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Abstract

“Environmental forensics” is defined as the systematic and scientific evaluation of
physical, chemical and historical information for the purpose of developing defensible
scientific and legal conclusions regarding the source or age of a contaminant release
into the environment.

Lead is a transitional element with symbol Pb (Latin: plumbum). Lead has the
atomic number 82, the standard atomic mass is 207.2 u. Metallic lead does occur in
nature. Lead compounds exist naturally in the earth’s crust, rocks and soil. Today, lead
is used widely in many aspects, such as building construction, lead-acid batteries,
bullets and shot, weights, and is part of solder, pewter, and fusible alloys. Unfortunately,

lead poisoning has been actually linked to the fall of the Roman Empire. Several lines of



evidence demonstrate that both the central and peripheral nervous systems are principal
targets for lead toxicity. The International Agency for Research on Cancer considered
the overall evidence for the carcinogenicity of lead to human to be inadequate.

Lead has four stable isotopes: 2*Pb, 2®°Pb, °’Pb, and 2°Ph. The last three are
radiogenic isotopes and are produced by the radioactive decay of 22U, ?°U, and *°Th,
respectively (***Pb is non-radiogenic). Investigative studies of lead isotope compositions
are well-established in geochemistry and geochronology and are increasingly used in
environmental science. Knowing only the total concentrations and chemical/mineralogy
position of lead is not sufficient for a precise evaluation of contamination sources. Lead
isotopes have thus been introduced as “fingerprints” of environmental pollution. Each
source of lead can have distinct or sometimes overlapping isotopic ratio ranges. Lead
isotopic analyses proved to be a very efficient tool for tracing the sources of local and
global lead pollution. Furthermore, stable lead isotope fingerprints of gasoline have
been carried out to identify/determine sources of lead contamination in developed
countries for a couple years.

The former use of leaded gasoline had represented one of the main sources of
global lead pollution in the period between the 1940s and the 1980s. Lead pollution has
become a cause of major concern since the early 1970s, which led to the banning of lead
additives in gasoline in the western world since the mid-1970s. The knowledge about
the origin of gasoline, i.e. about the origin and age of lead ore used for alkyl-lead
antiknock additives is vital for a precise identification of lead originating from leaded
gasoline combustion. The isotopic composition of lead ores used thus reflects the
composition of leaded gasoline. With the efforts to legislation that limits concentrations
of lead in gasoline and the increased market penetration of unleaded gasoline, lead
levels in gasolines have dropped significantly since the early 1980s; current

part-per-billion levels are attributable to natural crude oil sources plus any minute



amount of lead added during the refining process. The isotopic composition of gasoline
was to some extent dependent on economical factors, such as the availability and price
of lead ores and has evolved due to the different lead ores used.

Due to the expensive set-up cost of the instruments and the high technology, there
IS no investigation or research on the lead isotope fingerprints in Taiwan before 2008.
According to our former experiences from the project, “Soil pollution investing nearby
the active factories with lead-containing processes,” authorized by Environmental
Protection Administration (EPA), applying stable lead isotope ratios analysis to trace the
possible sources of lead contamination in farmland soil is available. Moreover, we have
built-up and improved the chemistry and instrumental methodology to approach a
reliable procedure for subnanogram-quantity determination of lead isotopes
(**Pb, 2®Pb, *’Pb, and ?®Pb) on multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS, Thermo Electron NEPTUNE), equipped with a high
efficiency desolvation nebulization system, Cetac ARIDUS, housed at the Department
of Geosciences, National Taiwan University.

Chinese Petroleum Corporation, Taiwan (CPC) and Formosa Petrochemical
Corporation (FPCC) are the major source of gasoline sold in Taiwan. Taiwanese
government policy on phasing lead out of gasoline started from 1983; unleaded gasoline
accounted for 100 percent of total local sales in 2000. The cord blood lead level was
significantly decreased, with the averages of 7.48+2.25, 3.28+1.52, 2.35+1.12 and
1.39+£0.06 pg/dL obtained from the surveys conducted in 1985-1987, 1990-1992,
2001-2002 and 2004-2005, respectively. Nowadays, 92 unleaded gasoline, 95 unleaded
gasoline, 98 unleaded gasoline, and super diesel (CPC)/environmental protection diesel
(FPCC) are the most common products. The lead content of the unleaded gasoline are
below 0.013 g L™ More recently, in the unleaded gasoline era, the lead isotopic

variations of gasolines inherited from their crude oil sources and subsequent processing



make it possible to fingerprint different manufacturers' products. In order to gain insight
into lead pollution of gasoline leaks in Taiwan, the most essential steps is to establish
the lead isotope analytical method suitable for the gasoline sold in Taiwan, and thus the
preliminary, reliable database can be constructed. Only when the acquired isotopic data
for gasoline of different brands are presented, the candidate contamination sources can
be identified and environmental liability at contaminated sites can be unraveled with the
help of this state-of-art technology.

The lead concentrations in gasoline ranged from 5 ng g™ to 50 ng g*. There is
significant difference between two brands of gas products on its lead isotopic
ratio, *®Pb/*’’Pb (p < 0.001). To estimate the lead isotope ratios of overall vehicle
exhaust based on sales ratio and gas stations number, the recalculated lead isotope
ratios, “°Pb/?°’Pb and %*’Pb/?®®Pb, are 2.4269 and 0.8710, respectively. It’s very similar
to that of aerosols in Taipei area, 2.4270 and 0.8720, respectively. Represent that the

lead in Taipei area aerosols mainly from local gasoline combustion.
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Abstract

“Environmental forensics” is defined as the systematic and scientific evaluation of
physical, chemical and historical information for the purpose of developing defensible
scientific and legal conclusions regarding the source or age of a contaminant release
into the environment.

Lead is a transitional element with symbol Pb (Latin: plumbum). Lead has the
atomic number 82, the standard atomic mass is 207.2 u. Metallic lead does occur in
nature. Lead compounds exist naturally in the earth’s crust, rocks and soil. Today, lead

is used widely in many aspects, such as building construction, lead-acid batteries,
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bullets and shot, weights, and is part of solder, pewter, and fusible alloys. Unfortunately,
lead poisoning has been actually linked to the fall of the Roman Empire. Several lines
of evidence demonstrate that both the central and peripheral nervous systems are
principal targets for lead toxicity. The International Agency for Research on Cancer
considered the overall evidence for the carcinogenicity of lead to human to be
inadequate.

Lead has four stable isotopes: “*Pb, 2°®Pb, ?’Pb, and ?®Pb. The last three are
radiogenic isotopes and are produced by the radioactive decay of 2*®U, **U, and ?**Th,
respectively (*®*Pb is non-radiogenic). Investigative studies of lead isotope
compositions are well-established in geochemistry and geochronology and are
increasingly used in environmental science. Knowing only the total concentrations and
chemical/mineralogy position of lead is not sufficient for a precise evaluation of
contamination sources. Lead isotopes have thus been introduced as “fingerprints” of
environmental pollution. Each source of lead can have distinct or sometimes
overlapping isotopic ratio ranges. Lead isotopic analyses proved to be a very efficient
tool for tracing the sources of local and global lead pollution. Furthermore, stable lead
isotope fingerprints of gasoline have been carried out to identify/determine sources of
lead contamination in developed countries for a couple years.

The former use of leaded gasoline had represented one of the main sources of
global lead pollution in the period between the 1940s and the 1980s. Lead pollution has
become a cause of major concern since the early 1970s, which led to the banning of lead
additives in gasoline in the western world since the mid-1970s. The knowledge about
the origin of gasoline, i.e. about the origin and age of lead ore used for alkyl-lead
antiknock additives is vital for a precise identification of lead originating from leaded
gasoline combustion. The isotopic composition of lead ores used thus reflects the
composition of leaded gasoline. With the efforts to legislation that limits concentrations
of lead in gasoline and the increased market penetration of unleaded gasoline, lead
levels in gasolines have dropped significantly since the early 1980s; current
part-per-billion levels are attributable to natural crude oil sources plus any minute

amount of lead added during the refining process. The isotopic composition of gasoline
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was to some extent dependent on economical factors, such as the availability and price
of lead ores and has evolved due to the different lead ores used.

Due to the expensive set-up cost of the instruments and the high technology, there
IS no investigation or research on the lead isotope fingerprints in Taiwan before 2008.
According to our former experiences from the project, “Soil pollution investing nearby
the active factories with lead-containing processes,” authorized by Environmental
Protection Administration (EPA), applying stable lead isotope ratios analysis to trace the
possible sources of lead contamination in farmland soil is available. Moreover, we have
built-up and improved the chemistry and instrumental methodology to approach a
reliable procedure for subnanogram-quantity determination of lead isotopes
(**Pb, 2®Pb, *Pb, and ?®Pb) on multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS, Thermo Electron NEPTUNE), equipped with a high
efficiency desolvation nebulization system, Cetac ARIDUS, housed at the Department
of Geosciences, National Taiwan University.

Chinese Petroleum Corporation, Taiwan (CPC) and Formosa Petrochemical
Corporation (FPCC) are the major source of gasoline sold in Taiwan. Taiwanese
government policy on phasing lead out of gasoline started from 1983; unleaded gasoline
accounted for 100 percent of total local sales in 2000. The cord blood lead level was
significantly decreased, with the averages of 7.48+2.25, 3.28+1.52, 2.35+1.12 and
1.39+0.06 pg/dL obtained from the surveys conducted in 1985-1987, 1990-1992,
2001-2002 and 2004-2005, respectively. Nowadays, 92 unleaded gasoline, 95 unleaded
gasoline, 98 unleaded gasoline, and super diesel (CPC)/environmental protection diesel
(FPCC) are the most common products. The lead content of the unleaded gasoline are
below 0.013 g L™ More recently, in the unleaded gasoline era, the lead isotopic
variations of gasolines inherited from their crude oil sources and subsequent processing
make it possible to fingerprint different manufacturers' products. In order to gain insight
into lead pollution of gasoline leaks in Taiwan, the most essential steps is to establish
the lead isotope analytical method suitable for the gasoline sold in Taiwan, and thus the
preliminary, reliable database can be constructed. Only when the acquired isotopic data

for gasoline of different brands are presented, the candidate contamination sources can
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be identified and environmental liability at contaminated sites can be unraveled with the
help of this state-of-art technology.

The lead concentrations in gasoline ranged from 5 ng g™ to 50 ng g. There is
significant difference between two brands of gas products on its lead isotopic
ratio, 2®®Pb/*’Pb (p < 0.001). To estimate the lead isotope ratios of overall vehicle
exhaust based on sales ratio and gas stations number, the recalculated lead isotope
ratios, 2°Pb/*’’Pb and 2°’Pb/*°°Pb, are 2.4269 and 0.8710, respectively. It’s very similar
to that of aerosols in Taipei area, 2.4270 and 0.8720, respectively. Represent that the

lead in Taipei area aerosols mainly from local gasoline combustion.
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R LT sk 0TI, 28T M TEVE ST (=950 > 7] 8 [k ft 537l BE L
G e[l SRS TR (T ST TR B {E) 2ng - 10 ngufEf ™ o
[ [l S P RHI RS 0.01 % - 0.03 % (20) Fwﬁ,ﬁ%@ SR o AT B
S ISR BRI ITEE T R 5 BT I I R
I S R B o VT PR s SR O
SR L AR I R LB S Y S - )

e & AT R AR 1 F[[f' '+Eﬁﬁr‘#ﬂw|q@‘| » B B AR B -

12 REHEE I

ELPEITEL F 1 1990 & (R EIEE ﬁfﬁﬁ’ ﬁﬁf‘[ Y (- ‘Eﬁ FES DN I [ S AR
St T 2000 & [Prﬁﬁﬁ T B CRNS > 2011) - ;\;ﬁﬁ[ i=YRIRb 2011
9 F| @ﬁﬁﬂﬂgﬁ ) [Eyl j:l%ﬁF 2618 j\y ;]I ngﬁrfh m glig[ﬁ H FF9 7, L9
H'?E@QIJJ FIELT R (CPC > I R 1 2 )?F BT (e (BN il (FPCC
T RPEL D 0 F11955 F 6 S| E 1997 7] I AR 11E0.84 g Lt



97~ i - SRy

% 0.026 g L™ % 2000 & 1 5| & EraE Il B ERE e il R ik =
0.013 g L™I')™ (i > 2008 )« £ LTRSS F P R RS | A B
P BERREIEA I R AR s SR
S IR RN AT BRI SRR R PS> Ty - B
RS % o ,LFI ﬁﬁf‘[j QEI=TEEs] %'F‘g V”Qﬁ SJF1 (unleaded gasoline) ™ ZfFd:
ER S ii” FIE =8y ippbpvE7# (Chen et al., 2005 5 Hurst et al.,
2001a) » [%,LFII,HE et %ﬁ;{_ﬁ“é "*%‘F‘[ S T?f[{ék £I'RUE Cerude oil ) fi J,H[F, H‘%ﬁ]f%r
(Hurstetal., 1996 ) -

RIS SRR () EPERE ) SRR A s
L 4 B RS R ﬂwﬂf b - %ﬁ%&&%4 L J‘*&ﬁa
IR 5T BT P IR (5 [ 51 YA 20 pg o SHE Jui
(2ng-10ng) NIST SRM 981 ff?iﬁé’ﬁp#[gﬁ ELI - OB R B > 2%%Ph/2Ph
=0Pp P RIVIR AL 0.02 % (20) TR A E R R -

S R VBT o SR I B A Hwﬁ%hﬁrw

lzf*m’x;:iﬂ?‘ﬁﬁ VU 2011 £ 9 FIRRSEER] o B[ il%fﬁ 2618 z&'ﬁﬁmmgufﬁ’
J FHTT 252 FMEEL = 7105 P BV TS FIRR A £
PIEA =TT ROl EVREp 76 Sl BRI 3l s 75 SR 2 Fil -
25%?1{1FIFH 2 il i (%Z@ﬁk[ VR » 2012) = FREE 1 SRR - IR ~
g‘m Tl O L) R FLE SR oRal] - U1 01 5
2 -"%‘ﬁ [BSI3ET 27 ingﬁfﬂ‘ BT Jfﬂ‘Jr BRE By Ao a e s L BRETGET (R
G fyP (TPH) ST (1000 mg kg™ ) » [ i [ AR PR
iR RS TRS  EAL % B 2y ﬁ”iﬁ'lﬁ#[&%ﬁi[ﬁ%ﬁ[ﬁJ
N S EEPESR S PR ERE I L £ VT e > B [92 B
P 95 SIS > 98 ST P R Gk r‘fé—s{il F[pr'*Eﬁ%% L

D7 b1 e ERALTS 0~ R R S SR S R R SR L -

13 Fri#H

FRIFFET (IR L35 TR o T (AR HE 8 2
53 RS 91 R PR RS IR R e P

ﬁﬂ‘?: 3N [EAERY
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100 & 101 &
Z fERE!
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2.V R PR
%5 HfﬂJ N2 F L TPE
3RS ARl
14 ’P[HJ R SR L ipE
.vmﬂlifgn‘% B R
JuE T
5§ﬁ%%%W@i
6. T it ST T A SR
7&%{%@?,%%& X
&%%%ﬁ%ﬁ?%}‘ a
e [ﬁ, Fir55=|13 |8 |16 |25 [35 |40 |50 |60 [70 |75 |80 |95 |100
( K # g ) % |% (% |% |% |% [% |% |[% |[% |[% |% |%
Etﬁﬁr‘i}%ﬁ s | LRSS ’?“/%‘ni[% [Fil o Sk BB A e -
2?”J+Fah)?&7ﬁf’ﬁirwl/¢$ﬂ ‘ﬂJQFyWEPA *E”"’Thlﬁ [FIEE
3K BT R TS YR AR
457101 = 5 5| 24 E@E*ﬁfjfllé'ﬁﬁy?f = T
B | L ah’?&*ﬁfii[% il f*iJ/%ﬁ%%&%ﬁ‘F%@ R o
23@;&73[[’{[} %%L[fkéf [rljif%jjﬁﬁ(mﬁ—f o
3B T £ IR~ S0 ARSI
Bl
4.5 FRENEE I O AT SIS A RS R
Ve ,;|$&- ﬁ[ﬂr [ﬂ&j [FL'
547 101 5 10 k| 25 [ ?Fé“'ﬁfﬁﬁ%ﬁ%}
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SRRy &% i
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2. PR ¢ A o =
WL EC ] b Sk SR e !
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: : ! S, e
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WS | [ L
/3 = FLENS: ; g '~ ke e T
i il 3k PP~ RIFE %&%g[) | il
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@5 | E\ﬁ' !
5 R g b !
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1. iE[FF[ ﬁ%\L[f{: [[ I—fi Lli: rﬂ—}"“’E—f = ﬁ%r_‘_j ;;g,
Zﬁﬁﬁﬂ%wﬁﬁ[#%gg?yﬁﬁ o
3. iﬁl’fq[ [[]:[ =" %f\:ﬁ@/ﬂu FrRe Kl «E}d' l% "
=

i 2.1-1 PR



ELy Il I‘[H’hw‘j/ RREES 7 MHJ b e ol S R |

2.2 AR

fﬁ@fﬁ%@ﬁﬁ[ﬁﬁtﬁwﬁ? 2012 & 3 FIGAFFEYRIEEA. o [ESE'PJi,LI%EH"E | 2598 %
ﬁr’mglfﬁ’ = Rl iﬁllﬁ T B t'gé?ﬁjpmgl’%&m ElELY F‘J ( Chinese Petroleum
Corporation, CPC » I'] ™ iy fl13f1 * ) E*IFHJ T (P55 EJBEL? ﬁj ( Formosa
Petrochemical Corporation, FPCC » '] WFH S &ﬁ?ﬁ’ﬁliﬁ'llﬂwﬂlﬁiﬁd[

FRE 5 2009 HF USREFE B FIERUIES 16 T Y50 (10° KL) o ()i IE‘Jﬁ
54800 2 <0 » U] 1B [1) FOESIP £ (1[0 117342 7 4] (10° bbl ) {8 35 %
VR % HK BRI 69824 AR o RIS T e il = e
FURIR 2 SRR TR R (48 %) 53 HLEfaAii] (29 %) i g
AR FFEE RRBIEY 17% 1) DR RS S 2000 5 RIS AT I
AL e

TP S B e HA Y ST o I R %’,ﬁ?ﬁ'll’ﬁlﬂﬁ%:‘? i

(research octane number, RON ) 7 1% 92 %T‘ﬁfﬁigl ~ 95 %T[ﬁﬁi?dﬂl ~ 98 = F' P

GRS i SRR 2000 1] 1R EHE B E - et D
= RIBHITES SR TR 3 B dﬁ'lﬁu%%‘[*ﬁ'l@é%lﬁff? NIE[SElS
AFEPITRET RG] 2 D SR« 25 - e IR £ VR R
% o S 08 YIS AW 2 T HUR AR PO R AL > PRI S S
£5 98 B o LIVt FIIBEI P dﬁlljfi‘zﬁuj_iisz’;je@ ( motor octane number, MON ) ;7% »
Bh73 55 70 ~ 75 ~ 80 & 85 PUREEVAIBE o S BN RR LA RON = MON IV =t
53 B R > HAe F R -

VR AR VR HDE 1 1955 7 6 7] 0.84 g L= 1982 # %13 0.56 g L™ » i %]
1989 @ﬁ‘,ﬁﬁ% #0129 L™ > £ 1997 & 7 IR % 0.026 g L5 = Yy > =
RS o 88% (plnfiz il » 2007) « = 2000 & 1 F[ TR LS

—.Jéjuﬁ (B ’?Qﬁ W dﬁ"H'ﬁ%‘[EElBﬁ% 0.013g LI ™ CRUNE -
2012) - Li9fHsu=" (2005) *“J?H'irﬁﬁﬁ” 1993 = =3 ‘ﬁ”ffﬁ e > FIo1991
£ 2002 # B~ %aeﬂﬁfg; 1£-500 ng m = 34 ng m™ o fH= fL > Y01
ﬁﬁf‘ﬂf& Jp%tfaifﬁﬁfg.jfﬁﬁ, FY= sy~ (Duzgoren-Aydin, 2008 ) -

4 3L BB ] BN SPIRATR] - W A R { A I R

92 “ﬁi <1~ 95 “ﬁi <1~ 98 “ﬁi T s J’Bﬁ;\?]fll [ B ﬁc@ ﬁ?’x



IYC o P A

B R Wiﬁlﬁhr PRI g
PP T ko i e B
AP i 2 1-2 B f SR P

SR (d) FIRE R

(e) F[Eﬁ 92 mﬁ‘d () Fﬁz} 195 Z 50 (9) 'F",z;f 98 AN (h) 7R

[ﬁlZlZHlif f F'k] rlipff[[

2.3 YRR

7 FHE R S T SRR R S i = WA RS I ¢ L
TP B Sl T > 23R R R BRI, S Y~ 35T
oS AT AR P R R« BRI B il B 6 100 12
FITPIRE 95 SEMTIE S E R AT A PR 100 F 1 F] 27 PIN) AT R

IK: I/ = S &
[l (1 FHE T B, (MC-ICP-MS, Thermo Electron Neptune ) /AR 16 il o
3—'—;204Pb . 206Pb . 207Pb . 208Pb [’E]?E” °




BB AR [l o S Bk ol e Tl |

R VD BRI B ) i
ﬁJ/ﬁi%”*’ W SIS RLER AR (Fe2.3-1) < SR il [;;Jr#—b i
YRS Bl T 101 & 3P 2 PIERE 92 2 ’F' 1~ 95 :"'ﬁ T~ 98 F'i T
%'&7\?]5“1 L AT TR 101 F 4 5[ 14 |1 aﬂ;ﬁﬁr‘&"%ﬁjf | Fﬁ?ﬁrf[mT =
RE s F‘[f' |5 Sk P TR > AT A B S R ”F'F%;J%W?Fﬂﬂ (Inductively Coupled
Plasma Sector Field Mass Spectrometer, ICP-SF-MS, Thermo-Fisher, Element 2 Y= 101

2 ERESI LSRR -
\,%EJJLE@ ( polytetrafluoroethene, PTFE ) £% [F TEFFET i?tm“pff’_{':"ﬁ@? o
RS BRI RIS SN T I SRR [ 2 L
LEfal J/?EIFF# R R T 0T 5E= 250 mL [ R 449 (polyethylene, PE)
(= gk = 250 mL gyt o GBS Fkéén:j%% IFi Eij %ﬁ“‘ﬁ"% 0~ (i
JFUED) S BT LA (EIEFED) ~ 575 %~ 5730 % 4 [FEﬁF%J mﬁwﬁ?@@
SRR 2 7 mL SR (e S HERA N 165 (R 232)

F 2.3-1 WP

RRIEE R it | R It IF
R FIAf Rl | 95 s 100 ¥ 12 F] | fEbEly
7! A5l N AL s 2
F258)
SR [ |92 p R e
95 & H il 2 f! (A0 B res 1 Fe
98 XS 13 55)
et il
U | {OAT |2 mgml | 101 F 3 | g Ay
95 %tzéﬁ%iﬁl 2 f! CII e sigts 2 f
98 F‘ S 244 3 1 5%)
%Xﬁiiﬁ”
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9 T

F< 2.3-2 iSO S AR ]

VR T Al i A=A
1 5T0 » PE¥i1 9 575 s PE¥ 1
2 570 » PE #i 2 10 5757 » PE i 2
3 5707 > PE¥i3 11 5757 > PE #i3
4 270~ » TFL ¥ 12 575 = » TFL ¥
5 S5T1- - PE¥E1 13 5730 % PEJE 1
6 ST17» PE#i2 14 5730 . > PE ¥ 2
7 S5T17 > PE¥i3 15 5730 > PE ¥ 3
8 ST17 > TRL ¥ 16 5730~ » TFL ¥
2.4 HEEHE

24.1 B FRE=E

FREEE bR D R 7% B P POTT R FE SRR BT B o 1A
(kimwipes ) SZERETET 1R EgIRS > 201 e &ﬁa?ﬁﬂ‘ s et T - P
RIS R - B kﬂﬁn% ST E LR SR
B TP BRI 7 mL S s R A

242 ff%‘dtiﬁ\l’“‘
KR T B ¢wuﬁlﬁrﬁfﬂ,rﬂ SRR [~ SR AT YRR
?—Fﬁ. & FF' ;%*ﬁiﬂ@ 47k %" (High-precision Mass Spectrometry and
Environment Change Laboratory, HISPEC ) ./ Class-10,000 #y5f{=2 grf
Class-100 =387 [REE (S o T?TE[IE'J%#'&w 1\&%&&?# F’f‘/ﬁﬁi&@jﬁﬂﬁéﬁ’ﬁ
By e HRR T S E I (2008 )~ 3=E7(2010 )~ Chou £7( 2011 )~ Monna £7( 1997 ) »
TURHENA B - 2 Gale (1996) ffi ™| Eichrom 100-150-mesh Sr-Spec resin ;% i~
F[[f' | TV F'/ [T NS E <FLEL 1 M 4,4'(5")-di-t-butylcyclohexano 18-crown-6
(YPt 2.4-1 5. ) » f’ v e RTINS 1 i e I = L N
(EAf PR E R AR SRl £ 10 ng - 100 ng T R r%'ﬁﬁ\ﬁ%ﬁ’w -

.ﬂ
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E0 ]! «W W{ RSEs: MTIJ h B el S R |

SPIET L SR R BRSO PT F RRISECE < R AR A
L FEIVpEL (29-39) FOfibo ik Vet (SR (30 °C) A -
2. VIR R R o R WAL FIE TR R 2 R
3. PR - [UBRIAT AN - 15l AR &ﬁfﬁ@lm#%o
4. 1H " 200 uL EFW (Eichrom ) A A *%E TR o

S STRIITIN 5 ~ 8N ERPAIANE - IIREpF B STIR L 5ak R I R
6. IJATSIE A € L

7. 1) AN fRIRASHIT © #6 HRU AT -

8. WM L HLEREL T AR ST

9. (i IN FHPRRASHE L4k » 1) PRzt 7 kT 45 -

10. fflr 2N E@[@fr@:ﬁﬂ“ﬂ\ R T PRSI T R o

1. ') 8N ER P B A [ FABITIR & i v VB 7 o -

12, up ™ SRl s IpEE iz
13. 7 14N FF‘ P EE HiP (B RS D 35 FEH;\E Fp)f(:ﬂ:rj—rju et
FIRAIRED -

14. RV A () ROB GBI L)+ SR AN -

4,41(5‘)—di—é—bul:qlcuglohemno

e ——— 18-crown-
(/‘\O/“\I
S 0 0
e R . % AN
e / \I: T Y \t
. ‘\//\() 0/‘\\\//'
= Lo
<> p-4mm Diluent: 1-octanol

q%ﬁ' 2.4-1 W@Q}y—? Wﬁjg <kl (5 > 2008 ; http://www.eichrom.com )

2.4.3 EPSIIHT

m&ﬁﬁ 15 rﬂjflﬁuﬁﬁ?ﬁ%[ﬂ ( MC-ICP-MS, Thermo Electron Neptune ) 3%~
%E_Q{_L[ﬂ:. FI[HJ I+5£204Pb 206Pb 207Pb 208PbIE~]EU 'F[ F;/[‘/\E[)Irﬁ? ié \‘14 ﬂt“l'"T 3
(Cetac Adrius ) 15[~ 38 (ESI-20) ~ 2.8%=" Y ~ 3. [IIIVAESE (sampler cone ) ﬁliﬁ

12



9 T

Jge (skimmer cone) ARSIV EB[ IS~ AEVEIGTATRY ~ SHHEIT v g'fﬁiﬁ%ﬁ
(secondary electron multiplier, SEM ) =2 8 sy §F 574+ (Faraday cup) ;'/ [
H5 f[ﬁ‘%f‘fﬁ (Il 2.4-2) 4 B as (RN VR P&l '/%’rﬁ{&?ﬁiﬁf”ﬁlﬁﬂiﬁ\ TI3kpl > Rl
PIEERIE Sk COT1 2T SRS A TR (23590 - MC-ICP-MS 7 2T i)
B8 [AELYSIAT > el A Bl el Sk o F AR S (AT RS
T R ﬁﬁgmg an ,r[ﬁ& o plélf [r,Jn‘Eﬁ [a;«[[i}r—‘vrﬁ#ﬁ (NIST SRM 981) iZR%
PRRIIE ISR - H T FEYES £0.02% (20) -

%+ 2.4-1 PA'F:,‘F_I%‘J_‘%#&F | F;Eﬁfiﬁlqﬁ R =i

i

BYCRE! s
RF power (W) 1050 - 1200
Cooling Ar flow (Lmin™) 16
Auxiliary Ar flow (L min™) 0.9-1.15
Nebulizer Ar flow (L min™) 0.7-0.9
Cones ( X-Skimmer and Sampler ) Ni
Fore Vacuum ( mbar ) 231E-4
High Vacuum ('mbar ) 1.0-13E-7
lon Getter ( mbar ) 09-10E-8
Introduction System Aridus
Spray Chamber temperature 110 °C
Desolvator temperature 160 C
Uptake rate (pL min™) 60
[Pb] 5 - 50 ppb
Acquisition time (min) 7-10
Solution consumption per run 0.3-0.5mL
Intensity of Pb ion beam ( per ppb Pb) 4E-12A
Sensitivity 1-15%
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SR Bl ARSI O S S o R |

HETHE R )

zoom oplics

Faraday cu ‘-'.'T'.ﬁm‘&
L w

amplifier housing

rface nebulizer

gzgtram fer optics
@ i:::gher

= 7 Hy Arin
e 1.1

=
ground [
potential Ar out

gofre BTHR B A

H‘Eﬂl 2.4-2 Pigij\ﬁ r«le: I F;'—f}{fiﬁlqr[ 23

2.5 SRt T

%%E'“‘“wﬁaff?f‘ﬁ%%ﬁﬂiﬁ BT AR R (T-test) A [P A B imﬁ‘ = I
| B ?«” A4 T ANOVAGE (7 53 7 o PRIF= > TH Rl 2 [ | R UE iy
ﬁwwaaﬁw’éﬁfm%upﬁﬁwTww%gi@ﬁTﬁéﬁﬁ@@%ﬂﬁoﬂ@i
F%ME LRI [AEkEle( categorical variable ) > [M@“‘EIF% =9 (interval scale)E\ﬂj o] e
F RLA Y b RS 2Dl PR o TP R P 2 R
iW“HIJ”a‘?: M (Ho) EBH 12 fil (CPC)?FI W2l (FPCC) i A& E
F'[f' Sk PR sz B 5 St Iﬂil% (H1) PIHRL R R '/iﬁ“ff#[’@i{[ F'[f' 3
P B 2
" {HO : Xepe = Xepec
H, X gpe # X rpec

(1)
EHT Xepe BBFIHFL fl ”ﬁ [[fl '—f‘j"ﬁf’#’ Frec b0 T IEfE f' “ff[! I[ﬂ '—f‘i%é\rc’
T s

FIFg o df.=N,+N,-2 (2)
(N, -1)s? +(N, -1)s;

AR Bl S = 3
fEARRE S, NN, 2 (3)
X, - X,
ki e 1
T = Xe @
p

=z ‘Tfn
U‘)

N,
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Tg

S PG T SR 2 251 7))
£ 25-0T [

Hi=AgE | 0.1 | 005 | 0.025 | 0.01 | 0.005 | 0.001 | 0.0005
£=HmE | 02 | 01 | 0.05 | 0.02 | 0.01 | 0.002 |0.0010
1 |3.078|6.314 | 12.71 | 31.82 | 63.66 | 318.3 | 637
1.886 | 2.92 | 4.303 | 6.965 | 9.925 | 22.33 | 31.6
1.638 | 2.353 | 3.182 | 4.541 | 5.841 | 10.21 | 12.92

1.533 | 2132 | 2.776 | 3.747 | 4.604 | 7.173 | 8.61
1.476 | 2.015 | 2.571 | 3.365 | 4.032 | 5.893 | 6.869
1.44 | 1.943 | 2.447 | 3.143 | 3.707 | 5.208 | 5.959

.,
~N | O | oW DN

1.415 | 1.895 | 2.365 | 2.998 | 3.499 | 4.785 | 5.408

15



I iy RS S R A

16



BIZ - 2 RIEE %i"%

31 RREALGIF ko RN R TR

3.1.1 %EE{JL[&{:Q il Sk HL A /‘f\?

§i (Pb) R0 82 0 TR BI KL 207.2 amu > AR [ oot %FE#[F‘FE'
FPE TR 2~ +4 - SRE PR R E o Sk ffmﬁ@
20C I E?j A Y 11,340 kg/m® ’%E#TEJ 327.46 C ﬁi%#ﬂf.@ 1749 °C R EL 15>
T = E'ﬁ TR & e 4 };\g[ﬁy&ﬁ&ﬁﬁi [ 2x10° 9% » = SRt 1 er-fdﬁjg
A 1%, 25 mg kg™ ( Kabata-Pendias & Mukherjee, 2007) - [ I%E#F[Iﬁ"ﬁ@w i LD
bl B 2 L= PRS0 5 (Zn)~ 2L (Ag) AR (Cu) S &g !
FH7V ( Kabata-Pendias & Pendias, 2001 )« f{] ji 55 ﬁ? & =R ST ﬁ?(PbS)
Fﬁﬁ‘ﬁfgl i 86.6% > £l U ﬁ Elgu SEn ﬁ%i’h%i“é FIg ﬁ% (PbCO3) %pé“[%‘(PbSOA;) A

%ﬁWw‘1ﬂ~@&¢ﬁ%fk@4im@b%%$f%%”@BW%?
NG 2 SRR« BT SR RO T R ~ OO T T
I B[N P R~ B PIT  D HAREEE LER
*ﬁiﬁ}%i Tﬂﬁq PNk (Sturges and Barrie, 1987 ; Settle and Patterson, 1991 ; 31 - 2008 ) -
B R HRLE B EERS » A C AL A SRR - PUH ] VAL
F DA Y o R DRI FRASE R AR S R H Rk
N 2T 'frzHIrF B, HJ H“ JRRERYT 1%[%%& (lead phosphate » Pb*Pb0,%)
EITES T ﬁ?bﬁPWM’mﬁ%M 4%*@%=Fw1
AR AT AR ] 7R P PRSRLEAR T SAE (Rl ) E
N3 F[ S EE 10 pg dL'= 20 pgdlL Eﬁ Skt S J;vgja“fi NS Jy{k e ryr&
(I EIE 100 ng L - FIISEE ML %ﬁ%ﬁ*&%ﬁ%swﬁ@’%¢ﬁﬁﬁgl 7 100
pg dL Eﬁ SE T F[Eﬁ ‘}‘EI—. =g=d *’“E%FIEJ o LR (U.S.
Environmental Protection Agency, U.S. EPA)}HQ‘F“H BT p ]E{ ?E'Tivg}éu puE f|
v 2 (Alexander, 1975 ; Centers for Disease Control, 1991 ; Watt et al., 1993 ; Pocock
etal., 1994 : Oliver, 1997 ; [&==#f > 2006 ) -

Sl 3% 20%ppy \ 20ppy | 207ppy 7 208pp o, R AR % (stable lead
isotopes ) » £ GRAFEFETE 5T il 1.4% ~ 24.1% ~ 22.1% - 52.4% - £l Fi» 2Ph
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BTG i PR EIE S A o e

IEEE R T SRR UG > S RRE TRV IREME B 5y *°Pb ~ 2P

APPSRl A % (radiogenic isotopes) [1J53 fIFN1*°U ~ #PUAP#Thawt
PHE T PR FH ] 4.47x10°% ~7.04x10°%% 1 1.4x10"# ( Doe et al.,
1974) o =9t » [l E LA 3 (radioactive isotopes) ¢ 4 i (half-lives)
22 & [1710PD ~ 4 LT 10 J [ I9PPP > 1 [ of L 26.8 53 4#197Ph (Komdrek et
al., 2008 ) «

FROEIESIFI O Sk PARRE AL Fy ¢ » AT PRI 1 3 st~ ~ 5 e -
VI R B [ RIS YT M T SR PRI RS YT
A e S
EIH P San 5 (52 T ®r Ay o 1t PAATRIFIE) - s (RN AU (N
VR s TR A S SRR HTEE Y F A R P
H B gD B (R TR B s PR B BR
AR R ST RS

3.1.2 BURES R 1R 1]

ED ?F‘[JE'[Q‘F‘, AR CE s ,Hgfh’—% U B RN A I'E\%“*i“l = RS T T
[ (Keinonen, 1990 ; Monna et al., 1997 ) o 3737 HElak I AR E%S H[f’J =2 }{ﬁj’*‘J gl
VST YA T TR © T YRR T P S RO 2
ﬁ?fﬁﬁiﬁ@ﬁﬁéEW?’F%‘?’F?F['EU[%\ oo m‘ﬂH"E%J%HIE Jif-l SRS Fiﬁﬁﬁfk pﬁ#IHI
PRSI S Bl BT BT AER] (Keinonen, 1090) « &) (7 Fipi & g1+ &' [
b = Fﬂ}!j y%tfg?m@%p 73 {* (Hurstetal., 1996 ) - [N %ﬁ?‘ig[[j [H ANE [H R
P P TRE D RESRAO PRSI RAR: -

Machemer (2007) 05 22T R ﬁ[%*bggﬁﬂ’z\rﬁﬁljf\% U, Jr@pﬂf MEEAG S
VRIS ‘“Jriﬁ‘[?,fﬁ’?ﬁ'ﬁr% PRI R0 ) (Sb) W& (Sn) E759 75
%’%l’ﬁﬁﬁ%%\'%ﬁﬂ— iﬁ@wﬁ?[ FETPRC2.4 2 ELmpv LR > H A @if‘jﬁ‘,é% R BT
FITHERRATA T VS 77 o 2 R A R P95 B0%PUET b I )TF”F“f
V- Fakayode (2002 ) I'J i & [W=" (factors of accumulation) ]F‘[Eﬂ bfljgrlglfﬁ
SR AR W (Panicum maximum ) A d T S EBTER -
g \mﬁfﬁ*’i%‘[m: BRI VSR G 426 mg kg - 7

S Eji 28.1 - I'J5k .l*ﬁ?’iw#%rﬁ [N Eﬂﬁ’ﬂ P EE & R
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o) 21985 & = 1987 F = 1990 F = 1992 F Beyiy Bk b FIERE 53]
£%, 7.48 pg AL 3.28 pg dLt > 2004 & = 2005 = [ 1.39 pg dL 1 (#]552009) -
HRE = Vs E’@L"ﬁ*ﬁ’if[lﬁ[%ﬁ Erﬁlinﬁ‘%‘liﬂ'% °
FIPREGINE PRo S (7] (oxygenates ) B ifius fCEL RV (Hurst
etal., 1996) - [<27 (2011) [FVEBUMEETH 52w %T?Eﬂv' N %7 HESlZESY
AT > ELBR ~ G AE S P BRI JET 8 %071 85 %o - i ﬁ;}fﬁwjfg [Fil =7
Ry ?'%TF[W ’ Fl‘"é ¥k 75 T [ﬁj‘“{ém;’/ﬁiﬁ[ (O’ Sullivan, 2008 ) - = [sF+ 2[4+ 2000
F T o= s mf* YPPEELST= 7 ELBE (methyl tertiary butyl ether, MTBE) » |
57= 7 ELf (tertiary butyl alcohol, TBA) &L MTBE IV % P (<3P » ¥ 7 + A
I TBA Y MTBE - [[[#7-y° dﬁ'llﬁf LT 1980 F i b Fj:%i f* (Petrisor, 2006 ) -
Liu (2009) A" |= %“ﬁﬁurf % (3D fluorescence spectroscopy ) b%aﬁlfgﬁ’?’rﬁf,
B (GC-MS) 5347 5 FEgT (EI5CT > S0~ JRU 35~ D) GRS 25
2RIV fz%ﬁf'ﬂF‘*ﬁ( PAH )3 7 B RERLEH = — ARV s+ 3% - Boehm( 2002)
Fgrﬁﬁi £ Bt (total organic carbon, TOC) Fhfirties (= F’ﬁ’@ﬁﬁ;—? b A LA
E‘}’FQE?‘F"J: o Schmldt(ZOOZ)?F[ ',iﬂl?}iglﬁ J R (A i7 2{ prf‘bzzpu | MTBE
VPR ~ el SRR RS SR PR Iﬁ'xﬂﬁﬂiﬁ ﬁﬂiﬁ“ﬂp TR TR .
Kaplan (2003) &5 4*%&72? Po CRUR=RL P T~ ) S Uy v
[ It ?&[ﬁl PR . \ufﬂJ'l"%Eﬁ‘r 14 ko i #[ﬁ,rﬂ f IR
LRI B sk (the rate of amino acid racemization ) » fi' " [4f:f, irf 197°¢
BPi= 10 ﬂgn UEA S Fﬁ-‘n‘ﬁ TAYEF (O (P17 1964~1984 i) » fI[ffi'A
2%Pb/2 P b= il o Philp (2002) FEZHT | {™HHS Yt BREHIY+ 5
PR ﬁ“'?'"‘ TR I JL'JJ\I&*??L%[‘W%Q (2006) H|GC-MSEET (f
Fliz 'fﬂ’ﬁr‘ﬂ =l (biomarks ) » J[[& w457 (11 WBﬁ Elfel Ul [~ ”f}’i o AR
TApIpIE J"?ﬁ@‘ﬁ‘ﬁf&ﬁﬁﬁﬁiﬁl’“‘ S %4’”@%‘&%@‘1 Fliee E,LT%&;}EJ% 2 Y
WG EY & FOnS Vi%"ﬂfﬂ ‘ff’ﬂ?"“’ﬁ' | Tl F”ff%"ﬂfﬂ Hpa o P R R
IR %'”'E&’LIJHJ?EIFF#?E‘KFI%M\ﬂ Pearce( 2002)[|"'] /g5 AH 4= 7 ( multi-level
vapor phase piezometer ) -t 5By AU WIEAR] > e - %IFTE@JJD?EI
ifﬁl@fﬁil%ﬂmﬂﬂ?ﬁ’ ENRI T IAIA R (075~ 1.5~ 2.25~ 3.0 1) 4 S IGEAN
FUAET IPNEY (TPH) ~ &0k 2 S (WREA - Ghazi (2004) |2 |E#4#]EE (laser
ablation )} :JHICP MS) Eﬂtffd)i”*" : flf"[ﬁﬁ[ﬂ [ib 2k (2%pp » 2%pp « 7ppy . 20%pp )

—

H#
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BTG i PR EIE S A o e

IRl SR (PPPh ~ 2P iR T BT ST 2 LRGPP 1

ﬁﬂ\ﬂl#ﬁ'?%ﬂm (e > 2011) -
FIIF ARSI o S (804 SR T 0 RIS Y VUL e = o

RSN € Wf—i‘l“ﬁiﬁi} VETEIS) TR " ERRE IR - - Jﬂéﬂaﬁ P oEREl 4
SRR AT @ﬂé‘,[ﬁ A SEEE B IES  TIOPD PO ] >
Fﬂ}!j 1% 7 18.5 = 19.5 V] (Komarek et al., 2008 ) - Monna<™ (1997 ) I'JAZt: (4

il '*Eﬁ#f“jf%ﬂ A LY B AN SRS PRBSSAHE] 3 W Rl
TR PR RO FUIRF TR S BIIEROE  FUIRERI 2 fa,r.ﬁ*miﬁi
Frips = SRR o FRREIEIRIE A B BT T e g iR &
B ~c[J S I B s FURTAYE R (Erel etal., 2002) o 5B [ﬂ ﬂ‘%ﬁjr’é{f
;\ﬁclr@ﬁm&[ﬂ SHT TR~ BET B EHEE ~ L~ SR > B 0 T
AN o R F ‘Wflﬁ%@ﬁ”@dj 5 E’?F[\%}[ TR Y S B I O S B
( Doucet & Carignan, 2001 ) %If‘” Hdr o FEEs P[ﬁJ'*Eﬁ A= E%ﬁ*ﬁiw S o]
VHES o R ERLUEER T PR E R R (T ,F[ﬁ?l&ﬁw VIR VR -

313 @«'Wﬁﬁ'lﬂ I S B

[ 1923 5 & P4 GHLE (tetraethyl lead - PD(C2Hs)s » PATEL) Wfﬁﬁp
ekl (™ F,#’JW‘J‘ SRS IR SR B IS S T r”ﬁ L"E‘Iﬁ'%
(Hurst et al., 2001a ) - & FF = 1970 & [ 53 90 % Jfﬁ IE;U?&,FJ\ F lii"r‘jéﬁi TR
TR 15 - 1970 F 2 1080 £ [ % KBS EIBRIWRIL | eI 7
AR AL o F R S R %U??mr[ F11970 & & 73 B~ A
ARV SR e 3 [T BRI Ry R R 3 dEV‘?ﬁEL T ﬁﬁ‘ﬁ Bl
LA ik *fjtf‘”,féiﬁ FIFS IR % ﬁ%ﬂm ° 1996 & - [ES«‘B%‘FE'H%E 80 %if| E,? il
EREEN o TIRTERE] 1997 YNGR IEND 015 g LS b > (%47 1980
# (A9 0.4 g L)% 1965 & % 1975 # (9 0.65 g L™ (Monna et al., 1997 ; OECD,
1999 ; Needleman, 2004 ; UNEP, 1999 ) -

ﬁiﬁ”H'?ﬁ"’Dﬂ/% "ff’“‘A ot E‘ VAETRPYFlCE FR o Al ﬁ’ﬁ?ﬁilﬂ R
FYIF O S B ]! J“vi RIURE FﬁFf‘Fif VTR PR el S ﬁ[fp | S
#Jf’%?‘%%“‘ E’jﬂ%Eﬁiﬁ%‘dﬁ“ﬁdr&ﬁffﬁ% SRel ﬁ’ﬁF [Fil = E\Z;iﬁ‘ﬁ S
F :{’F{EIF ﬁ%{/gl’]ﬁ’ﬁfjﬁ‘, I bﬂfkﬁ;]gﬁ@ [lﬂ’ﬂ{vppua"fé}ﬁﬁ » P F' EE F'

20



FOpRARIESE (Hurst et al., 1996 ) - Associated Octel == Octel Co.f L4 BZ ) [l e
= R dglﬁu*%@ﬂ[“l égiﬁ %"ﬁiﬁ[ (tetramethyl lead ) pr~fH V%Fgr (Monna et al.,
1997) » 5 B YR £L Neste Oy ( Keinonen, 1990 )  [AECY 0 Hﬁ J[@JHQJ
il Associated Octel T ey » JU! ~ PRSI bRl S 8 ,ﬁ],l Bl
FIEPY f‘,ﬁi s e *E‘?fﬁi[' o A TE Eﬁ%ﬁ?ﬁ]%:{“‘%@ : %Ji’ﬁ?lf&%féaﬁuyp
ﬁ% ( Monna et al., 1997; VVéron et al., 1998 ) » »»}H?l/ RATER O ﬁiﬁi??j&*’{@ﬂjﬁ%‘ﬁg
TSR o S P A4 3.0-1

Ng#{/Patterson (1982 ) %‘g‘ﬂ\[as«l B 5‘#’5@?&72 i) N AL F‘M bk
H fﬂJ’l‘?ff[El@ﬁ’@%%J ' B RER AP P B AN ﬁiﬁﬁm
o ?%\'E‘ﬁ’ﬁiﬁll 'E&P”JF (9% (Hurst et al., 1996 ) - 1965 = = 1980 i [H] » [
SR B ST O sk PP POP PO B T I o (PSP B
(Monnaet al., 1997 ) - Chiaradia*{/Cupelin (2000) I'J FI[* |5t 'r’ﬁr“l& FE R
B PR FTEIZ o RV B RGPl R
ﬁﬁ‘”“i&iﬁf’ o F | I A k“? TR B 1995 & i ™ T HHIE
PRIV rﬁﬁf‘[ TIPS B A 2 S 3= [X(Chen et al., 2005) -

Hurst 357 (1996) §iilt + B VOITR PRI 2 s po e il ish
FA‘E F1 1980 & PR IIUIE > & PR [5E ) Iﬁrj’r;iié‘"* NI ppb Z5kAYE F'I"ﬁé
ARSI SRR RGN R Sl i e e e e F,rjﬁﬂp o Monna E7(1997) “fEpE - 2H
|J“fﬂr Pt PO S R PRORE S (IR = R TIPSR L O S B [N
YRR P e BT BORE [R RGO & 3 T PRt o plor PRSP RO
Vi o 2 ORI S5 5T PR [ PRSI ShA p_E
YRS SR R S R RS Y - (LR B
R U B R R iﬁ’&lﬁ&‘ TRPVEY R 1] o Al - 8
e ,J/%‘ﬁfp |08 Fhe B pje FREFHE S E IR TR B PR g Y*J#“ﬂﬁ'%ﬁfbﬁl B =
1o RIS R Fi ?i?[smr[
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S L

[ MHJ

SR e e R |

A 311 BIFRTER T  h

:F]E[ ﬁ%_‘ﬁp [q‘ 206Pb/204pb 206Pb/207pb 206Pb/208pb 207Pb/204pb 208Pb/204pb 208Pb/206pb H'rféi?..
Chow & Johnstone,
TEEA 1964 17.38-18.14  |1.115-1.16 [0.465-0.4771
uwm ) f i 1965
Rl 1995 16.564-17.068 |1.069-1.094 15.499-15.597 [36.41-37.09 |2.1719-2.1980 |Monna et al., 1997
ol 1994 16.50-16.72  |1.059-1.079 36.39-36.65 |1.189-2.197  |Monnaet al., 1997
Rl 1968-1987 (16.676-18.33 |1.077-1.177 Keinonen, 1990
91 ¥ 1995 1.094-1.11 2.148-2.158
96 i 1995 1.108-1.119 2.142-2.147  |Erel, etal., 1997
SR 1995 1.108-1.146 2.112-2.142
ﬁ:?ﬁ T 18.4-19.5 1.19-1.24 Hurst, 2002
R 18.21-18.45  |1.165-1.179 |0.4749-0.4819 Chow, 1970
Chow & Johnstone,
Tetraethyl lead (1947 18.69 1.204 0.488 1065




3.14 kAR,

il 3 4

Monna 3 (1997 ) E[’?E;’gi%;l/iidgiﬁﬂ[ﬂj bSPTIR RS 2V S Ly )20 °C
SR ARG S R~ ER V?ﬂﬁﬁifll »I'J90 CAE 1 VY -

f_iﬁ [IpEIZE > Y 200 uL 5 NP - f{17] Bio-Rad AG1-X4 [i£
[l o ko7 B HHERELR B
PRIE R > FI'] 0.5 mL 6 N ESFL: FRe > fasl R

Pl P R

3.15 QPRI

H‘%%‘“—L

TN U\

AT

] 0.5 N j5 kit

B LT
%> '] 1mL0.5N 5

N B (TIMS) [{RfY -

PR ISR R AR T B B ﬁlfjﬂﬁf/] L FR A Ay
j&»%ﬁgj/ 0
% 3.1-2 B I[ﬂ (b G2 %ﬁ?ﬁf
B R = £ 15 AL
SCi Atmospheric Hsu, S.C., Liu, 2006 Lead isotope ratios in ambient
ﬁ;%ti/ Environment S.C., Jeng, W.L,, aerosols from Taipei, Taiwan:
Chou, C.C.K., Hsu, Identifying long-range transport
R.T., Huang, Y.T., of airborne Pb from the Yangtze
Chen, Y.W. Delta
El FE% RO A | RGBS Y 12010 ) PSRIAINE St w5 e
B PRZHZ ~ Fie A I%%i@j FUR PSSR irFI
OV~ LT
GERE
P IR | S I | 2000 | SISk B R
s | B | AR R fiELS B0
v | e VP dRGT
B[R AOGS 8th Chou, Y.C,, Lo, 2011 | Toward picogram quantities of
’FPI’F%‘ Annual Y.C., Shen, C.C. Pb isotopes determination by
Tﬂ% General multi-collector inductively
¥ Meeting coupled plasma mass
spectrometry (MC-ICP-MS).
American Chou, Y.C,, Lo, 2011 | Monthly-resolved coral skeletal
Geophysical Y.C., Shen, C.C,, lead isotopic determination
Union Fall Chang, C.C. in picogram quantities
Meeting by MC-ICP-MS.
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3.2 HRRER ZE AT AR

3.2.1 3?']{ E?%?\EL ST (7 Xg\\rﬁ%ﬁ il [ 5 Sk Py I g
R LR [ A T vml_,ﬂrmrﬁgﬂ B
bl o [l 3.2-1 BN O F PRSI - o3 R 16 AR Sl
sk P I 2 s fp b Y R A - R IR TR
i oa g 2 IR PSR RARf] (0 R ] =E
R P RIS PSSR BB S 5 50 [IRGL T it
R PRSI ETRCE D ANE © EEEYR SVAT A S T SR
R 50 (SR PR ST AL P l'"Jfl [ r‘”j\ﬁ‘gi S HI}E*TW%.% o REVEH R
SFLIPS T P o SR R o F 1) SRS, ¢
1.9 HFF[} J 5B SR HE i =R E YT o
2. TERTYLIRIE 5 S I RE S R
3. S RIS o PR RS AT R B 30
Q o il I AR 7 mL A 30 mL > 2 A Ry R AR, -
A SRIFL DR (30 °C ) iz > o bl T FEA R > 1EVE ?9 F350°C ~80°C »
120°C » S HTRURY R 3 T E S TR T
5-’%WW[W&FEE [P ol - P@§F5<HﬁﬁEﬁﬁﬁﬁ
FPRFPOL SR SRR IR o R o~ BRI R AN R e
FOE TN R ERER [ SRR R G BIE - s
ﬁ¢@ﬁ@é%ﬁﬁﬁrﬁ?f@%ﬁ¢ﬁi°£W$V’ﬁmﬁm—«
AE RGN S E [T g Tyl 7 NIRRT FE
%@W@Wﬁ@ﬁo%ﬁ@%%%?NF&HMN@&HMNﬁ&wgw
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3.2.2 2| E?E‘Iﬂﬁ‘i&%@
FIE =l B I/HQEIUD?EIW#—?;/FH JWE'JFM g JT ;92 5% éﬁ - 95 "”Eﬁ
P~ 98 ST GRS AR .g‘;  FIM RIS R

R FF,[—%(ICP-SF-MS>3EHrﬁzJ%ﬁ?*%f@ (cps)- FIAsp iEpel Akl st (fHf 3.2-2)
BT SR - PR RS ) o Sk I o R 13 P G 5
VR T b T B R (R A B o R PR [ S TR e[
13 (2004) 2& 7 BVRG £ PR FFIB’“W R A R S R S T
AR A TR P e 1 Triton X-100 275 7 BEMART (= > 5 (|2 IR Ty Tty
(IFPFER B, (ICP-DRC-MS) i ':TsﬂaaARlDUSmuiﬁﬁig@ > j1 (2008)
ST PR AR R R S BN - B (E ’Eﬁjflrﬁ
ﬂ?ﬁ%[ﬂ (USS-ETV-ICPMS) Jj il H'Tk’gﬁJ’ f‘jé'[ oﬁ-ﬁhﬁﬁ’?fﬁ@ﬂﬁ&?f i
FRTL R (R 3.2-1) A RET T [RIA (7 - S ol A A i

2 BT R ST BT 0BT SRR AP AT (0.013g L) P

/> Eﬁﬁ;"x

'l\l::,: F | Fhf s

ST (Y G AT o (B E BRI SR -
40000
35000 o
- 30000 /
§ 25000 /
g; 20000 /‘
% 15000 ,/
! 10000 / !
@ y=71297x+219.13
000 7 g~ R?=0.9998
0 & ‘ ‘ . ‘ .
0 0.1 0.2 0.3 0.4 0.5 0.6
[Pb] (ng g™)
q‘%ﬁl 32'2 ,Pi)%@ 71 ﬁiﬁﬁﬂ
% 3.2-1 YHEE
R | 92 g | 95 s | 98 Emam | &ty I
Hliﬂl f[ 964 + 3.2% | 1791 #169?% | 1640 + 2.6% | 44.76 +75.2° ENa
15° 23° -b N.D." 3 > 2004
34° 26.7° -° 36.9°" 51 5 2008
[ pl | 17.06 +35° | 14.62 £ 3.9° | 1587 + 2.4° | 29.41 +22.4° | APk
b tng gt > mean £1SD v n=3; "B tngmLt - Sf A ND. ¢ (AT
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3.2.3 YT kL
R RN T T R S N e ks = k|

._|g\

SHAT1RD 1035 pg < 2By I,

T - T R R R

FH = 0.02 %32
EREETVRS T IR A1

=
=E4)

U o

J/%‘F[[ﬂ ﬂ‘
R r%ﬁ}ﬁ%i

] (R ST SRty £ FETR T 48 - 1

!\' ! Jll

SR R ) SRR %fl%ﬁﬁﬁﬁm (MC-IP-MC) I Bt > (=2
Pffigps 3.2-2 ~ % 3.2-3 W[l 3.2-3

(2-10ng Pb) £# I [fl

F< 3.2-2 (I FIRAHERIL O S E

3]; IFFIIEI;%IIH” 208Pb/207pb 208Pb/206pb 207Pb/206pb 206Pb/204pb
92 5.5 i pr* 2.4215 $0.0024 | 2.1110 +0.0018 | 0.8717 #0.0016 | 17.8636 +0.0231
95 5.5 i pr* 2.4290 $0.0029 | 2.1100 $0.0051 | 0.8687 #0.0011 | 17.9442 +0.0191
98 & F'i TPr* | 24167 10.0026 | 2.1066 +0.0039 | 0.8717 £0.0025 | 17.8709 0.0542
%ﬁﬁﬁ%?ﬁl* 2.4308 +0.0043 | 2.1150 +0.0087 | 0.8701 +0.0049 | 17.8911 +0.0821
ﬁ%t : *mean £1SD > n=3 -

#3283 i3 Ffh ST o S

?E IFE#IEBU 208Pb/207pb 208Pb/206pb 207Pb/206pb 206Pb/204pb

F'i TPr* | 24288 10.0009 | 2.1204 +0.0004 | 0.8730 £0.0003 | 17.8357 0.0045
95 =, Hi pr* 2.4247 +0.0012 | 2.1247 +0.0038 | 0.8762 +0.0018 | 17.7841 +0.0494
98 =& I pr* 2.4278 +0.0009 | 2.1192 $0.0008 | 0.8729 #0.0001 | 17.8474 +0.0078

EEe Nl

2.4328 £0.0029

2.1185 +0.0047

0.8708 *0.0026

17.8942 +0.0487

i
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3.3 WIS S B

3.3.1 SR = r‘f—:ﬁ:[ﬁ]tf%v’/w ek Pk
B %%H'ﬁ' PLENRIOY S Bl I'?JB%;%F%’?T » AP N e
LISEN pJF[ 4787 iﬁlfﬁlw—‘ RS e (U[P]) == 4 FEg Rl ot J ] 'fﬁ‘ﬁ[fk
[T m?.%p'qu‘a' 3.3-1 L o S SR I SR SR O SR BRI -

OEPHOTPh

2SP/R0P]

2440 0.890
2435 A 0.985

A

+*

2430 4A 0.880

i =

A * §
2425 & o5

* [E ? L

L a . .

2420 0870 - A

4
>

2415 0.865
3 *
2410 55 0.860 55
2130 18.00
*
17.95
2125
A
.
A
*
2120 (R, 1790 A
@ R . +
¥
z ) *
2115 = 17.85
A
& y .
2110 4¢ 17.80
*
2105 4 1773
*
2100 55 g .
0.00 0.50 1.00 350 4.00 450 0.00 . L oo 150 400
U[Pb] 1/[Pb]

o PIhO2EmASR M o PIHOSEANAM o PO RN e PIHARM L
AGHI2HmESA M A6 '52595-3?5%5:&?@ AGBIRMESAh A G HEABE R

A 3.3-1 kSRS BRI lﬂﬁ‘ﬁ[*ﬁﬁ‘
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3.3.2 fl iz il R B il ST O S P B

RG2S fol HUTRR - N il (CPC) P81 il (FPCC) b e
Y ST SR PR B N E 2 B P ORI R Bl 4 7
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Wik | 2Std. Err | HffE | 2Std. Err | JHIfE | 2Std. Err T ff 2 Std. Err
Cl 2.4189 0.0001 2.1130 0.0001 0.8735 0.0000 17.8398 0.0044
C2 2.4237 0.0001 2.1095 0.0001 0.8703 0.0000 17.8860 0.0036
C3 2.4220 0.0001 2.1104 0.0001 0.8714 0.0000 17.8651 0.0034
C4 2.4267 0.0001 2.1070 0.0001 0.8682 0.0000 17.9469 0.0064
C5 2.4281 0.0001 2.1071 0.0002 0.8678 0.0001 17.9617 0.0057
C6 2.4322 0.0001 2.1160 0.0001 0.8700 0.0000 17.9239 0.0042
C7 2.4140 0.0001 2.1101 0.0001 0.8741 0.0000 17.8211 0.0051
C8 2.4192 0.0001 2.1023 0.0001 0.8690 0.0000 17.9286 0.0042
C9 2.4168 0.0001 2.1074 0.0001 0.8719 0.0000 17.8629 0.0035
C10 2.4316 0.0003 2.1188 0.0004 0.8714 0.0001 17.8849 0.0236
Cl1 2.4262 0.0003 2.1212 0.0004 0.8743 0.0001 17.8123 0.0165
C12 2.4346 0.0001 2.1051 0.0002 0.8647 0.0000 17.9762 0.0064
F1 2.4284 0.0001 2.1207 0.0001 0.8733 0.0000 17.8333 0.0026
F2 2.4299 0.0001 2.1205 0.0001 0.8727 0.0000 17.8329 0.0029
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F11 2.4351 0.0002 2.1196 0.0002 0.8704 0.0001 17.9025 0.0190
F12 2.4296 0.0003 2.1224 0.0003 0.8736 0.0001 17.8418 0.0126
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