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Precise isotope ratios of most polyisotopic heavy elements can be now determined by ICP
(inductively coupled plasma) mass spectrometry with a multiple collector array (MC-ICP-MS),
because elements with high ionization potential energy are easily ionized to positive ions using
the high ionization efficiency of Ar ICP. Precision typically better than 0.01% reproducibility
can be achieved by this technique, though several attentions are needed to spectral and non-
spectral interferences and sample preparation. Their isotopic abundance data used in geochem-
istry are directly linked to atomic weight estimation of elements. Atomic weights of elements
are calculated from the absolute isotopic abundance of elements through calibrated mass spec-
trometers, and related uncertainty of the atomic weight is evaluated from their natural isotopic
variation. This recently developed MC-ICP-MS was applied to the determination of absolute Zn
isotopic abundance to estimate Zn atomic weight in 2002 first. A double-spike technique was ap-
plied to calibrate ICP mass spectrometer, and resultant Zn atomic weight and isotopic abun-
dance were different from the previous IUPAC value reported in 2003. A large isotopic fraction-
ation of 0.12%/u was observed through industrial purification process. This is the case for other
elements, and MC-ICP-MS revealed presence of detectable isotopic variation in the current iso-
topic reference materials. Isotopically homogeneous reference material with SI unit traceability
is highly required.

Natural isotopic variation of heavy elements will be explained by change in their chemical
species in chemical reaction and mass balances between them. Present isotopic studies of heavy
elements tend to highlight larger degrees of isotopic fractionation mainly through redox chemi-
cal reaction, but the degrees through legand exchange without redox reaction are also impor-
tant. The variation can be estimated through laboratory equilibrium experiments in some cases.
Experimentally determined isotopic fractionation factors will contribute to understand the di-
rection and degrees of the natural variations. In situ determination of chemical species in the
isotopic equilibrium chemical reactions by spectroscopic speciation analysis like XAFS, Raman,
and IR is an essential approach for a quantitative understanding of the isotopic variations as
well as the current empirical computation chemical approach.

Key words: ICP mass spectrometry, Natural isotopic variation of heavy elements, Standard
atomic weight, Absolute isotopic abundance, Double-spike technique, Chemical
species, Equilibrium isotopic fractionation
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1. U & IC

LHEDJE T/ (atomic weight) (ZILZF ORI ER
HEZ SICHBRINTBY, (bR 0FHE .Tr
FTAEV)RITUDORME T RA FaEKL v I
UOHMNEFE LT 572008 HEE LTHRHINT
Who LALADSE, FEFEITFEERITIEZOHELEHEIC
LT, HLEOAMEN S (uncertainty; ISO-GUM
DI195EDENHFIZ L D, 5% (error) EIZEAHEAN S
DITNERHATLIZEELERSN, 20D, un-
certainty &\ ) FEPMfib I TV %; ISO/EC Guide
98-3, 2008) ZHfoTHY), ZTOAMENSIDORE I
TEITEIGESTWAZEEHF VMO TRV,
CORNHEIT L ORFEN S DI, BUEO &AM
X ET-Ew (relative atomic mass) & FARAAERE
(isotopic abundance) 2 HEME SN L Z LITGER L
TWwb, 2%, »SHLHKEDETF=EA(E) X, L
ToxX (1) TitEsh5 .

A(E)=X[f(E)-A(B)] (1)

ZZTf(E) BHEEDEREYKI R ERMVAKE O
ENGROFEMAEFAEE, A(E) 205 T’
BCTHD, T TV FMAEMALERE L, HWIEKILFT
FKCHWONDZTFVE Ay — A Ta o k)
7, [RNARTEAE BEERE RN O M AR R HE ) B % A L 7 B2
M7 SI HALR~ND b L —HE Y 7 4 (traceability)
TidZ%& <, STHAGR (BTEO%EI1EC o1 Hi
MHL2uTHY, 1EVOCHTEAT Pz L
T0.012kg IZHEL DV TW5) ICEFE ML =% T
(traceable) 7z [FI.ARAEAEREETa U, ik} [ AL ARAF
1 (absolute isotopic composition) & M-I 5,
AT, HFRIEEOBERICHHEICHMNE L LD
2, ZEMEF (multiple collector: MC) % i 2. 72
FHEAES 77 A< (inductively coupled plasma:
ICP) E&/5#{: (mass spectrometry: MS) % &
7RO EFEEBNT 5. MC-ICP-MS DFJEIZ
&0, RRICBIZ2ELEORAMBFEEEDODT R
EEHHREE 2o TBY, THAHERILF 058
TIHETEOWHEMBEROMICIISH I NE L &I,
JEFRIRE & Z O SOPEICH RS oo H
D, TNHORFOBIMIZONCTHIY 5.

2. RFELRANGEEE

2.1 FFEEENLTE

JE T DRI E D E A2 D W THESE L 72 AR STk
FBEICEL D BN (72 21, FiE, 1967; 5,
1998), B TR FEE DI EPCIIH SNzl
BOEHTH S Cameron and Wichers (1962) &
19844EICHIRE N2 TEHK T L DX (Peiser et al.,
1984) Z B L TCZOMELBRD, HT 2D
21, 19D IZ Fv ~ >~ (J. Dalton) @, KT
BENEN—EDHEE DL >R T THEHEVIEZ
WHRE D, 19t OKDL N ICIZZ K DILEOH T =
AME SN, FIEEOEBICRWIZERL 72 (Il x
i¥ Gordin, 2007), FEEHE L V) BRTIE, KT
IN—N—=FK%ZD) F ¥ —X (T.W. Richards) &
Z O ILEIZEH 5 & VLT E VTR
WEEN, VF ¥ — ZIFI9I4EICZ ORI S / —
NULEEEZELTWS, /N—s3— FiE (Harvard
method) &IFIEN 2 Z OILFEMEFEIRE DI, B
# (0) THEOBETEZI6ETHEWV) EXRND, H
ik L LT (Ag) OB TE% AgNO:Z /L TikE
L7- (Richards and Forbes, 1907), XIZ$lo o s
AL SRR E OBERENLEERPRE R DT
FUORFRERELT, ThE SIS LxHEIE
ML Two7z, BRI, ERBEMOHBILEDON
sy A ERERL, BItEr S e s v 2 K
M EORONT T AL L, ZoiEERY
IEMECHET A2 2 L ICE ) HTROE FREZREL
T2o ZDFER19464E T TIZ65TLHEICOWTEH T BN
EREIZRD SNTz (—EBDH AL ES R TEIZZFD
BEIPSETENRESNTWDS), —T, BHEIC
WFHEBORMAEPTEET 5 2 & H1929F I KA HF O
BE DS FENEE 2> SR E S (Giauque and
Johnston, 1929), 19404EEHIZI1X70, *O D[R ALF
EEFRBERCREENS L (Murphey, 1941), 4
K OB D5 TOMMEFHEOIETH - 72
YO=16L X ETFTOITNIAEL, TOHLIES G
LR L SR AW L, £1.0003
DWEAREATE F- 1 DO EHR I DI T V7245, 1940
ERBEIE, BEASNHDPOHBONLFETFEORE
MEEMETFREID D E 2D, 19604F121E, £<
P LWEEHE X L TRC =122 447 T — L TR &
NBZENPEIN, BLEIIE-> TS,

B A, LFENREFEOPEICEERRORE &
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Z, HLVETEREHRD S & T19604E 128 797
W S PE S A A (Shields et al., 1960),
BARIZ S R ERMKIZ2D (TAg, “Ag) &4 7%
, ZORMAEFHEEIITIZE LW (51.839%,
48.161%) Z &, F7fb¥EEWMMIC Lo L721k
EWERREETES Z LiE, Bib¥ 2 HESHEIO
BIERE OVERUC I IER IS CThH - 72 2 L I3 i
WS %,

2.2 BEFEESSUVEFEORTELEESN

X (1) TRALHE, BAOETFEEITEROLR
SEFN RO SR TR I E N ZFh o E R AD €
VAR OGEIEE M AR 2»HRD bR
%o FEFHEBEOREIZIEE < 2 S mSATEsFA &
NTWwb, 2CEIEHREL LT, RILKEZIZLDET
LEFTHTAF L, WENSBHEOERDAET T
BHE L CTROONTE S, SOHFEITEMH
(doublet measurement) EMENTEBY, 72& 2
¥ CHy L%Fe’, 2C*EL*Mg* % likd %, Fig. 1121
—FlE LT, ZEHE (CoBSIERICIIEER)
WEBD'NOBRTHBERED OO, Ha Hif=
28ffdEDANRZ FVEIRLTWS (Ogata and
Matsuda, 1953; #, 1954) . JRT-E &= L\ L
MEC=12u lCEBEIN-FLHHIZZICH S, B
T, HESIETHELNZZW L Ohofiz i,

12c160 14N2 12C21 H4

Fig.1 A schematic example of the doublet meas-
urement around “N, (actually triplet in this
case), after Ogata and Matsuda, (1953).
Atomic mass of nuclides can be calculated
from neighbor reference lines. The mass dif-
ferences of “N, from “C"O and “C,'H. are cal-
culated through the dispersion of the mass
spectrograph to be 112.54X10™" u and
251.61x 10" u (Ogata, 1954). From the pre-
sent atomic masses of “C, *O, and 'H, atomic
mass of “N is calculated to be 14.0031.

PG RELEICE) T AV F -0 (Q i) #H
RBICHHET L0 FETIHE SN TWS, wihic
LTHZDHEL, BEI(CRES—ZEEPSLDD
FThBAEDHRZRD D L) TELOTIFICIEMHT
HY, T-10HOENEFEDVD 5,

—H T, FAARGEEEICE T 2 M E &S HEt
LIRONLD, ZOMITHEIIES TIdev, By
BehdBBE»cwziE, HMITED AL F ¥ % Bk
L, ShEinE L CEERICS CT MEICIZTER
BMOLIIE LT FkEZ5#L, ThZholds
Bof+ v alilivs Bzb) EBOILETHbL,
—MMITIE, BEASHEHNIEA L B E o RVAR
THEEL, HESEH 5 &5 R ER X
—HET, TORBHROEEHNT O & & FAE
BhE (mass discrimination effect) & I-A T\ 5,
D7D, BEISNEIZHIE (calibration) L7Zith
X, BRIV EZ L2 I3 TER
Vo FEARZERRIRE, BRSO A4+ 1k,
e, MO BRBTRILZEEZLRTVS
B, EHARWIZIFIEAEDEFIIINOLDNA, T R
(bias) A4 4+ v OHRZIZKAEL TW 3 (mass-
dependent) & # 2 5T\ b, Ak (sample) &
koFOMMAL (Ra.) EEESMETLOHDIN
HENARIE (rew) ORNCIE, #IE4RELK (correction
factor) & MH\WC,

Row=K *rum (2)

OB D 5o EBIE, FNAARFAERE DB O
AEL (reference) DFEIAAI R ZFH LT, 3 (2)
"5

K =Rt/ vt (3)

PO K ZFHEL, Thitk (2) IC#EAT5Z LT,
B DO ARK DTN Ruw DR S NS

2.3 HTIWANA ZEILL BEHRMLEEFEEED

BIE

RO ERMNEIPFIET 2RO B2 RET
BN, MR FAARAEAERE 2 B AL BEA D B A%, B
SATEID BT BNV ED T — #1133 TITE
HLTLE>TWS, N (3) TK ZRET H720IC
V7%, FMAFEE (R PEEATH 2 E R0
FHRIEHRAEZ LD X)L THET 20 208
HMMILHE (mono-isotopic element) 12&H -7z, H
Bt R I LE MR D Lz, RTE=
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BEDFEFFZONEORTERELS K (1) O FC(E)
=1DLEICHY) o ZONE, BETRSEBAD-D,
ZoOHFEWHh O BNEF OB A SI12I1E, £
DALY OEREICHWILE DTN FEEZENT T, KT
ETHDY, 7AF FoEREZHTNIE IV, e R
&, TvI=v L (A(AD) =26.9815) D4:)E26.9815
gxMEITNIE, ZZ2BbIZ0HRIZT AN Fu M
DAl T DT B 2 &b b, FRRICHEOZE
EFNARDPFAET HILHERICBVWTD, bLIEDHH
— DO BHAET 2WE B HIIL, HEAEHTT
FOLELFAMICID ) 2 TE L, TLTZER
TN MR L7 WEZ 2o E L THE
WCRETE, FAREAEED BERI O FEL (synthetic
isotope mixture) AN TEXHA5 (Fig.2)o —2 D[
PRV G L 2L A28 1 7 (spike) & IRIEN 5
o, ZOFEEIEZSY TNV AL 7 (double-spike
technique/method) & FFIEIL T 5%, AR i
MRWE, X (D) »5E»N D FEMAADEFH &
EREFEOL: 10MBEP BB TN TL 5720,
% R EOFENRRMED AN, 72 ETAHI L
BRHTH L, £72, ALFEMME LLEWOLFEE
i, BWEECHERELRDRITNE RS R, bR
WORBIE, FEEEOHNWITEERHET 56D
%S, KRAFOKRGREEFE & OEIRTORULEA
WEEOWE, SROEN» SR T TORORED
RAFRBIER R L) LB D 5. WEEOB RN,
5, HFEZIIZHEOZA AL 7 2B LL TRET 5
BEMBIEAETH D, FBEERITHED AN 71
AR E LT, ARSI bh b B8R 5 —
Ty FOFEMTHLHRH L EOLFWEZATNS
Z DL\, O R AEHER (National In-
stitute of Standards and Technology: NIST %X° Insti-
tute for Reference Materials and Measurement:
IRMM) Tl&, TER L7z A8 7 2 BZ228 b L< I
LEEMRE R, AL > THMEFERT Lo 0 L7z
ILEMCHEART A EICXVMEZHIFTHAE L
TWb,
JEFREPGEIC BT 5 HE N OBV H & 51
%o TT L, BHEGHEOREOEERIIH/MINT
Wbo % OREMVEIFIET 2 EOWE, HH
N AL DRI IZ B WTH A8 7 %
FIA L TRIERE 2B L, mEIITIERKIZEVRE
PEAAFAEEE 2 FE ORI 2 BT 5 XETH 575,
KK T O [ ARAEAE BE D ARG (3 [7] 7445 i f B2 20

10021V A4 7 P2 AN D Z LT ITATEE
T, FRAFTELEAL, TS LA M S THE
ETXLEER W100mg) ZHET A Z L idif
HThH b, T2, BET B AN 7 OFEHFHIEZ 5
(3 ETNARD - AL A OLEIRE L o TK
579, BAETIEIRIEREROERIL Y TV R84
2HETHY, FOMOFEMFIZONTIE, HEoHET
WO R AARAT L 7z AR R 2 e L, WAL
WEaMETAZ Lo T 5D,

3. BERETIXAVEESNEADEE
BREFEANDICH

3.1 EFEOTHEN, S LEEMIE

19924 ICEI N Bearikr v RT =k
FIZBT 5% (De Laeter et al., 1992) T, JET
iR IR T, Bak) OAHED S 2%0.015
%%iBr5HILFEEL LT, Ti, Zn, Ge, Se, Ru, Te,
Xe, Nd, Sm, Gd, Dy, Er, Yb, Os, Ir, Pt 2% 2
FonTwsd (RIRTORMAKZLE 2K & % Li, B,
S, Sr, PbidrwnTHh b), ZDIFL A LIE, R“ER
RO L v, HLLRE A+ ERT Iy
PREVWTETDH D, HIHOMBEICOWTIE EISER
7By, HHEPYLR Y TIVAISL 7 OVERDBES Tk
WZEIGERLTWAD, F—A4F MR T VI v
LTI, HEOWEIOA F Ab#HfE L B L Tw
o WhW5 ‘&E JuEOM R AR E IS
1219604182 & BAEIZ 20 C, KEEREA 4+ ~ 1Lk
(thermal ionization: TI) % F)H L 72 & & 43 #1 =
(TIMS) EIZHWOLN TS, ZOFETIE, 4
F VIRICBWTHRIERIZTMN) RV RoOSRE 71 5
AV MRIZERELTEAMA SN, 745 A2 MIER
ZWLUEPIMBT 2 L TIHEZ A+ VLT 5, TI
DEIE, Ny 7275972 FARZ FVOREME L,
A A VLI OB AT EF O 5T OB R 2RI R R
DEGVINIWZ ERHIFOENDE, ZORD A F
ILRT Vv VORERITLHEDA F VLIZIEATE T
Hbo TLICBT DA F LR FE (n./no) & Saha-
Langmuir ®3XTl¥, &EoM4HMAEK (0) LHET
FOE A F MAEEF VXV (IP) EHWTUT
DEHILFEENS (Bl 21X Dresser, 1968) :

n/no=g-lg exp (® —IP)/kT] (4)

ZIT, g 3FETANF-REBORKETWESE, kITK
WY VER, TRZPVEVRETH L, ZORH»
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(a) mono-isotope element (Al)

A (Al) = Z[f (7Al) - A (ZAI)]
= A (7Al)

Al

(b) poly-isotope element (Zn)
A (Zn) = Z[f (Zn) * A(Zn)]

/@ i = 64, 66, 67, 68, 70

64 66 67 68 70
(c) ®¥Zn spike

dissolution
A(Zn) = A(*Zn) = I

o | )
| =
64

(d) %8Zn spike

dissolution ~—

A(Zn) = A(%®Zn) = )

% I

68
) synthetic mixing
(e) double-spike Zn <
blend for f’fb‘l\
l calibration / ’-,_\\
64 68 =

133

Fig. 2 Principle of the double-spike technique for the determination of atomic weight. Mass spec-
trometer is calibrated with a material with known isotope ratios. Atomic weight of mono-
isotope element is identical to the atomic mass of its stable isotope (e.g., Al (a)), so number
of atoms in a piece of Al metal can be calculated from the weight of the Al metal, A, (Al),
and Avogadro constant. This is not the case for poly-isotopic elements (e.g., Zn (b)), but the
mono-isotope element relationship can be applied to “Zn metal spike and *Zn metal spike,
respectively (c, d). After a synthetic mixing of the two spikes in solution form, the numbers
of “Zn and *Zn atoms are known, that is, “*Zn/*Zn isotope ratio is known in the blend (e).
The correction factor K induced from the mass discrimination of mass spectrometer can be
determined by a comparison between R, and r., and then the K value can be applied to

natural Zn ratios to calculate absolute Zn isotopic composition to estimate A, (Zn).
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bbb EH, EROLFEBIREVIEIE, 72
B F MEET VT v VAN ENIFEA F AR
WEL BB VT b, HIZWZIE, IP DFEWIG
FEEAFT VO TTI TA F LT 5 2 L IIRIHEN
BLBWZERRL TS (—Hom#EE, BELH
B LA T Y ORTHRMNKRLS TSNS Z LHH
%; 72 & 21X Heumann, et al., 19950%3) . JUH®
TI A 4+ Y IETIE, 14 AR ZEFI10%L T TH
%o

CHICMAT, ICP 24 F Vi & ¥ 5 EEHHa
H319864F 12 Houk 12 & » TEMICH 2 SN A TH
&M (Houk, 1986), #EMHEORE I X 2B
DFEMAEA A Y OHERBSTREE 7205
(Walder et al., 1993), &% &FRILHEDEMHER
MARGHTICRH SR TWD (& 2IZMoREE L
T, ‘FH, 1996; Halliday et al., 1998) .

ICP %, EREWEFEI AL VNICH S N7 EWEE
WIS X o THEL 2 BRI X o T, HEENISH
BRIZELAERICLY, 79 A EESFHICHER
WRESEZbDOTHE, TVI 2 HW/ZICP D

N
\ A
(|

/

\ Ill,-'

(a)

K

(b)

Liid

if

AERFEHIZ BRI TO L )R b, HEE (A
PiF) OWNTBIZT VT v H ARG L-IRRET, ES
DB 2~41% Z T 7258 a 4 VI MHz O
Bl ERZRT (Fig. 3 (a) ) « ZOEFWEERICE -
T, WEEMICIFEMIEO BB OBIRRAE L TR
JEBRER DT E NS, BREALEDD, ORI
HROBFRIZAIC LB L 7B AR RS E s 384
95 (Fig.3 (b)) o CORETIHDAEZ 52125,
NS RBEEREESANTREITE, AR LD T 2%
BEFNRZOBFICI>TMES N, B ANVF -2
b MESNI-BZANVF—ETIX, BEOT 5T
LOmEEBYELINE A+ EL, EHIKDE
T#ERZT, BARERNICBIT 2 BT OREEINY
BRmEVEL b LEFHENZWL, HEENICE
TFe A+ VOEEER, bbb T IAIPEEINS
(Fig.3 (©))o D& HIZ, VL ELUHREIBIGE S
N &, FAGTOBRBELDAF VRBETOERE
HBAEIY o TT T AW EHINTER, HFSh
%o MR L7277 A FHEMEHF A DRI & > TH
W ER B LEFOERIZIEEY, £V EH

oo
RN

)

(c)

Fig. 3 Principle of ICP. (a) Quartz tube encircled at the top by an induction coil with a stream of
gas in the tube from down to top. (b) A high power and radio frequency electric current is
passed in the coil, and an intense magnetic field is created by the electric current. An eddy
current is formed instantaneously when the gas is seeded with energetic electrons. (¢) Col-
lision between free electrons and gas produces ions and more electrons, until a stable high
temperature plasma is formed. The plasma is elongated to the direction of gas flow.



ICP H&0HTik 2 I\ 72 TR L E W

WELTT I ASIEER LTV,

ICP O¥#x, 204 F+ L% (N./(No+N.))
DEETH b, Saha DA (X (5); # 2 iX Dresser,
1968) #ICIC L CHH 7T X~ DREEZMRKE LT
BLERE2SIE, ST AEN T v 2BRTZEALY
DILRIZBWT, 0% LEDAL F ML ERDH Y,
+UliDIEA #+ >~ & 7% %5 (Niu and Houk, 1996). 3
FEORETIE, ZEED F—F (Fassel torch) O
LOBEOHZHWITHERZL 7OV IVOBTH XA DR
IS SN THEED ICP NIEA S, REEN%

HEA LD SEAL, BT, LT+ vfbshs, &
W L7zA F NS RRDBBT s 2o F ) 7 4
2 (orifice) % i U TREED S MH I 7 B2 12 HE

R[ENTHEENIEAIN, RO TbILs,
%%:=j%‘ggg%§lji%%itexp(—IP/kT) (5)
N, BTHE
h: 79 7ER
m . BTEE

FH LI OICP HEDH R, M [E A ARLEAE L

FEAR L D RS 3 E S
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DOWEIHDTHEA L7z (Tanimizu et al., 2002),
ICP E & 45H % TR Z EMICHllET 5
2, 4+ AT AL EOT VT VIZRERT S
Ar', ArN*, ArO", Ar; e EOBMER Ny 2 75
VRANRZ MBI, HWILEDIEA + &I L
TEROArDBEAETHI LIZX Y LRIzl
UA), £ F Y E—LHNICIEA F Y HEDO KT ATK &
B E, BEANDROLEIKELL 2SI LITHER
39 BN DH B, Table 112 1 MC-ICP-MS &
TIMS ORFBIZOVWTHIRLTE L Dz £ DY
&, WH O & FEIT I 2 BRI H B
3.2 EROEMEMAEEEINEEEFRFENES
LR T H 300 E12EITETH ), HEHR
64, 66, 67, 68, T0M52 D% E M ARDIEIET 5
(B OHEIE T, ZORMKEEEIZZRENR
49.17%, 21.73%, 4.04%, 18.45%, 0.61%; Wieser
and Berglund, 2009), MO T DL E% Fig. 4
WCF o7, MR T#1E Cameron and Wichers
(1962) Tix, WHAWTFE (65.387) LALFMTE
(65.37) DUEMDOIIIKE REN DD, 1I:%E<J 12
PR ESNIEZ R L L7z, Tk, BROWIC
0@@@%@@%%&775?-%&#%*@tﬁ%

Table 1 A comparison of TIMS and MC-ICP-MS.

TIMS

MC-ICP-MS

Usually less than 10% as positive and negative ions

lonization efficiency

Dependent of first ionization potential (/P of elements

Ion energy spread Small (<1eV)

Degree of mass discrimination

Usually less than 0.1%/u

Time-dependence of

mass discrimination

Usually less but unexpected polyatomic ions occasionally

Interferences

Isobaric interference reductive using difference of /P

Signal stability Stable

Preferential ionization of lighter isotopes at first to heavy later

at ionization process in~1%/u isotopic variation

>90% for most elements as positive ion

except halogen and rare gas

Large (~10 eV)

6-7%/u(Mg), 3-4%/u(Fe), ~1%/u(Pb)

Small but certain isotopic drift with time

Sensitive to coexisting matrix elements

Polyatomic ions from Ar, H,0, and N,

with MH*, MO*, M** etc.

Less stable
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M (65.377+0.003; Marinenko and Foley, 1971)
&, FTNASA 7 HEGHEIC L B8 E e
(65.396 = 0.005; Rosman, 1972), TijF: CMALIZ Pk
ELEFRERIIZOREETH —HET, 1984F D
HTEAELSOFICHFEOMEEZ T X 9 1265.39
£0.022 W) FT R, HEIR S W7z (Peiser et al.,
1984) . T OWFHEDOAL—FHIZ20014ED 5 T IV A28 4
7 BRI X B MEE (65.409 +0.006; Chang et
al., 2001) 12X D ZHIZKEL 257205, 20034FEDHE
FETIXZ DM SN, 65.409+0.004% 72 - 7z
(De Laeter et al., 2003), E#H 513, WFEOA—
FORKIZ, OV TIE S WM AR
BIZH D EHR L, ICP A F i % v 72 Hok) 16 63
LA BRI E D FEBRICHE T L7z WRDHE— A F
VALRT VU v vi39.394eV ERE L, RERDA I
ACETIIRE LA F V=2 %852 EAREEET
HY, 4F MEEFROFEWICP 4 F V% v 72
RN ARFAEE DO P E D LEETH B L F 2720

FARM 2 BN E LClE, ¥ 9%%n &%n IZH LS
WA L7z (ALK 1L ZF N2 199.57%, 98.80
%) @lEiishe HEL, {b¥mimiifEdicd 572018
KM OB 2B CTHER L CTieloo b, FE, &
NEBRILL TR EAR LG L7z0b, WE%
HOHEEIZEALTY TIVANSAL 7 2K L7
(Fig. 22 BHBDZ L) TOFTIVANRL ZI2ED
HEatat2RIEL T, X 3) o K HEdEL,
RIRAEL ORI AR O W E 2 WIE$T 5 2 & T, #Mik
RN AR 2 E LTze T30 N Hido 5
T 21365.376+0.004TH V), HEROLEHFE TR
HOENEE I —HLTWwz, ZOK DD
D OFNME, “HIUK ICP ER5MWito K il
BRRAEICER LT, BEo=y v, §il, BXO
) 7 A ORGAAEEREYE (NIST-SRM 986, 976,
BL1994) oK flidh iR L7 (Fig.5)o Z O
R0, EROERSHIETIE, HIHOKRELE—A
FUALRTF Yy VD720, KEPFIELL BAED S

1960 O Mass spectrometry
[ ® Chemical determination
[ _ ¢ IUPAC value
1970 | i % f .
1980 - 1
¢ [ ; |
8 —_—— ]
> 5 !
1990 - 1
2000 |
| ! HCH
 a
2010 - i R T il
65.30 65.35 65.40 65.45 65.50

Atomic weight/u

Fig. 4 Change in atomic weight value of Zn determined after 1960, plotted with ITUPAC values
(de Laeter et al., 2003; Wieser and Berglund, 2009). Mass spectrometric values were deter-
mined by Rosman (1972) with Electron Ionization MS, Chang et al. (2001) with TIMS, and
Tanimizu et al. (2002) and Ponzevera et al. (2006) with MC-ICP-MS, respectively. The
chemical determination by Marinenko and Foley (1971) was a coulometrical determina-
tion. The value of Rosman was re-evaluated later by the same group (Loss et al., 1990) but
not included here. The value evaluated in 1961 was based on several mass spectrometric
and chemical determinations (see Peiser et al., 1984), and its uncertainty was estimated in

1969 to be 0.3.
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NTVRWZ EZIERMLZ, BES5DF— 7 1Th\»
T, IRMM ® 7V — 7 DFEFRICHERIC T T IV A28 4
P MOEM L, ICP BESMEEIC X DY
DR T E %#65.3778 £0.0002 £ Y5 L 7z (Ponzevera
et al., 2006), MFHEDMIZEELIFE—-HLTW5E, b
Ze BT HE S L2 F RO S ATKE #
I BHNE, SEESR A A 7 OFERAEICATRES 5 A
NEOREZITEKRLTEDY, FEMARNEDAHEA S
FIEFLAEEELZY (BRREICBWTAEDL S %0.1
%L D/ T2I2E, ABOFIIOEELHMIET S
72002, TR B IS L - oOREE 2
RETLUEND D),

IUPAC ®20094E DO TlE, TR TOMREMHEAA
NS DOHFIZAD & HIZ, WO T 136538+
0.022° 3 X N THB Y (Wieser and Berglund,
2009), ETFEOLHED S AUEMRE L DITIELRD
DOITLFEERLY, FHEPSHREL Bo MR HIT
H %, TUPAC DL TIE, KELRAMHENSIIRRT
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DORNAGFEIEEOEF ZZR L 2R w) 2 &
ToTWwb, HLAIZ, ITUPACHI I TEFRKLTW
5 R L, BEEE F & (standard atomic
weight) OFEHEL W) FHE LB L TEB Y, [natu-
rally occurring materials and commercially avail-
able reagents] *BEIRL TW5, EILKOILAH T
D FENARAFAEE OZ LT ATHIZ >V THE ST
B (Shields et al, 1965), JEFREOALHENSIZD
K TWwb, ZOEEIIEDTIN TH RS
NTW5bD' (Gale et al., 1999; Maréchal et al.,
1999), EILEDOIEHOERE TOKR & % WAL
ZBI@ME ST iz (B, 1998), HEHDOK
SR T O FEHARZE B 12D T O E IF19724E 12 ) 6D
THRENTD, BFOWEREOHANTHELLS)
M S22 72 (Rosman, 1972). 4% 5 O Hidh
DRNARGHT TIZ, HEHOBKRETORE R4 5]

0.12%M) HAOHTHER I N (RFRICIHER TS
£ 0.0024; Tanimizu et al., 2002), =FE &R ${O

1.00 100
039 180 o
I o]
|| —®— lonization efficiency ‘ I%
; 0.98 | ) 5
Q - 7n Ga ] g
5 097 | C 5
O u
8 | Ni B =
& ' e 140 Q.
<096 —° S
96 | 3
2
0.95 | 2
094 L. . . . 1. 1 e a e o ¥ ceus |
55 60 65 70 75

Mass number /u

Fig.5 Mass number dependence of K value in MC-ICP-MS around Zn (Tanimizu et al., 2002)
plotted with ionization efficiency of the elements in ICP (Horlick et al., 1987). The K val-
ues were determined from R../r.. of NIST isotopic references (SRM 986, 976, and 994; see
details of Tanimizu et al., 2002). An asymptote to K =1 can be assumed, which is a line in
a narrow mass range, in spite of the low ionization efficiency of Zn compared to those of

the neighbor elements.



138 & K

BEICIZEEPFTOREPHONLZ LD, &
DOREELARI VARG NORRTH B L E 2 S5 TW
%o BUETIZV D WA R MV - BREEFIREL O
SRR DR BIRAHRE SN THB Y, 2006412 F
LD LNBITIE, “Zn/Zn FAARILE LT+0.15%
5 —0.1%DEHIFICIZTIZTEETN TS (Cloquet et
al., 2006), ZO—F, FR=v 7r VORI D
NEZFFEO—DIZ, BEEDB V= Yy F VI LKD)
ILEWEFA L2280 5670, 20 LX) hlfix
WAL £0.025% M DEFIEIZNE > TH D
(Tanimizu and Hirata, 2006), J0#& Z & OFEL Wl
EVLETH S,
4. RRIZHTH3RMNATEHRICTDETT
RRGALZEIDOFEEMNEREICHIT /-
B V) #H A&

FfAOEES (m) EHMVE=ZE (Am) L
T, X EE (relative mass difference, Am/m)

100

Am/m (%)

0.1 . !
0 50 100

e A

BHEERDPKRELS LD ITHNBRNEL R D, LTz
BoT, TEDPHFHETIVRELLBITE, KKTO
BAERAAYL7 ) ORMAEENRII NS b EE 2
LONRHERTH Do 1l 2 S RMARAHE B (2l 8
NTVWLIRITHETZAM/mM P KEWV S 212, HE1L,
F MM O EAL D H A AL BUG R, AR
DY AAR L EOMELEL T, K& ZREMARS A
BHEINTn5E, COREMRETEZSL L, RTES
DR E LBEITLEOFRNARGHOREIZIEF TN S v
EZDLONERNTH D, 4O ICP E '/ ik %
M L7, EILEORRCTORMAKRLOZEEIFIE, HHF
0.5%/M LLFT#H % (Johnsonetal.,2004), L L 7%
A5, HAPEREIC L7205 TEBIEI/NS L 25 H
LWnziE, 9 Tidhv, EILETEEL 2501,
T TOMALRITIREDZAL A 5§ LS T
»bo 72k 21¥ Johnson et al. (2004) TT ELHHN
PF—FTIE, RTAYIA - ANT A iR Y
DOBALIREY —EDTEDOEFIFIIH LT, 2704 -

i 100

110

(u%) n/uop,e!.le/\ O!dO'.].OS! |eanleN

150 200 250

Mass number /u
Fig. 6 The degree of unit mass difference (Am/m) against mass number. Natural isotopic vari-
ations of several ‘metallic’ elements are also plotted as delta values. The degrees of the
variation in mono-valent elements (open symbols) are usually smaller than those of multi-
valent elements (closed symbols). Data from Tanimizu et al. (2002), Tanimizu and Hirata
(2006), and Tanimizu et al. (2011) (Zn, Ni, and Sb) with reference data from Johnson et al.
(2004) (Li, Mg, Ca, Fe, Cu, Zn, and Mo), Ohno et al. (2008) (Sr), Rouxel et al. (2003) (Sb),
Schmitt et al. (2009) (Cd), Rehkdmper and Halliday (1999) (TI), and Rehkdmper et al.

(2002) (TD.
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gl - Ly ) TT VR EOBRALIKENHEE D
ZILHE DI ) BEMARLHES K E v (Fig.6)o
N, B LR TREOEILICL Y, IEOHB OB
HEEDRE KDY, PEALEROS - BIRALE O8O
ENIPhb 5T (F2& 2 AW DU R ik B SO 7%
), ALFREE OREETI DN T D A E N [ AR DT
ML, BRESCHWENE OBAMEDOENR ENSH—
FBRIER2 MY B s 2 LITERLTWS
(Bigeleisen and Mayer, 1947) .

FILHR D KR TORNMALEBONEX, EDL) %
AEHIKR & ZRAARG RIS S 2 & v ) sUZIEE A
BT LMEMICH DY, ToOREELELL, F UBILIKRE
TOERMAREDZALD AT X 2 FARG B OFEE DT
BIEDHFVEATH R, 728 ZITHT O A H T
D FEAEEBIRE, SIS win AT 5
TO, FEFHTOMOBBILIREDOEALITER T 5 FL
K5 & B Cc & % (Larson et al., 2003), — 5T,
S O T H R (1) 3HALY O HLY 13 0> T2 250 F1
WORNARLIZS ERTRELKEHTLIENDHD

(Gale et al., 1999), BLALFDZALD KIXTO R
WEBIKELSES L TWAZ EERIEBLTWS,

FHLIE, MCHLT, WiEhoMH 1D 4+ 2
ML DEALIC & o T, ALFREEIRESED X H 124
fbL, FMAADINCE ) EBEGR DD EERT 5T
DIZ, HREH T TOM D) A+~ LA+ ¥ 5k
B & o [ O [FALAR 24 OG5 N Pl S Bk % 47 o
720 BAKMICIE, SRR EEZALICARAE L7280 (ID A
F v OEAACERE B KO R R R~ O WA
LA OO MtRZ, BEHEX M2 v THEE L
7o HRGHE X # % v 2R X AR (Ex-
tended X-ray absorption fine structure: EXAFS) @
WAEE, EAHP TORNRITHELRE DT ORYIRGE %
B D 2 EDTE LR BTHET, X BRI &

(X-ray absorption near-edge structure: XANES)
Lo, TEOWEMEDHEELR LIZEHILTY
%o WEDHR, HWIROWEDS EATHIZONT, #|
AT (1D KSR D KT 23R A + >3
—DOFOEBPL T E, Cu(H,0)& %5 CuCld T
DR OALF RS S IRIRIZEE T CRIKFIAAIET 52 &
EWMER L7z ZHUTHL, BEA A+ U acifitigicis L
728 (ID AbSAffiL, HRRROWR AR 32 L %
W EDSbhr ol BN ORE, WAL AL IURCAL
?D CuCl TH ), AHAD Cu(H0)& DK T A
WAL A & ICEH L T GBRR TRAALREE D2 L)

R X, Bt IRIBIR IR A 4 VR CuCl?”
MHERWICHIBERETICRET L EHHOT

(Tanimizu et al., 2007) o

FEMEHENEORKRE, (1D 44+ v EBA 4
> ARG & o B OIRIRAFAE T2 BT 2 P LS SOS
TO, BV (II) 44+ DA+ » ZHBE~DFEIR
R EIS (Maréchal and Albarede, 2002) % & H
IR T 2% &, CuCl L2 I BRI I V6

(ID A+ U EHTHIEIRBEEINL, 2F D,
Cu(H,0)&" %5 CuCl?™ ¥ TOBREALKIGD & Z
TERABIZL, &RoE & LTI,

GSCu (HzO) 6 + 65011014

2"Cu(H:0)s+%CuCly  (a>1) (6)

THHIERREBLTWS, il ) 14+ 04+
¥ SRR & DA BUBIZ BT B FAR S PR E o 1
1.0006H; £ & #hi5 X 1L Tw % »% (Maréchal and
Albarede, 2002), b L b Z ORI T XCLE
L FOBRUCHRT 5 8 LT, TRARKIZBN
THREE D S o (1D SEALY 858 53 -4 SOt
W& DA LT B 5 5% E PO FE B R T
H5DHERBLTEZNZE, 0.6% 2 VEWEAM KL
B L7Z2EWEROZ EATFHEN, Z0L) kil
BEHEBORS Z & TELICRWEMAICE LD O
A TFHEND, FEERIIZEEER O RSRIEA F+
VBEOE, BT TOr2 W EMLRTHY, =
WEBRTOT— 5 %2 Z0FFINHTHI LIETES
WS, SHLRBFERELBLTIOL S ICHMLL A
BWNEBR CLFMEZ EREICHIBEI L2 L2k, R
RICBIT 2 BEXE O RS BIOEERIHIC O 235
eI NG,

5. ICPEESHEAZRVEERLR
FIAL AT ORIKERE

5.1 ICP BENITEICL 2 EBERMAEITOE
=y

HESHEION=FY 27 OMiIE, 10T
RECHR SN, BHOBEEBS (hysteresis) D/h
SWEBART 777 —#iil# (Faraday cup) Ot
AR L (55T ED) L, N"—FY=x
TOHTRLI—F—D=Z— X% T L E 2T
Ivi, 3E5A, 77 77— RILEBRDOIGELRER S A
FIVvILYVORR, TRYT U ARELRY, 21—
F—230 L TB I REFHIEFHE {Fho TV 575,
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T, ZHLIMNI SRR ARDHTIZ BT ICP
METHEBEL TB R NE RS RV EICOW
THIET 5,

FUE, AT MVTH, JEARYZ MVTHBOLE
THbo AT MVTFH (spectral interferences)
X, AF AT ADT VT, B KGAICHRT S
EBHEK, BF, K IOERT 2 REAERLL 5T 0
A Thbo 72, EREERMARGH O 212, BB
FRLRALRLT VT VA LR TN FHTHR
WGERTAUER SISO ERIPLETH L, AENL
ZIT5TA F &N vy AR gk A L T
W9 5YArH, AN, “Ar*0°, “Ar*O'H' 7% &
THDHD, SCHFOFAMAETITHICTBWTD,
“Ar*Na“ R Ba> AT MVFHT L2 EB3H DD
THEEFLETDH L, & KRR 2 & CRENE
FNDYE, FMICBHREL TEr Ve S, TR
bRATHEVERITIEDND S,

HEosEIcowTd, v Y v 7 ALH

(matrix elements) DFEAEITIEVGEEE HITED
1002425\ L E W5, MBS 2 FR 2 [ R (2 AL
SRDLLEPD D, Y M) v T ATLENKR-> TV D
L, HESIFNOBERENIROESVIEILL,
FMARI R EARTE L7228 k% RIZ T, St~ b
Yy 7 ZA%H (matrix effect) & FEIENZIEARZ b
WV TF# (non-spectral interferences) DCEI BT
H5bo 72, HMILE DR (sensitivity) 25~ M) v
JAWEDHEREIWET L2 DD b HEEE
5O HYITLEDLFHE BT 5 BIERIE, The
N5 B TRE OE\WIZ D B DSFERLAR B A5 2
57:%, HINEL % 5100228000 5 LERD
bo FERIMIIZBLU LD EINEZFEN OB Z A
—DOOHEE R D,

B oh- HWE O RNV OMIEEICOWTY,
W PR WS W T wb, B o RIMAR
1, RO E TR ISR AAREEEY E O E 2 1d S T
ZEIZEY, AR EEEDE»SOFTRE LTI
ETHLHEND D, BILEOLHEGLRAKOTETDH
D, FeAAAEE (standard-sample bracketing tech-
nique) &IFEN S, NI LT, HRITEDELM
HROBEREHUE Y, BEFRNVARD» LD % TR
A, O e Y & SRHCEISEISm R,
COMMARLEZSB L2 LMEZIT) FiEbH 5,
ICP E BT ED TR ITKIE L Vi A + LR
BOREEEN LFETH S, ZOFFEITILHERM

3 (v
i
B

M

#HIEHE: (element doping technique) EIFIENMTH
0, AR EEEDEO< MY v 7 ADEWITERT 5
FIARZFR R ORI D HFOENERFIETE 5729,
BEOFHEDOII) PERENTHNEZZONL, 2L
AAXERFAARIGICIZ 2 ) o AR AR #E 2, HEERFI AL
R IZF R AEREE, Lo BATH DL, 2D
TCRRMAF I TR AEN R Z MRS 5720,
TIMS T S W FMAEGHORMIEEZF A L Tw
% (Russell et al., 1978), TIMS Tl F+ IR THOH
RARR (& B £ TEZ 5 MR B RIS L 72
A MDD LR T EDEVHERE) ZHIET 579
2, ¥Sr/fSr il %€ @ 72 & 12¥Sr/Sr %, "“Nd/*Nd
Wl D72 D12 Nd/“Nd # ZNENd % —EDHEIC
WIEL 225 WEZEIT> TWwBA5, Th%i MC-ICP-
MS TiEF UKo RMARIC X 2HE2 S, BEERO
HEVITEETORMEICIER LD TH S, TIMSIZH
WTH ZOMIEFEDORBIZIFEHEIN TV (Hart
and Zindler, 1989), MC-ICP-MS Tid% OHfi IE4R%
ATIMS IZHERT—HKEZ W/ (Tablel), #ilk
HOMEOHMM M2 5 DT IHE 2% > T b,
HIED L Z A, Exponential Law & 9 #fi1lE#A5—
M bN TV 525, HWIGHE & I13E ) TuRE D FEAR
WEZR L5 RMARLEZHIET 5720, FENIZ
FZEEAERITIET BT ([ LRI R B HEA~D
BREOAR—H L), MEOHRAIEHIN TS

(Albarede et al., 2004; Baxter et al., 2006) , #lz 1%
B P/ Pb MR % & 1) 7 2 [ (AR e By B
D*TI®T1 e THIIES %36, Exponential Law T
i3 (2 & (3) oitdiEEET L L

Ru=ru &2 (7)
Rm=@4%§ﬁb (8)
le :be (9)

Z T FITERERZENRRAMIEARE, A F&EFEADR
TEHETHD, X (9 BV THITEORESf 2%
LW EARET 5 Z &A%, MC-ICP-MS T It
EFEORAOELERNE 25 TWAEH, LM L—HT,
WAAARBETIE, M) v 7 ADENIZL BZEREIK
FL-FfARILOES), BXOEEORMKY Y 7 b
HREOWE & FMIFICIIMHIETE Wiz, HARIC
FICERMAIES 2 S L 72w BIEAHREORIED
BHBICEHICHHENDGEAEDL L WS, Zhid,
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MC-ICP-MS O [FIf AR BB R ORI IEARE AR & v 7z
DICHROMIEE TR MIESTE Y, M &
HICHIEZROFEMARL S ET FY 7 MLTLES Z L
WER LT, RBNMIEE T, @i 5mHk
REOALMYEFREZMRL, WILRILEIHERT
LHRBEERMGHTALENDY, ERIFLETHL, £
72, FOWMT BILEICOWTIILF 8 & ) S5
WCREZEBDPOBREL TBLEND S,

ICPE B MEHE, BEEOA F VFIZKRAET T
BET 525 A4 v OFHEAITEEZRST572012
A+ MEBIEREZTICH D L V), FIZKAE?DS
RERODEZER Y T THEER EHINAEY ML CE
3 2455 e H BRI CTH Y, KADBEAARLRE
DR ) T THEORMEEEIH T ) L v,
L7255 T, HABRLIECIEETHEZIT, #0&
LMET S & THEZMESEHENE LT
%o — /T, RRPEARICHERM T 2R EHE 5 & ki3
LEFE D LETHY, MEDOMDEIHh TR R
Il b LIEIES (memory) AFRY %
FTOWILHEIIOWTE, BEESPHLIHRENOL AT
RRELIDL, ROWEZRGLZORGET R &
Lol &9 RN v H D, TOFER
ARY PIVFHRRKEVE S SFHEIND D, KRORK
BORWEFICIEZ ORAFE S HEND LHE—ETH
LHZEERELGZINERS V0, EESILET
H5bo

5.2 RMLAEEYS ORIGHES

WEFTRTEZ LI, LERMEZ A 72 ICP
BREOMEORREICLY, SFSFELLEOFEFRM
RILEATTRE L 2o o 720 APV, BEFEORIAR
YA, ZOHAEZ TR T e TERL
o TETWA, TOMMPRFII< 7 A7 ARG
KW TH DB 7 F T AICIELERMVAKE L
T*Mg, *Mg, *Mg 2SF1ET % %%, £ Ot [z
FAEEEIZ19664E ICIE SN TV D, B O R L
WED*Mg Mg HOBIHMLIZHN £02%TH Y, 2F
EF R RRBE ORI 2 5047 L7245 R, F O
NS OHMPEANT—FH L7z (Catanzaro et al., 1966;
Catanzaro and Murphy, 1966). Z O W25
MEESE~< 7 23 M3< 7 3T AR Y
NIST-SRM 980& L CREGE S NLlidAi Sz LA L
h S, ICPEESHIEICE DY & LEHMEA0.01
YRETOWEITREE 21, BIESN-LEEERD
BCRERFMEBLEFIFRZ > TWDE LS

2% 5> TWwWb (Galyet al., 2003), BIFETIE, O
LCHEE S PHEBOWGEE M O FAAR AL ISz
DSM 3& ) iR & R AREE#ERIE & LCTHIA L T
W BIFZEBIALL WAS, 7T A28 4 7 TR R AR
FAENRE SN TVEDIFTIE R W20, SIHA
R P L—H 7LV TlE R, EZOMANLFEL

LClE, KO~ 7 %27 AOMERIIIEFICE
CIRED RV, @EOWERET T, HWAH
DT ATy AEMAKRLEH —-7ZEEZLN
(Tanimizu, 2008; Foster et al., 2010), SMOW & [H]
BAZHEK % AL AR LCRAT 213908 &we
BoTwad, <MYy 7 ATCHEDEEE W) RN
Z—HTIEHA TS, T2 IRMMAPEA LTS
X7 A Y A AL AR R HE ) IRMM-00913 NIST-
SRM 980D T —#fi i b L7zdb D THh Y, Kk
WEHNTIHELEEZONRDH, STEARZ~D b
L—% ¥ Y54 OETIE, NIST-SRM 9800 A~ ¥
POXEBEZIFITLE>TWS, 5k, ¥FTIVANAL
7 X DA R ARIFTEEDE B A L P S 7z
PR EOBFEAE T NS,

ST HALRIZ b L—H 7 )L T 7 W [ A7 fA B 3 i
OWIFEE M TOFMIL, R AREERE G SN T
WHEWILHRIZBWT, KOS 2bH D, 72k
ZASH SR O AR Y T R F TR S TE S
F, EHEMIET IV ADTV—TIER LT, &8
W2 B b L7z b 02 AT 2E005% 00, 2655
HSIHMRIC ML —H TN TIE %L, HEEHRE D
o5 TWwiz v, IRMM 2 5 i3 IRMM-3702& \» 9 &
TR O M SRR E 2S5 TV A %4 7312 &
) ZEE & (Ponzevera et al., 2006) BEIZAHF S
TBY, REWHTRNIZHLIIBITTAEEDNS
A, TREITRERLTF— 7 LoBEEE LD
2, MHEDOHTHEICTFY Y T L—arvEff)zt
MHRZITRD 5N TS (Cloquet et al., 2008) o

51, BBOEERMEE D OTRTOITLHEIZOWV
T, ML B RNVAEEDE OGS ERI NG &
Bbhd, P Ed, FMANICHE 2 ERIEE
T, KmIZA by 705 2 WHE % W AREE#E & 5 5%
—Jget %, EICEFMARLZBENET A2HEED R
PCREIELLED D B LR, FERO RN AL
FEYEIZOWTRZDOARHEMIIOWT, ICPHH
SHTEOREEET, &) —Eikam LETLENH D LM
b b,
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5.3 SREERMAIMMARDOSEDESE

L EMMEZRE L7 ICP B2 0 riE ok Ic &
0, EAEEERALARGAT AT R 2 TR L AL LR & IR
CIBFEAEDILRIZETIHRL TV S, 20044 D
#i (Johnsonetal.,2004) TiX, VFI A - <74
NI 5= ) Ay BV IR o VNS, g w VNSRS </ S I8
S - €Y 7T Y DOEITRIIOVTOMENE LD
NTWBD5, ZOEPDILHRITOW T FMARGH A
b TBY, TORNVAKILETDOROERIZOWT
BEMIDNL T THAL ) DT LIE, ETHED
FFY8EZFZORMENSIIZOVTDH, ZOHFLWERESD
OB, 5% LIES CIINEXRKET SN BRI
PR E VW) T EEERL TV A,

ARRTE D BTN, FEICHEE O H AR
IR (JSPS) WL B OBRTH %25,
RERG BT B ITEOWHEMEBR 2 WY ) 8 OBHE
DWFFET N —TIZB TS, GBI 0 §i w7 14
WoERE - BgEllEx2 i3 Lo L LT (Tanimizu
and Ishikawa, 2006; Kuroda et al., 2007; Inoue and
Tanimizu, 2008; Kuroda et al., 2011), &KL
7o EILHE DR EFRNVARLOZE T OT b mrEEEHE
275 TV b, WM CIRIEKPOX 7 4 27 Al
AR DY E M % S LT (Tanimizu, 2008), i
AR O~ 7 2 ¥ A FAAAR L o AR R
IODP il THRILE N7z HERG Y 2 7 MBIk D~ 7 4
7 AR E B O % 1T > T 5 (Yoshimura et
al., 2011). F7zBEISTIZELED S~ DITERT)
B AT v FE VRNMAKLOZEE) (Tanimizu et al.,
2011; Asaoka et al., 2011) %, WL T E VIO
TSR TN AR DB BT 5 R R LR E LR &
2ol L7z, NARBEOICHEOBRE~ ORI &EHEE 2
E, IMHIREESETH D, FRTHSHIOWTIZBE
HEATHOWED 2 TY, AP L R E AL
PEEHTLHONELTHTw|EIhTwEZE (2
DHEFEIL, REHIRTFERIR R L, OF ) EHERT
% FRICUUE S NSRRI R DML LB T T
TWBEWVIHMEEEZNELTBY, FAELED/E
WAEREE %2 5) R, Mo JI2X ) FMARLSE
BIEHTLIENDbR-oTETEY, ThHAE
RO TLEMI DOFREEN 2 B EeED D 5, FEREIZT
T ¥ AD Yt — XGRS 1o )1 H o> HE$5 [ A7 A 1L
MHLEDL ) REREHED TV LBINHEBED TS
(Chen et al., 2008; Chen et al., 2009) %%, JIl7k
TOHEHDOZE) & W5 FHIZ & 5 R ARG ORE %

bobEBLALBBTHILEND S, WTNIZLT
b, EINROBSIELRBOFMARMERH 2T TR
<, BRI Lz MR EE) D iz X Lo
ELTIRHMRE S, H LGB ) s v
LLFEhs,

FIRARGHT 2 BT S N D HEMEIE, S F &F %P
AL5 RO R B 19 22 EAH—AH - O — 5 T o b
Mz bz, EEVIMEDE Vo 72— RIGIKREL
72b0THY, FEMEREEIETIUET CICED LS
AL B G Lzh B TE 5 L) b TiER
WV, 72 23, ALERBICBWT, KISE OWE T
NTHISHEOWEICE->TL F 21E, FMARS IR
AKRELTY, FAMALE LCRUSH#& TIZZILL
e WHRELRDLRICBOTHEAICKI D ) BIL¥K
& HDRETFML, oMK NREEZNET
VIEERD O UGBTI OWE I % 2 b S & TR %
TEDEEEL - TL %o ARG HHREOTFHNCIE
Gaussian Z 13 U & 355 THHEFIEHEE I W
LNTVEA, ELWEIERBREHL 720121, AD
MG & 72 BALARE O FALIRAE G A B 8k < Aid fr
¥, iR L) OFERIEESEREE L, KA4D
TV — 7 TIREITLRFMARILEE 2 SFEICE W, 5
FeARME 2 8 UL B O RS HE 155 2 L5
BRIZHEELEE 2, WRITEOILFHREIRGE 2 HEE
TELXAFS R I~ vtz EDTH
Y (Tanimizu et al., 2007; Kashiwabara et al.,
2009), ITNHA—IKE o 2R AEHI O EE Hig
LTwk,

O
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