12 0.28
MnO -0.25 -0.10 0.90 -0.32 -0.08

SHHEEREIRYE TR TERITPCAMT (F4-2) , BT AENMTEA
43: PC1, PC2, PC3, PC4, FIPC5. HANE 77 1R IR B E[I72.4%, 14%,
4.3%, 3.5%7F12.9%. Fe,03(T), Al,03, Pb, MgO, Cu, Ni, Co, Cr, FIVHIPC1FH 1R & H
IE#A, ART BAEKTE, FEF, As, Sb, Zn, Cd, CaOFIMnOKIPC1 21K
HIIESHT; Sb, Cr, CAFICaOHIPC2 A MBI {H: AsFIMnOMIPC3 2B & HIE .
PC4RHZn, V, Cr, Co, NiFISb#I E#E AT : PC5SAH CAMPOHEmE T .

XF 3N & TR BAT E A AT, RENT A FEH 5(PCL, PC2, PC3, H
PC4), TN 59 RELH B 5 Z1187.4%, 5.0%, 2.5%, F12.0% (F4-3) . &
BT RMPCIE A AR IER, HFAs, Sb, CaOFTIO.MIPC1E FT L BE; SbHICa0
FIPC2E M EHB B, Cu, As, POAIMgORE FEMPC2H T E; TiOMFe,05(T)E
B EMPCIEAE, R, V, Cr, Co, NiFICURHFEMPCIRME. AsEEH
B IEPC4AE i {E, TV, Cr, Co, Ni, Cu, ZnRIPbHIPCAE T %



B AR AR AR A T RO T R AR I R R 0 R TS RAIR

R 4-3 IMBERBOIER

BEFs 5y #EP%
3 M

PC1(87.4%) PC2(50%) PC3(2.5%) PC4(2.0)
v 0.69 037 0.45 0.42
Cr 0.71 0.31 0.49 038
Co 0.76 0.35 0.42 0.35
Ni 0.75 0.38 042 033
Cu 0.78 0.45 027 0.32
Zn 0.81 035 0.29 032
As 0.41 0.48 0.28 0.72
cd 082 032 0.35 022
Sb 035 0.81 032 0.24
Pb 0.78 0.42 0.18 0.34
ALO, 0.74 0.4 042 0.17
C20 037 0.87 0.12 021
Fe,04(T) 0.73 037 0.52 0.25
MgO 0.72 0.46 047 0.20
TiO; 0.43 0.19 0.85 0.19
MnO 0.80 033 038 0.10

Xt R SRR TPCA T, REUT £ 4 PCL, PC2, PC3, PC4, PC5, PC6#
PC7. EANES 25 & BT ZH170.6%, 7.5%, 6.6%, 4.9%, 3.7%, 2.6%F1.5% (&
4-4) . LA FRBEAFEF, V, Cr, Co, Cu, AO3,Fe,05(T), MgOFITiO,HIPC1
BITERM N TERNERE, PCURTTRARNZ BRENHAA; ZoMNifE#
BEESHEPC2, CribAHREMPC2ERH0.587; PbRIAsHIB A B A H A
EPC3; CAMIB BT E N MEPC4, Poib AFE R APCAEFT{EH0.332. Ca, Sb
MMl & S HAE S HIAEPCS, 6817, AsFIVAFPEHPCSEATE, V, CoRiCu
BHPEHPCOE A E, PORCulIPCTRFMEFE. THHENPCAL RRAK
BFHEILRUVARETHEERENEMNE.

K 44 FEBEHNERBITER

WL MR
R E
PC1(70.6%) PC2(7.5%) PC3(6.6%) PCA(4.9%) PC5(3.7%) PC6(2.6%) PC7(1.5%)
v 0.76 0.21 0.34 0.27 0.21 0.31 0.18
Cr 0.66 0.59 0.29 0.24 0.13 0.19 0.09
Co 0.78 0.27 0.35 0.23 0.20 0.25 0.17
Ni 0.58 0.66 0.28 0.27 0.05 0.20 0.06
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Cu
Zn
As
Cd
Sb
Pb
Al O,
Ca0

Fe,04(T)

MgO
TiO,
MnO

0.75
0.23
0.46
0.29
0.23
0.43
0.94
0.25
0.85
0.84
0.82
0.55

0.28
0.96
0.11
0.08
0.11
0.28
0.2]
0.06
0.21
0.20
0.28
0.15

0.35
0.07
0.68
0.23
0.17
0.69
0.20
0.06
0.25
0.19
0.09
0.34

0.23
-0.01
0.19
0.87
0.17
0.33
0.06
0.12
0.12
0.17
0.31
0.24

0.17
0.06
0.36
0.17
0.06
-0.12
0.05
0.95
0.26
0.35
0.11
0.03

0.25
0.04
0.25
0.20
0.93
0.20
0.04
0.04
0.18
0.16
0.14
0.11

0.24
0.07
0.14
0.13
0.06
0.24
0.08
0.01
0.19
0.12
0.16
0.69

ILRBHIPCAR T AR N FRA-5, BNT AN TEAS. PCIHETI N
72.7%, R T BRIFHIFTE, RHV, Cr, Co, Ni, Cu, Cd, Pb, AL,03, Fe;05(T), MgO
HMTIO M BB B THAT: PC2IH E TR N8.1%, EEMnOBMMEFH&A, B
BB BB As0.60)FIPb (0.505)HE FHH; PCIHH Z5T8k 46.4%, EBHZnH
AsHIR R T 8HT; PCAM T ETI N4.4%, A ESHHIBRBEFES, P2V, Cr,
Co, Ni, CuMIPbHI A F8if7: PCSEFEECaOR FHF{E; PCOMIFANTTEME
TFEEF, CAE FEA R B EH; PRAEPCIEAN TEME FRT P BEME.
R 4-5 LRBHERB SR

Co
Ni
Cu
Zn

Cd

Sb

Pb
ALO;
CaO

Fe,05(T)

MgO
TiO,
MnO

BEFE B A FE RS
IRE
PC1(72.7%) PC2(8.1%) PC3(6.4%) PC4(4.4%) PC5(3.1%) PC6(1.32%) PC7(1.27%)
0.83 0.21 0.33 0.32 0.19 0.09 0.07
0.86 0.19 0.25 0.27 0.22 0.10 0.06
0.77 0.38 0.32 - 0.30 0.16 0.06 0.14
0.83 0.28 0.23 0.28 0.19 0.10 0.19
0.80 0.31 0.31 0.28 0.11 0.12 0.13
0.53 0.12 0.78 0.19 -0.10 0.10 0.13
0.25 0.60 0.60 0.15 0.35 -0.04 -0.20
0.78 0.26 0.19 0.04 0.04 0.53 0.01
0.43 0.06 0.16 0.88 0.05 0.01 0.03
0.65 0.51 0.20 0.24 0.14 0.01 0.40
0.90 0.08 0.26 0.27 -0.06 -0.03 -0.03
0.20 0.07 0.01 0.04 0.97 0.01 0.02
0.90 0.24 0.24 0.22 0.08 0.00 0.02
0.91 0.18 0.18 0.21 0.19 0.05 0.00
0.94 0.04 0.04 0.05 0.17 0.05 0.00
0.19 0.96 0.08 0.02 0.01 0.07 0.05




T E AR IR EAE A P R TR FH R RO BRFPIC R

% EFTA, MK MPCAL RIPCIEAE BB T EHM, TPCIRET
BAE, BERERLN BAERDENEMNREERE. FMBPCIMHE
FRRN87.4%, RIS PBE, B ERER KM BT HTRERAT B
*, KTERETHMAEYRNEW. 0K WPCITEFIT, BIEEN
PC2FEFTHIREK, H14.0%, HHBEBNERTERIN AR TR EN.

F 4-6 LEETEROERBHMTLER

e L R
LR TR
PCI(63.5%) PC2(17.6%) PC3(7.0%) PCA(4.9%) PC5(2.2%)
v 0.99 -0.03 0.02 0.02 0.02
Cr 0.94 0.30 0.08 0.01 0.05
Co 0.90 040 . -0.03 -0.01 0.1
Ni 0.97 0.13 0.09 0.05 0.02
Cu 0.95 0.12 0.06 0.11 .10
Zn 0.90 -0.28 0.09 0.08 0.07
As 0.39 0.90 .10 0.03 0.12
cd 0.51 0.13 0.52 -0.66 0.00
Sb 0.84 0.01 20.21 .03 0.42
Pb 0.80 0.40 0.19 0.23 0.09
ALO, 0.85 0.39 0.23 006 - 007
Ca0 0.19 036 0.79 0.43 -0.13
Fe,04(T) 092 0.29 20.11 013 - -0.02
MgO 0.92 ©0.22 0.02 0.25 -0.06
TiO, 0.75 047 0.18 0.01 030
MnO - 0.27 0.92 -0.14 0.07 0.13

LR A FEITPCA T, |/ T A4 FERSPCL, PC2, PC3, PC4FIPCS
(R4-6) . PCIREKBRARIR, HETENG63.5%: PC2RATFGRET KIET WX

ISR, HERBRN17.6%, BH HHAs, PORIMnOKI H F& A E; PC3AJEEAL
RTHAYFMIERENEE, BEEMNCaOMCINEFRME, HFETBA
7.0%e
43.3.4 BENT

SIS, M, PEEE. TRBURILEEGRNEMHITRS HHT
T EREST BAEKRE, BBNILERETERREMTNE ERERSSHER
Y& R YT .
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434 HEERNEIEH
4.3.4.1 FbRAETIARY) R 2 BIE 1 EL

ATHHARE BLEETEEXRES, BiEE. LEEATREATY
FERERENTE. ZEMNNRYRERERT TR (K47

EXRERRY R EIFERRT, ZETRBNAE (Effects Range-Low (ERL))
FPMN{E (Effects Range-Median (ERM)) RIRFEE. H{KTF ERL B EE, M
EYAFRRRD KRR HHT ERM E, WEHRFHNLSEHEER, &
P EARYEEGEERT, KRIBRYRGERRR, BB H=2%, —%
VIBRYBEERZITE:; —RARYPEGE; ZRABYEER™E., =Y
BEEARRKERAIIEE

R EUIRY AsHI B KE 25 6mgke, M THEAERHERILLE, HiTTF
E—RARYHA T E: BT RERHERRKERTIRY, $iEKEs XM
BT AsS EBBE T XEVRY R ERHENERLE. BB REREBNERE
HEZInE BRI KEISOmg/kg, Hid THE=KAYH LR, T BE%TF3<EERM
BER=M. 5 ETBBENRTFEENRE229mg/ke, BT FE—HR
B ERMEEERL. CufE B QMHEX A EENAREYTR S ES
BiETHE—XK R (35mgkg) MEEERL (34mg/kg) . HEBZAHIME,
H OMEEEE, THENNESEBE T HE KRR, LRBHIN
Nif BEHE T+ E—KIRYIRE. BT #iSEkihI. HeamamsEmE R
BRI S WX, BiERHSEXITRYMNIS B5#iE 7 % E/ERL
H(Q1mg/kg). Crifi oMk RHFINIHI S A RIEEL, BEE, B D MEERm
AR X IR CrRk BE 3T T o B — 268457 (80mg/kg) F 2 EERL (8 1mg/kg) .

IEEETEHFAHREXMCrE BT T B —2 574 (80mg/kg) M3 EERL.
KEMIEREAASE BWEMER, AsEEELTHE—L45H (20mg/ke) fE
EERL (82mg/kg) , RALKIBAHIEREZETE. MKEEFTRLIEAR
REMHEEXAsE BB TR EERL (82 mg/kg) , XAEERZIER¥E SIS
Frw. JLEREEIMICA, Pb, Zn, FCud BIE T E—Lizk.

xR 47 PEMEZENRY R ERE
HE #E®
I& Mg M%Z ERL ERM

JCF(mgkg)
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Cd 0.5 1.5 5.0 1.2 9.6
Pb 60.0 130 250 46.7 218
Zn 150 350 600 150 410
Cu 35 100 200 34 270
Cr 80 150 270 81 370
As 20 65 93 8.2 70

Ni 21 52

* oh E B K HRE(2002) (GB 18668-2002).

"EPA

4342 HERHEH,.
SR b AR (lgeo) PO T A I B T R A 5 BB T T YA,
FRIEH (the Index of geoaccumulation (Igeo)™?) #I+E R TF:

T = logz[lg"?"]
R, CGRFMTE “n” MRE, BRAMTE “n” MWERME. BFL5H%
HHRETRASEETSRMTEES. RAEHAZ997)P0% =04t
RETEFHEENTAR X RTRYY RER T Hlgeo, HiElgeoft, T

YIREPT LA AT, RR4-S,
R 4-8 BRI FRE S K

Igeo & Igeo 7 R RE
>5 6 KBRS
4-5 5 TFE-ETEEE R
34 4 EER
2-3 3 hETEGY
1-2 2 &SR
0-1 1 R ge-pE5 L
<0 0 Hi5 G

B TCR M geo S A FE X M IEF 5 S HAH . B BB AsH [geosHIAEAL
BEH0.7-4.0, KBLREBRTFL, RUHEZH THNTENAST L. Bk
KES X IHSbMIgeos KT 1, BAMH2.8, REHESH T —EEHISHIS S,
Znit]IgeosTE B3 S HME S, HHXAREZE T ZoM =B,
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BT B R R X RIS LY BB, Znilgeoshy T RIEHIIE B B E
Ry RESXEANTFL, HBEEHE KBS X Znis RN B ER PSS L.
IR KENREX R, Asflgeos®m T3, FHEAXIRA AL EEAsSIT
I, ZEEABPEBRX UERELEEHXE, AstilgeosHmT1. FILEE
I KEE 4 X3, SbilgeosiT1, RFXLKIHZE T ST EIB Y. Sbil
JERBAERX Hlgeos EAB MM EER, —MEFHIEHREX, HigeosHEHT2;
FH—AMREIREKIEFXE . PoACIHIIgeos?E KIEFHEE MIEET0, ARERZH
KEAMRESTEFEYEBRHZM. ZoflgeostE L BB A RB IR R IF1, B
B Znis A B P EIT R
4.3.4.3 Hakanson's (1980)*1 34 53
5 WA K Fi Hakanson's (1980)241 $R4 77 v X1 B 95 K 3447 2 25 KUK F
Y+ ¥iHakanson's (1980)*) P4 =R EHR T -

Ci
C, =—
f C,’,
C; = Z C}
E=TC
Ey= i E:
C=RfE;
C=%5 14,
C, = RET:
CTo R
T =B#7EH;

E, =W A R
RI=FFUX B A A R R
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BRI “Y8 (Source) ” ) “IC (Sink) ” 3782 EFRMARGINS # %1 PY KEF A
WEZ—.

BRUBRSYEMES T, Y28FEANEBRDEAF 102, £ FKEP,
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WY PR E R AN IRRN . REEZ (2004) "EESH
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7 Seasonal variations and sources of various elements in the

atmospheric aerosols in Qingdao, China (2 Z %, SCI)

Abstract

Seasonal variations and sources of various elements in the atmospheric aerosols of
the North China coastal sea were investigated by analyzing the aerosol samples
collected in Qingdao, China. 23 total suspended particulate (TSP) samples were
collected from June 2001 to May 2002, including three of the samples gathered during
Asian dust episodes (20 March and 7-8 April 2002). The concentrations of ten
elements including iron (Fe), titanium (Ti), manganese (Mn), vanadium (V), nickel
(Ni), copper (Cu), lead (Pb), zinc (Zn), cadmium (Cd) and sulfur (S) were measured
by 3000 ICP-OES. All elements measured in the aerosols of Qingdao displayed a
strong seasonal variation: the concentrations of Fe, Ti, Mn, V, Ni, Cu, Pb, Zn, Cd were
the lowest in summer, and the highest in winter. During the Asian dust episodes, the
concentrations of Fe, Ti, Mn, V, Ni, Cu increased remarkably. The concentrations of
Pb, Zn, Cu, S also increased greatly during the Asian dust episodes, but they were still
lower than that in winter. The enrichment factors (EFs) of all elements (with reference
to crustal Fe) indicate that Ti and Mn are mainly from soil source. V in the Qingdao’s
aerosols is mainly derived from the soil, with a minor contribution from the ship
emission. The anthropogenic sources have a relatively higher contribution to Ni, Cu
comparing with Fe, Ti, and Mn. The S, Pb, Zn and Cd are mainly from the
anthropogenic sources, even during the Asian dust episodes. Principal component
analysis (PCA), and cluster analysis (CA) indicated that. the natural sources
contributed about 60% to the sum of measured elements in all samples and
anthropogenic sources contributed about 30%, and these elements can be classified
into three categories as follow: Fe, Ti, Mn, V, and Ni represent the soil source factor;
Cu represents the factor of mixed sources of soil and pollution; and Pb, Zn, Cd and S
represents the pollution factor. '

Keywords: Aerosol; Metals; Seasonal variation; Source; Asian dust episode; Qingdao;
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China

7.1 Introduction

Aerosols have an important influence on the transmission of the atmospheric
radiation and the cycle of the water. It is indicated that the aerosols can change the
energetic budget of the land-atmosphere system by absorbing and dispersing the sun
radiation, thus directly affect the change of climatel*’® 2% 292 2911 Anthropogenic
patticles in the atmosphere can lead to serious environmental problems®’>29¢], Heavy
metals transported into the oceans by the atmosphere from the polluted areas have an
influence on the chemical characteristic of the oceans??® 27!, Atmospheric aerosol is

[291]

an important biogeochemical source'®", and the concentration of Fe is a limiting

factor of the primary productivity in the seawater surface layer in some ocean regions
(289,2%0.3041 while the Fe is mainly derived from the aerosols®'” in the open oceans.
Large quantities of mineral dust were transported from the Asian continent to the
Northern Pacific every year?’s 2", Qingdao is a coastal city situated in the southern
tip of the Shandong Peninsula in Northern China (35° 35’ N and 119° 30’ E) with an
area of 1102 km? and a population of 2.346 million (Fig. 7.1). The major air pollutant
in Qingdao is suspended particulate matter. Qingdao is located down wind of the
origin of the Asian dust storms in spring when northwesterly winds prevail. Qingdao
is in the transport path of the storms as they move to the east and is thus an important
exit point of the dust storms to the Pacific, so it is an ideal site to monitor Asian dust
storms before dispersion and influx from non-continental sources dilute the air mass.
Many studies on the composition, transportation and deposition of the ions, metals
and minerals in the aerosols in Qingdao and its adjacent sea, the Yellow Sea, have
been madel27% 273. 275, 284, 190, 286, 287, 308, 302, 281, 297, 301, 191, 18] {1 about the source and
seasonal variation of metals are limited. We collected 23 total suspended particulate

(TSP) samples in Qingdao from June 2001 to May 2002 to perform a detailed

abundance study of the various elements and discuss their sources on a seasonal basis.

7.2Experiment
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7.2.1. Sampling site
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Fig. 7.1. Sampling site

The sampling site was on the rooftop of a three-storey meteorological station on top

of Baguan Hill on the campus of the Ocean University of China (Fig. 7.1). The

elevation of Baguan Hill is 70 m and is about 500 m from the Yellow Sea. The

campus is in the midst of a coastal tourist district. There are many restaurants and

residential areas in the general area, which has abundant trees and vegetation. The

main part of the city is north of the sampling site. About 5 km to the north of the

sampling site is Qingdao’s industrial district.

7.2.2. Sampling
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Fig. 7.2. 24-hour back trajectories of the sampling periods of Qingdao (one trajectory
every 8 hours): a) spring; b) summer; c) autumn; d) winter; ) dust storm.

Total suspended particulate (TSP) samples were collected on quartz fiber filters
(Whatman, QM-A 20X25 -cm) using a commercial high-volume sampler (Sibata
HV-1000F, made in Japan). The flow rate was 1.0 m® min™ and the sampling time was
nominally 24 h. One-eighth of the filter paper was used for elemental measurements.
7.2.3. Elemental analysis

The method of measurement for elements was according to Zheng et al. (2005)B%1,
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Briefly, the elemental composition of the samples was quantified using a Perkin
Elmer 3000 ICP-OES of the Center for Atmospheric and Coastal Research, Hong
Kong University of Science and Technology (HKUST). Sample pre- and
post-processing were performed in the HKUST Institute for Environment and
Sustainable Development Clean Room’s Class 100 booths. All plastic ware was
acid-cleaned prior to use. Filters were digested in a 5 ml mixture of HCl, HNO; and
HF on a hot plate at 110 * C for 4 h. After digestion, the samples were evaporated to
dryness at 60 ~ C, redissolved in 2% nitric acid and filtered before ICP-OES analysis.
Quantification was carried out by the external calibration technique using a set of
external calibration standards at concentration levels close to that of the samples.
Procedural and field blanks were also determined and were subtracted from the
samples. Recoveries derived from the analysis of SRM1648 (Standard Reference
Material 1648, urban suspended particulates) were in the range of 89% for Fe to
103% for Ti. The error for analysis is less than 5%.

Quartz fiber filters contain high Na, Al, Ca and Mg background and therefore will
not yield accurate enough results for our purpose. On the other hand, filter blanks of
Fe, S, Ti, Mn, Pb, Cu, Zn and V are low and the average respective concentrations of
these metals in the samples are 3 to 10 times higher than the filter blank, making the

results usable.
7.3. Results and discussion

7.3.1. Climatic Conditions and Back Trajectory Analysis
Qingdao is in the temperate zone and is influenced by the East Asian Monsoon.

The climate is maritime in characteristics with relatively small variation in daily and
annual temperature. The meteorological situation during the sampling periods was
listed in Table 7.1, average ambient temperature was 12.3°C in spring, 23.9°C in
summer, 19.7°C in autumn and 4.5°C in winter. Summer is the rainy season?3],

Back trajectories for the sampling periods (one trajectory every 8 hours) are given
in Fig. 7.2 and agreed well with the East Asian Monsoon system. The wind directions
were relatively steady in summer and winter but varied in spring and autumn. In

summer, air parcels arriving at Qingdao were mainly from the sea and clean. The
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winter air parcels were from the land in the northwest direction. In spring and autumn,
air parcels were mainly from the northwest to north and some from southwest to south.
Qingdao is thus impacted by the pollutants from surrounding regions, and the dust
storm is mainly from the north western region (Fig. 7.2) across Beijing-Tianjin
industrial region and the outflow of continental pollutants to the East China Seas and

the Pacific Ocean is mainly in winter, spring, and autumn. Samples on 16/11/01,

Table 7.1 Meteorological situation on sampling days

Date Precipitation Mean wind direction Mean wind
(mm) speed(km/h)
11-06-01 0 South 10
13-06-01 25 Southeast 5
11-07-01 1.2 Southeast 7.5
12-07-01 5 South . 12
11-08-01 0 South ' 11
11-09-01 0 North and South 15
12-09-01 1 Southeast 13
11-10-01 0 North 18
16-11-01 0 Northwest 15
17-11-01 0 Northwest 10
14-12-01 0 Northwest 25
15-12-01 0 Northwest 15
09-01-02 0 Northwest 9
10-01-02 0 South and North . 11
12-01-02 0 North and Southeast 10
21-02-02 " 03 South and North 13
07-03-02 0 Southeast 12
25-04-02 0 South 15
06-05-02 22 Northeast 15
26-05-02 0 South and North 13
20-03-02 10 Northwest 16
07-04-02 0 Northwest 21
08-04-02 0 Northwest 23

17/11/01, 14/12/01, 15/12/01, 9/01/02, when the wind was northwest, were impacted
by the anthropogenic source, including industrial emission; samples on 11/06/01,
13/06/01, 11/07/01, 12/07/01, 11/08/01, when the wind mainly from the sea, the
influence from industrial should be limited.

Table 7.2 The concentrations of various elements in aerosols in Qingdao (ng m'3)
Sample Fe Ti Mn Pb Cu Zn \% Ni Cd S
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11/06/01 4214 632 114 271 54 80.7 58 16 05 61786
13/06/01 6284 639 200 288 11.7 723 132 39 06 48894
11/07/01 18953 1325 464 876 248 2697 123 87 14 52024
12/07/01 601.7 799 155 206 70 2046 77 11 01 2307.0
11/08/01  4159.5 2053 1289 155.6 22.1 3931 129 163 39 6353.0
Average

(Summer)

11/09/01 20047 1227 386 695 383 1350 46 1.1 03 20717
12/09/01 12345 1035 30.0 473 143 88.6 49 3.1 03 16573
11/10/01 57513 262.1 1475 3821 223 3762 129 262 44 5290.8
Average

(Fall) .
16/11/01 35254 3135 2105 4074 424 5430 166 8.0 34 83544
17/11/01 38493 3955 204.1 7016 473 701.8 16.2 10.7 10.0 11459.0
14/12/01 24085 277.6 84.1 1499 287 2002 104 59 1.2 29249
15/12/01  2981.6 2482 612 1042 202 2943 13.7 80 12 44685
9/01/02  4204.5 471.5 163.0 3673 727 605.1 217 115 56 90725
10/01/02 31457 3629 952 2492 243 323.1 133 3.7 4.7 77448
12/01/02  2722.8 289.1 933 2604 364 4699 141 56 64 10262.1
21/02/02  7466.7 643.5 156.7 276.0 333 477.8 238 156 8.6 113709
Average
(Winter)
7/03/02  5291.7 5319 1203 2303 61.7 4641 23.0 144 72 10590.5
25/04/02  1848.0 2103 485 65.7 8.7 87.9 62 32 39 21576
6/05/02 8024 619 162 345 53 68.4 63 13 05 9958
26/05/02 3578.1 3229 784 723 330 1984 200 136 14 35705
Average

(Spring)

20/03/02 43057.3 5818.4 1221.0 226.4 87.6 522.1 146.7 64.1 1.8 124393
7/04/02  30001.0 3721.9 813.5 1446 400 231.8 928 348 0.7 5496.0
8/04/02  26549.1 3331.8 695.7 182.8 442 268.1 769 318 1.6 47704
Average

(Dust )

15413 1090 444 639 142 2041 104 63 13 4986.1

2996.8 1628 720 1663 250 1999 7.5 101 17 3006.6

3788.1 3752 133.5 3145 382 4519 162 86 51 8207.]

2880.0 281.8 65.8 1007 272 2047 139 81 32 43286

332025 4290.7 910.1 184.6 573 340.7 1054 43.6 14 7568.6

7.3.2. Seasonal variation of various elements

The concentrations of various elements in aerosols of Qingdao are listed in Table
7.2. And the seasonal variation of various elements in aerosols of Qingdao is shown in
Fig. 7.3. From Table 7.2 and Fig. 7.3, we can see that all measured elements in the

aerosols (except the samples
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Fig. 7.3. The variation of various elements in seasonal average in aerosols in Qingdao
(ngm™)

during Asian dust storm) of Qingdao showed a strong seasonal variation in yield: the

average concentrations of Fe, Ti, Mn, V, Ni, Cu, Pb, Zn, Cd were the lowest in

summer, and the highest in winter. The highest concentrations of Fe, Ti, Mn, V, Cu,
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Pb, Zn, Cd are all in winter, but the highest concentration of Ni is on October 11 of
fall. The highest concentrations of Fe, Ti, Mn, V, Ni, Cu, Pb, Zn, Cd are respectively
7466.7, 643.5, 210.5, 23.8, 26.2, 72.7, 701.6, 701.8, 10 ng m™>. The lowest
concentrations of Fe, Mn, Ni, Pb, Cd are all in summer. The lowest concentrations of
Ti, Cu, Zn, S are all in spring except for Asian dust periods. The lowest concentration
of V is in fall.

There are four possible reasons are for the lowest average concentration of the
airborne elements in summer in Qingdao (Fig. 7.3): (1). Summer is the wet season in
Qingdao (Table 7.1 and Fig. 7.2.), so the wet deposition of aerosol is strong; (2). The
vegetation is flourishing, so the soil source is relatively less; (3). Southeast wind from
the sea prevails in Qingdao, thus dispersion and influx of clean sea air dilute the local
air mass (Fig. 7.2). (4). Pollutant emission to the atmosphere in summer is less than
that in winter, the space-heating season.

The average concentration of the most elements is the highest in winter, which
indicates the poor air quality in Qingdao in winter (Fig. 7.3). Four possible reasons for
this are listed: (1). Because a lot of coal is burnt for space-heating in Qingdao, more
pollutants such as sulfur oxides, nitric oxides, dusts and so on are emitted to the
atmosphere. (2). It is the conversion period of the cool and warm airflow in winter.
Due to the existence of the phenomenon of temperature inversion in Qingdao, the
airflow diffusion is not straightway®®!, (3). It is very dry in winter Qingdao, so the
wet deposition is weak. (4). With little vegetation and relatively more powerful
northwest wind, more contribution from soil source to aerosols can be expected in
winter.

Among the measured elements, it is special that the average concentration of S is
the highest in winter, but the average concentration of S in summer is higher than
those in spring and autumn (Fig. 7.3). The main reasons for this should be due to the
dissolving of sulfur oxides in water and changing quickly into sulfate by the in-cloud
processes in the wet summer®), thus the concentration of S in the aerosols is
increased distinctly. (2). The Fe-S coupling process that prdmotes the dissolving of

sulfur oxides in the aerosol would also be important®!%),
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Because of the wet deposition and the cover of vegetation, the dust concentration in
atmosphere from May to August, is very low, but the average concentration of
Vanadium in summer is higher than that in autumn (Fig. 7.3), this is different from
other elements. Besides soil source, V can also be derived from the combustion of
heavy residual oil typically used in shipsm], therefore, as a famous port, the higher V
in Qingdao’s atmosphere in spring and summer should not be a surprise!?®!].

A very heavy dust episode occurred in Qingdao during March 20-21st, and a
relatively heavy dust episode occurred during April 7-8th. During these dust episodes,
the concentrations of Fe, Ti, Mn, V, Ni, Cu increased remarkably comparing with the
non-dust episodes in spring. The concentrations of Fe, Ti and Mn in the dust episode
samples were 10 times more than those in non-dust episode samples. Compared with
the non-dust episodes in_spring, the concentrations of Pb, Zn, Cu, S in the dust
episode samples also had a remarkable increase, but they were obviously lower than
those in winter samples.

7.3.3. Source of various elements in TSP in Qingdao
7.3.3.1. Seasonal variation of enrichment factors (EFs) of various elements

The concentrations of Fe, S, Ti, Mn, Pb, Cu, Zn, Cd and V of the 23 samples
analyzed are listed in Table 7.2, and the EFs (with reference to crustal Fe) are listed in
Table 7.3. The abundance of the targeted crustal elements is from the report of Taylor
B%) The EFs are
Table 7.3 Enrichment factors of various elements in aerosols in Qingdao (with

reference to crustal Fe after Talor, 1964[3001).

Sample Ti Mn Pb Cu Zn \% Ni Cd S
11/06/01 15* 1.6 2893 13.1 154.1 5.8 285 3086 3174.8
13/06/01 1.1 1.9 3328 104 120.1 4.6 358 3422 1589.1
11/07/01 0.7 1.5 2082 134 1144 2.7 345 2128 594.4
12/07/01 1.3 1.5 1543 119 2734 53 13.4 46.8 830.3
11/08/01 0.5 1.8 1685 54 76.0 1.3 294 2657 330.7
Average

(Summer)
11/09/01 0.6 1.1 1561 196 542 1.0 4.0 422 223.8
12/09/01 0.8 1.4 1727 118 57.7 1.7 18.7 74.0 290.7
11/10/01 0.5 1.5 2992 4.0 526 0.9 342 2154 199.2

1.0 1.7 2306 108 1476 3.9 28.3. 235.2 1303.9
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Average
(Fall)
16/11/01 0.9 35 5205 123 1239 2.0 170 273.1 513.1
17/11/01 1.0 3.1 8209 126 146.6 1.8 209 7328 644.6
14/12/01 1.1 2.1 2803 122 669 1.8 184 143.8 263.0
15/12/01 0.8 12 1573 69 79.4 1.9 20.2 117.4 3245
9/01/02 1.1 23 3934 177 1158 2.1 204 3728 467.2
10/01/02 1.1 1.8 3568 7.9 82.6 1.8 8.8 4204 533.1
12/01/02 1.0 20 4308 13.7 1388 22 156  656.7 816.1
21/02/02 0.9 1.2 1665 4.6 515 1.3 15.7 3258 329.8

Average
(Winter)
7/03/02 1.0 13 1960 119 705 1.8 204 3817 4334
25/04/02 1.1 1.6 160.1 438 383 14 13.0 5975 252.8
6/05/02 0.8 12 1939 6.8 68.6 33 12.1 171.7 268.7
26/05/02 0.9 1.3 90.9 9.4 44.6 23 28.6 107.1 216.1
Average

0.6 13 2093 11.8 5438 1.2 19.0 1105 237.9

1.0 22 390.8 11.0 100.7 19 17.1 380.4 486.4

0.9 13 1602 8.2 55.5 22 185 3145 292.7

(Spring)

200302 13 17 237 21 98 14 112 121 626
70402 12 16 217 14 62 13 87 70 39.7
80402 12 16 310 17 81 12 90 170 389

Average 1, 16 255 17 80 13 96 12 47
(Dust)

calculated with the following formula:
EF = (X/Fe) atmosphere/(X/Fe)crust

Seasonal variation of EFs of various elements is showed in Fig. 7.4a and Fig. 7.4b.
Fig. 7.4a shows that the seasonal variation of EFs of the elements Ti, Mn are very
small, and are basically close to 1, suggesting that the two elements have the similar
origin, i.e. the soil source.

The EFs of V are very close to one in most months, which indicates that the main
origin of V in Qingdao is soil. The relatively higher EFs of samples collected in May,
June, July, and August indicated that part of the V is derived from the anthropogenic

sources from May to August (explained in 3.1).
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Fig. 7.4a. Seasonal variation of enrichment factors of S, Pb, Zn and Cd
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Fig. 7.4b. Seasonal variation of enrichment factors of Ti, Mn, Cu, V and Ni
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Fig. 7.5b. % of Ti, Mn, Pb, Cu, Zn, V, Ni, Cd in sum of elements

The EFs of Ni and Cu are relatively higher than Ti, Mn and V, which indicates that
anthropogenic source has a relatively higher contribution to Ni, Cu. The EFs of Cu
decreased remarkably to near one during the dust episodes, showing that Cu during
the dust episodes is mainly from soil source, and the anthropogenic source is minor.

The EFs of S, Pb, Zn and Cd share the similar seasonal variation pattern, though the
EFs of S, Pb are significantly higher than Zn and Cd. During the dust episodes, the
EFs of S, Pb, Zn and Cd have a distinct decrease, but are still higher than 10, and the
EFs of Zn, Cd still higher than 7, which indicates that the S, Pb, Zn and Cd are mainly

9%
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derived from the anthropogenic sources. Sulfur is mainly derived from the

combustion of fossil fuels%®

, and the average concentration of S in winter is the
highest, so coal burning for heating in winter is an important source. Zn can come
from industrial sources and the abrasion of rubber tires on roads®*. Lead is a known
component in automobile emissions!?!!.

7.3.3.2. Seasonal variation of the percentage of element in sum of elements

The percentage of element in sum of elements was calculated and the formula is:
percentage of X = X/(sum of all elements)*100%

From Figure 7.5a and Figure 7.5b, we can see that the percentage of Fe increased
remarkably in the samples of dust storm, and the percentage of Pb increased in winter
distinctly. The increase of the percentage of Fe in in the dust storm samples indicated
that the proportion of natural source increased, and the increase of the percentage of
Pb increased in winter was caused by the emission from space-heating.

7.3.3.3. Principal component analysis (PCA)
Table 7.4 Total Variance Explained

Inma_ﬂﬂemhﬁﬁ_____‘ | Ej | Exiractio I | Rotation Sums of Square
Component Total % of Variance | Cumulative % Total % of Variance mulaty |__Total | % of Variance |
1 6.023 60.227 60.227 6.023 60.227 60.227 5.357 53.570
2 3.042 30,417 90.644 3.042 30.417 90.644 3.614 36.137
3. 328 3.282 93.926 .328 3.282 93.926 7] 4.220
4 29 2.992 96.918
5 .157 1.565 98.483
6 .095 947 99.431
7 049 491 99.921
8 004 045 99.966
9 .002 022 99.988
10 .001 .012 100.000

d Loadings |
Cumulative %
53.570
89.706
93.926

Extraction Method: Principal Component Analysis.

1.0
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Fig. 7.6. PCA results in the two dimensional space: plot of loadings of the first two

principal components.
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Fig. 7.7. PCA results in the three dimensional space: plot of loadings of the first three

principal components.
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Fig. 7.8. Cluster analysis
Principal component analysis (PCA) is used to identify the main sources of all

[295.2%8) Total Variance was listed in Table 7.4. Three principal components

elements
were identified based on the loading of various elements and accounting for 60%,
30% and 3%, respectively of the total variance (Table 7.4), which indicated that the
natural source contributed to about 60% of all samples and the anthropogenic source
contributed to about 30%. The three initial factor’s percentage of variance contributed
94% of the total variance, which indicates that the selected three components included

most initial information of the various elements. The information of fuel used in 2001

in Qingdao was listed in Table 7.6, The industrial usage of all fuel was the most
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important, and the usage for heating was the second, so there were two main

anthropogenic sources: industrial emission which was the most important source, and

the emission for space-heating especially in winter.

Table 7.5 Rotated Component Matrix

Component
1 2 3

Ti 992 .026 .047

Fe .991 .056 .032

A% 991 .064 .094

Mn 985 125 .004

Ni .938 .200 .049

Cu 632 .630 -.039

Pb .074 949 -.145
Zn 22 945 057

Cd -.158 .892 227

S .280 751 574

The Rotated Component Matrix of all elements is in Table 7.5. Component 1
loading to Fe, Ti, V, Mn, Ni is separately 0.991, 0.992, 0.991, 0.985, 0.938, while to
Pb, Zn, Cd, S is separately 0.074, 0.222, -0.158, 0.280, indicating that the component

1 is the most important character of Fe, Ti, V, Mn, Ni. The component 2 loading to Fe,
Ti, V, Mn, Ni is separately 0.056, 0.026, 0.064, 0.125, 0.200, while to Pb, Zn, Cd, S is

separately 0.949, 0.945, 0.892, 0.751, indicating that the component 2 is the most

important character of Pb, Zn, Cd, S. The component 1 and 2 loading to Cu is

separately 0.632 and 0.630, indicating that Cu is not only derived from the component

1 but also from the component 2.

Table 7.6 Fuels used in 2001 in Qingdao

Name Unit Total Industrial Other usage (heating
usage etal.)

Raw coal ton 7931 900 7 686 400 245 500

Coke ton 816 827 816 411 416
Crude oil ton 2452413 2452 389 24
Gasoline ton 37 888 24703 13 185
Kerosene ton 3996 2 825 1171
Diesel oil ton 86 365 67 483 18 882
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All elements distribute in three different areas in Component Plot of
two-dimensional and three-dimensional Space (Fig.7.6, Fig.7.7), so dividing all
elements to three categories in the cluster analysis is reasonable too.
7.3.3.4. Cluster analysis (CA)

Cluster analysis(CA) is applied to classify measured elements into different groups.
We normalized the variables into the range (0, 1), adopted the methods of
between-groups linkage, and the Squared Euclidean Distance. The variables were
found to be in three categories as shown in the Fig. 7.8.

From the Fig. 7.8, we can see the Number (0~25) of the Squared Euclidean
Distance. According to the result of the cluster analysis (CA), we choose the number
11 as the dividing number, and all variables are divided into three categories: the first
category including Fe, Ti, Mn, V, Ni represents the soil source component; the second
category including Cu represents the component of mixed sources from soil and
poliution; and the third category including Pb, Zn, Cd and S represents the pollution
component. The result of the clustering is similar with the result of the Correlations

analysis.
7.4 Conclusion

All the analyzed elements in the aerosols of Qingdao displayed strong seasonal
variations: the concentration of Fe, Ti, Mn, V, Ni, Cu, Pb, Zn, Cd was the lowest in
the summer, and the highest in the winter. As an exception, the concentration of S in
summer is higher than those in spring and autumn. During the dust episode, the
concentration of Fe, Ti, Mn, V, Ni, Cu increased remarkably, while the concentrations
of Pb, Zn, Cd, S were obviously lower than that in winter though they also increased
remarkably. Ti, Mn are mainly derived from the soil source. V in the atmosphere is
mainly derived from the soil source, with minor contribution from ship emission. The
anthropogenic source has a relatively higher contribution to Ni and Cu in the non-dust
samples, while Cu is mainly from soil source during the dust episode. The S, Pb, Zn

and Cd are mainly derived from the anthropogenic source, even during the dust

100



o E A B EAEA EAE A T R T R R E R R PRI R

episodes. The natural sources contributed about 60% to the sum of measured elements

and anthropogenic sources contributed about 30%.
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Title: Tracking historical lead pollution in the coastal area adjacent

to the Yangtze River Estuary using lead isotopic compositions

Abstract

The rapid economic development in the Yangtze River Delta (YRD), China in the
last three decades has had a significant impact on the environment of the East China
Sea (ECS). Lead isotopic compositions of a >'°Pb dated sediment core collected from
the coastal ECS adjacent to the Yangtze River Estuary were analyzed to track the Pb
pollution in the region. The baseline Pb concentration in the coastal ECS sediments
before the industrialization in China was 32 pg g, and the corresponding *°’Pb/*"’Pb
ratio was 1.195. The high-resolution profiles of Pb flux and **Pb/*’Pb ratios had
close relationships with the economic development and the history of the use of
leaded gasoline in China, and they were clearly different from those of most European
countries and the United States.

Keywords: Stable lead isotopes; lead pollution; sediment core; East China Sea;
Yangtze River Estuary

“Capsule”: The combination of Pb concentration, sedimentary flux, Pb isotopic
composition and 2!°Pb dating in the coastal ECS sediments revealed the historical Pb

pollution in China.
8.1. Introduction
Lead in the aquatic environment has both natural and anthropogenic origins.

Anthropogenic Pb is mostly from mining activities, industrial uses, coal burning and

leaded gasoline because of the increasing number of automobiles on the road®" 22
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Atmospheric fallout is the main anthropogenic input of Pb to the aquatic ecosystem 2!
and leaded gasoline may be the main emission source until its phasing out in many
countries®?®). Stable Pb isotopic ratios (**Pb/*’Pb and 208Pb/2°7Pb) have been used as
a powerful tool to differentiate between the natural and anthropogenic Pb in the
aquatic and atmospheric environments!?*% 325202, 220,322]

The Yangtze River Delta (YRD) region, with a population of about 82.1 million in
2004”2 has become the largest and most developed economic region in China since
1978. The Yangtze River has the world’s fifth largest discharge in water (9200 Mt yr™)
and the fourth in sediment (480 Mt yr")P*’), Its sediments directly discharged into the
East China Sea (ECS) are deposited mostly in the coastal mud due to the circulation

systems and the Coriolis Force (Fig. 8.1)P24,

118°E 122°E 126°E 130°E
T

°N

36°N

i River(b?f&,e
1855)

32°NL % Yangtze

28N  CHINA

Figure 8.1 Sampling site and general circulation system in the Yellow Sea and East
China Sea. ECS: East China Sea; YS: Yellow Sea; KC: Keroshio Current; TaWC:
Taiwan Warm Current; TsWC: Tsushima Warm Current; YSCC: Yellow Sea Coastal
Current; YSWC: Yellow Sea Warm Current; ZCC: Zhejiang Coastal Current.

Circulation system and mud areas (dark patched areas) are after Guo et al., 20075,
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The dark area of the land in China is the economic region of the Yangtze River Delta.
Anthropogenic Pb emitted into the atmosphere in the Yangtze River drainage
basin enters the soil and aquatic environments by wet and dry deposition, and some of
the Pb is eventually transported to the ECS by the river discharge. Atmospheric
deposition directly over the ECS can be another source for Pb in the study area, since
the ECS is located in the down wind area of the continental outflow of air pollutants
to the northwest Pacific Ocean in winter and spring when northwestern winds prevail,
owing to the East Asian Monsoon effect’®!). The coastal mud of the ECS is a major

sink for the fine-grained sediment and associated pollutants?*!*)

, making it an ideal
place to study the regional environmental contamination record.

The rapid economic development in China in the past three decades has,
unfortunately, had great pressures on the coastal environment®!> #¢3'8 Historical
pollution data would be very useful in understanding the impact of economic
development on the environment. .

There were several studies on the pollution and source of Pb in the ECS and
Yellow Sea (YS). Pb concentration increased remarkably from 1980 to 1997 in the
coastal ECS sediments®'®!, Pb sources in the YS sediments were identified using
stable Pb ratios®'?. However, Pb source profiles determined by using stable Pb
isotopes and Pb fluxes in the sediments of the ECS have not been reported, and more
importantly, the impact of the recent phasing out of leaded gasoline in China since
1999 on the sediments has not been studied. In this work, high-resolution depositional
records of Pb concentration, flux and stable Pb isotopic compositions in a dated
sediment core collected from the coastal ECS mud adjacent to the YRE are used to

track the Pb pollution in China for the past century.

8.2. Materials and methods

8.2.1. Sample collection

The sediment core (S5) was collected using a gravity corer deployed from the R/V
Dong Fang Hong 2 of the Ocean University of China (OUC) in June 2003. The
sampling site (122°30.01°E, 29°00.25°N) was located in the north coastal ECS (Fig.
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8.1), and the water depth was 50.0 m. The length of the core was 148 cm. There was
no significant loss of surface sediments or distortion of top sediment layer during the
gravity coring. The core was stored at 4 °C in the vessel, and was cut into 1-2 cm
thick slices along the length using a stainless steel cutter after it was brought back to
the laboratory at the university. Sub-samples were stored in pre-cleaned plastic bags
and preserved at 4 °C until analysis.
8.2.2. Analysis of the grain size of the sediments

The grain size of the core sediments was determined by a laser particle size
analyzer (Mastersizer 2000, Malven Instruments, Ltd., UK) in the sedimentary
dynamic laboratory of the College of Marine Geosciences, OUC. About 1 g of
pre-homogenized sediment sample was pretreated using 10 ml of 30% H,O- solution
to decompose the organic matter, and then dispersed and homogenized using
ultra-sonic agitation for 30 s before being analyzed for grain size. The particle sizes of
sediments were <4 um for clay, 4-63 um for silt and >63 um for sand. The relative
error of paired duplicate samples was less than 3% (n=8).
8.2.3. Dating of the sediment core

The dominant fallout of *!°Pb in the ECS is from the wet and dry atmospheric
depositions because riverine particles have low 2'°Pb activities"), and the water
column (30-70 m) is so shallow that 2*Ra does not have sufficient time to decay to
219ph in the seawater'),

SS was dated at the Guangzhou Institute of Geochemistry, Chinese Academy of
Science, and the detailed method of 2'°Pb dating was described in Zhang et al.
(2002)®*"1, The 2'°Pb activities in sediment sub-samples were determined by the
analysis of the a radioactivity of its decay product 2!°Po, on the assumption that the
two are in equilibrium. The Po was extracted, purified, and self-plated onto silver
disks at 75-80 °C in 0.5 M HCI, with ?®Po used as a yield monitor and tracer in
quantification. Counting was conducted by computerized multi—chanhel a
spectrometry with gold-silicon surface barrier detectors. Supported 2'°Po was obtained
by indirectly determining the o activity of the supporting parent 2*Ra, which was

carried by co-precipitated BaSOs. The fine-grained sediments of core S5 were clayey
105



FE R BRI EAE A T 0 TR BRI R B S R TR R AR

silt, and its down-core grain size variations were small (Fig. 8.2). These indicated that
there was a stable sedimentary environment in this area, which could be attributed to
the effect of the circulation system of the ECS and a relatively deeper water depth (50
m)P?, Based on this, an average constant sedimentation rate of 0.98 cm yr” at site S5
could be calculated using a constant flux-constant sedimentation rate (cf : cs) model
(Fig. 8.2)P%. The results were in good agreement with those reported by Huh and Su
(1999)* using "*’Cs at the same area. The data for S5 beyond 100 years was given
only as a reference values.
8.2.4. Elemental analysis

The elemental concentrations were measured using an Energy-dispersive
Mini-probe Multi-element Analyzer (EMMA), a small desk-top X-ray fluorescence
(XRF) technique system, at the Institute of Environmental Geochemistry, University
of Heidelberg, Germany. The analytical process and quality control used were
according to Cheburkin et al. (1996)*"), and the sediment reference material used
was the NIST SRM 1646a (estuarine sediments). The error was <10% and the
detection limit of Pb was 2 pg g™
8.2.5. Stable Pb isotopic composition analysis

Stable Pb isotopic compositions were determined at Nanjing University, China,
using a Finnigan Triton Thermal Ionization Mass Spectrometer (TIMS) according to
the method by Jiang et al. (2006)°"°). Briefly, samples were digested using HF+HNOs.
The dried residue was re-dissolved in HBr+HNO3 and loaded into a column with 50
pm of AG 1-X8 anion exchange resin. The extracted Pb was purified in a second
column. Approximately 100 ng of the Pb sample was loaded onto the single rhenium
filament using the silica-gel technique. Then, the stable Pb isotopic compositions of
samples were measured by the TIMS. The SRM 981 (common Pb) standard was used
for mass fraction corrections’®?”) and repeated measurements of the SRM 981 standard
yielded the following mass ratios: 2%Pb/2**Pb=16.8883+0.0042,
27Pb/A%Pb=15.4257+0.0062, 2"Pb/’*Pb =36.494120.0197, 2"Pb/*Pb=
0.913396+0.000143, and **®*Pb/**Pb=2.16092::0.00064 (20, external standard

deviation, n=6). The standard accepted values are: 2%Pb’*Pb=16.93 22,
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207pp2%Pb=15.4855, 2°Pb/2*Pb=36.6856, 2"Pb/%Pb=0.914559, and

208pp2%pb=2.166617. Pb isotopic ratios reported in this work were corrected

according to the accepted value for the SRM 981.

8.3. Results and discussion

8.3.1 Pb concentration and flux profiles

The sedimentary flux and concentration profiles of Pb in S5 are shown in Fig. 8.3.

The Pb sedimentary flux was calculated from the corresponding concentration, the

average sedimentation rate and the dry density of the sediment?®"). The sediment

focusing for flux correction was not applied in this work since the sediment focusing

factor was less than 1.2 in the northern coastal ECSP!7, meaning that the sedimentary

inventories didn’t greatly exceed the amounts from 2'°Pb atmospheric fallout®?!,
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Figure 8.2 Down-core grain size distributions and *'Pb age dating of the core S5.

The down-core Pb concentration profile followed that of the sedimentary fluxes

very well (Fig. 8.3). The Pb concentrations (average, 31+2 pg g™') and fluxes (average,

30+£2 pg cm? yr') were relatively constant from ~1860 to mid-1980s, and they

increased rapidly from the mid-1980s to 1999, peaking in 1999 at 65 pg g™ for the

concentration and 61ug cm™ yr! for the flux before decreasing sharply to 36 pg g'1

and 31 pg em?yr, respectively, in 2002.

It is reasonable to' assume the average Pb concentration (32+3 g g”', n = 4) from
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~1860 to 1900 to be a baseline Pb value since China had an agricultural economy
during that time. The anthropogenic Pb can then be estimated by subtracting the

baseline value from the total concentration**!

, and the maximum anthropogenic Pb
concentration calculated in the core samples thus was ~33 pug g'l in ~1999. It is

common to use enrichment factor (EF) to underscore the influence of

Pb (1.9/g)
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Figure 8.3 (a) Pb concentration (solid circles), sedimentary flux (open circles), and (b)
enrichment factors of the core S5.

anthropogenic pollutionmo]. In the present work, the reference concentrations of Ti
and Pb in crust were taken from Taylor et al. (1964)P%), The average EF of Pb was
2.9 from ~1860 to 1900 and could be considered to be the baseline EF value in the
coastal ECS as discussed earlier. The down-core EFs were constant until the
mid-1980s (Fig. 8.3), indicating that the Pb in the core was mostly from natural

sources during this period.
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Figure 8.4 (a) Annual coal (square) and oil (circle) consumption data (in million tons)
in China from 1956 to 2000 (National Bureau of Statistics of China, 2005), and (b)
Numbers of civil (black square) and private (white square) car in China from 1978 to
2003 (http://www.stats.gov.cn/tjsj/ndsj/). ’

The doubling of the Pb concentration and flux from the mid-1980s to 1999 with
the sharp increase of EFs reflected the rapid economic development in China from
~1980, and in particular the large incréase in automobiles using leaded gasoline from
~1990 (Fig. 8.4)P). In 1978, China ushered in the “Reform and Open” policy, and
the economy increased at a very rapid pace ever since. The decrease in Pb
concentration and EF after 1999 may be attributed to the start of the phase-out of
leaded gasoline in July 1999 in China, the decrease of coal consumption (Fig. 8.4),
and better environmental control in China (Fig. 8.5)'%). The high peak in 1999 of Pb
flux and EF could be partly attributed to the severe flood of the Yangtze River in July
and August of 1998. The concentrations and fluxes of polycyclic aromatic
hydrocarbons (PAHs) in S5 had a similar peak in 1999P'5], The excessive stripping
and leaching by the flood water transported more anthropogenic Pb accumulated in
soil and water system (e.g., reservoirs and lakes) in the drainage basin of the Yangtze
River into the ECS. Higher amounts of PAHs, polychlorinated biphenyls and
organochlorine pesticides, mainly in the particulate phase, have been detected during
high tidal flow events in the Anacostia River, Chesapeake Bay, USAP". Flood events

also resulted in a noticeable increase of the particle-associated metals, such as As, Pb,

109

Private car (105)



B R IR AR AR P A TR IR AT E R W R R

Cuand Zn in the Dese River Estuary, Venice Lagoon, Italy?®*],
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Figure 8.5 Time series of annual production of two major petrol producers in China,
China Petroleum Corporation (PetroChina) and China Petro-Chemical Corporation
(Sinopec) from 1994 to 2000 (Courtesy of Wang et al. 2006%'%)).

8.3.2 Pb isotopic composition profile

Down-core profile of the 2%Pb/”"’Pb ratios is shown in Fig. 8.6. 2*Pb/2"’Pb was
constant from ~1860 to mid-1960s (average, 1.195), and decreased from the
mid-1960s to 1.165 in 2000 before rising to 1.185 in 2002. It was reported that the Pb
concentration in the Antarctic sea water was extremely low, but the Pb isotopic
composition revealed a significant contribution of Pb from various industrial sources
(219 indicating that the stable Pb isotopic composition was more sensitive to indicate

the anthropogenic Pb inputs, thus, it was reasonable that the change time of Pb

isotopic composition was earlier than that of Pb concentration in the coastal ECS.
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Figure 8.6 2°°Pb/2""Pb profile of the core S5.

The correlations between *Pb/"’Pb and *®Pb/”"’Pb in S5 are shown in Fig. 8.7.
The datasets changed very little from ~1860 to mid-1960s. However, there was a
distinct shift to anthropogenic sources from the mid-1960 to 2002. This suggested that
Pb input from ~1860 to mid-1960s was mainly from natural origins, and
anthropogenic Pb increased since ~1960s, especially after the 1980s. The 2°Pb/2"Pb
average value of 1.195 from ~1860 to 1900 could be used as a baseline value before
industrialization of China. '

There are several possible anthropogenic Pb sources in these sediments, including
atmospheric deposition, soil erosion, vehicle exhaust, the emission of coal and
industrial discharges, and so on. The correlations between 2*Pb/2’Pb and 2°®Pb/**"Pb
of the S5 sediments, atmospheric aerosols, and soils in the YRD are shown in Fig.8.7.
The **Pb/2Y’Pb ratio of the exhaust of leaded gasoline vehicles is 1.099-1.117%'%, For
Shanghai, this ratio is ~1.163 for the coal used which is mainly from Shanxi

Province,1.170-1.195 for soils, 1.157-1.164 for some top soils around industrial
1
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boilers, 1.151-1.180 forvsome metallurgic dust, and this ratio for the atmospheric
aerosols collected from 1 November 2000 to 27 January 2001 is 1.156-1.170[332,
215]. The *Pb/"Pb ratio of the S5 bottom samples was similar to that of some soils
in Shanghai, however, the 206p/297Ph of the S5 upper layer samples was closer to that
of various anthropogenic sources.

Pb emitted from automobiles increased drastically from 1990 due to the marked
increase in road vehicles in China (Fig. 8.4). Leaded gasoline was banned for sale in
most cities in July 1999 and was totally banned all over the country in July 2000,
triggering the pronounced reduction in Pb emission from vehicles
(http://www.jxepb.gov.cn/ZCFG/fgtl/gyxq.htm). Chen et al. (2005)?™! reported that
the value of 2Pb/”"’Pb increased from 1.147 to 1.161 in the atmospheric aerosols of
Huangpu and Putuo districts of Shanghai, from 1995 to 2003 due to the phasing out of
leaded gasoline, and Wang et al. (2006)*'®! reported similar gradually increase from
1994 to 2001 in Tianjin. These evidences suggested that the Pb contribution from
vehicle emission was a very important source before the ban of leaded gasoline in

China.
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Figure 8.7 Correlations between 208pp/29Ph and 2°Pb/?"Pb of the core S5 (this work),
and the soils and atmospheric aerosols in Shanghai (Courtesy of Zheng et al.,
20040320,

The Pb from coal burning had decreased somewhat from 1996 (Fig. 8.4). The Pb

concentration in S5 increased until 1999, and the corresponding 26pp/207ph ratio
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decreased until 2000. Considering above results, it should be concluded that the Pb
concentrations, fluxes and 2*Pb/"Pb ratios in S5 (Figs. 8.3 & 4) followed the |
phasing-out of leaded gasoline in China in July 1999. Consequently, this leaded to, a
possibility that the Pb peak in 1999 in S5 was mainly caused by leaded gasoline, and
coal burning was a second important source. The proportion of several Pb sources in
S5, such as the leaded gasoline, coal, and industrial Pb, was difficult to be quantified

due to more than two sources of Pb in the study area.
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Figure 8.8 Records of Pb concentration in sediment cores in Sweden, America and
China.
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Figure 8.9 Records of 2Pb/>"’Pb in sediments cores in Sweden, America and China.

8.3.3 Comparison with European and North American data

The Pb peaks in sediments and peat in North America and most European
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countries in the 1970s were also largely due to the Pb.additives in the gasoline and
industrial emissionsP> 2% 217. 218,322, 326]  p)16wing the implementation of stricter
industrial emission standards and the phasing-out of leaded gasoline in the 1970s, Pb
pollution began to decline in most European countries??®> 220 200. 217 554 North
Americal®* (Fig. 8.8). In China, this trend lagged by about 20 years in the phasing
out of leaded gasoline.

The 2%Pb/*"’Pb ratio from the present work and those of the sediments in Europe
decreased with the increasing use of leaded gasoline; while in the US, it firstly
decreased (1900-1965), but increased rapidly from the late 1960s to the late 1980s
(Fig. 8.9). The Pb anti-knock additives used in Europe and China were mostly from
Associated Octel Company (AOC)™*'®!. AOC used the more 206Pb—depleted ores from
geologically old mines in Broken Hill, Australia, whose 2Pb/2%’Pb ratio ranged from
1.04 to 1.10%'9) In the US, there was also the same strong 206p27pp decreasing
signature of the alkyl-Pb additives from 1900 to 1965. However, 2°Pb/2"’Pb increased
from the late 1960s to the late 1980s because of the introduction of southeastern

Missouri Pb ores, with a higher 2°Pb/2’Pb ratio®?.
8.4. Conclusion

The baseline Pb concentration in the coastal ECS adjacent to the YRE was 32 pug
g, with the corresponding 2*Pb/2%’Pb of 1.195. The variations of Pb flux and stable
Pb isotopic composition in the study area reflected the impacts of the economic
development, in particular the leaded gasoline usage in China. The severe flood of the
Yangtze River could contribute more anthropogenic Pb to the coastal ECS. Due to the
different time of economic development, especially about 20 years lag of the
phasing-out of leaded gasoline in China, the historical records of Pb in the
environment of China were obviously different from those of most European

countries and the United States.
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