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Cover photograph
View of the Otani fishing port from the Nomi bay

Several days before the Showa Nankai earthquake (04:19 JST Dec. 21, 1946, Magnitude 8.0)
occurred, abnormal sea level changes had been observed on the Pacific coast of Shikoku. In the
previous night, several fishing boats were out at sea. When they returned to the Otani port a few hours
before the earthquake, the sea level had been significantly lowered so that they could not berth. This
phenomenon may suggest the possibility that small tsunamis were generated prior to the earthquake.
Observation of sea level changes to obtain the data on the period and amplification of tsunamis in the
Nomi bay was carried out at seven stations in the bay for more than a year. In this issue, the sea level
observation results are described while the eyewitness testimonies were reported in No.11/12, Vol.65.

(Photograph and Caption by Yasuhiro Umeda)
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1999 FREEEMBORFZEAIOFIRICE (TS
WEREF O F K AEM & REE) & DRIRICOVT

KEFEE' - P & PREFS - E OXE

Mayumi Higa, Mamoru Nakamura, Naoji Koizumi and Wen-Chi Lai (2016) Relation between the strong
ground motion and coseismic well water level rises during the 1999 Chi-Chi, Taiwan, earthquake in the
alluvial fan near the hypocentral region. Bull. Geol. Surv. Japan, vol.67 (1), p.1-10, 7 figs, 2 tables.

Abstract: We compared the coseismic well water level rises (Cw) and the strong ground motions
during the 1999 Chi-Chi, Taiwan, earthquake in the Quaternary alluvial fan near the hypocentral region
using data produced by the dense networks of strong ground motion and groundwater observation. The
correlation between the Cw of the shallowest aquifer (Layer 1) and the ground motion response spectra at
1 Hz (Sv(1.0)) is stronger than that at 0.1 Hz (Sv(0.1)). On the other hand, the correlation between the
Cw of the deeper aquifers (Layers 2-1, 2-2, 3 and 4) and Sv(1.0) are weaker than that at 0.1 Hz. We also
found the good correlation between the Cw and hydraulic conductivity in the all aquifers. It is difficult to
estimate Cw only by the spectral amplitude even in a Quaternary alluvial fan, where the geological and
geomorphological conditions are similar.

Keywords: Taiwan, 1999 Chi-Chi earthquake, groundwater, seismic ground motion, frequency,
hydrogeology, response spectrumwaveform observation
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1999 - B S HEE (Mw 7.6) B O B2 3800 17 0D Vg 7K
BRRIIZ B 2 8% EOHF KN T — 4 ROEED
T — 2 H T, HEROKMEN (Cw) & 5 BRIk
(IBE AR b IVE) OBIfREET L7z, Ik SO KE
(Layer 1 @ RN~ B4 AKRE) ¢l & Rkl (1 Hz)
IZBWTHFISHBEZA R S N z2, Layer 1 XD FE8D
Layer 2 ~ 4 ({853 #%5 ~ B FEAF KR ) D Cwid AR E B
(0.1 Hz) DIBE A7 b IUAE & FHB A B < &gl
TR EL2 572, —F, TRTOWAREIZONT,
CwE BB E ORIZBOBE»RED 5z, HE -
VB S 1 23 Rk 725 SEVUACHE AR 22 5 72 2 ki 50 T
&, HERBFO KN ZEAL & HE2 8) o R E O R o O
RIS DA T35 DIZNHETH 5.

1. 2UBIC
WEIFIZHF KA EB T 2R 2L < Wik &

T B (il 21X, Montgomery and Manga, 2003 ; 7]\
R, 2013a). ZOBROER L LT, g4 8 (5
FEZR ETIENE) & Z8) (B RRELLRE
KMEDZEAL - WARACTE) D FEEEHFER & 4Ty B (Wang
et al., 2001 ; Lai et al., 2004 ; /N, 2013a) . HFEHEH:
FARMZb O FERNI IR EO LT H 5 &L DR
%% £ (Bl 213, Igarashi and Wakita, 1991 ; Ge and
Stover, 2000 ; Koizumi et al., 2004a; Ohno et al., 2006 ; /N
SR, 2013b) 28, ERIRREZAL & I P ARRZL A 3IE L
BWZLEhD. ZOHHE, HPARNEICE Z 5
HEIORED, FNEMELLOEELD LD KEN
70 LR E S (B Z1E, Matsumoto et al., 2003 5 /)
IR,20132), REMllZE X 1 = X LIS 22k 5 TR,

19994F-9 H 21 H 77 fif 1 ¢ 47 55 (BU IS 12384 L 7=
1999 FF- BB HEEHEE Mw 7.6) X BB £ jEdL 77 mnc
HETr 2 HLFEHWT I (Chelungpu fault 5 £ X 49 80 km) O ik
JEYEE)IZ K > T & 725 &Nz (Shin et al., 2000). &5
DIEEBIMNE (Lee et al., 2001) & FKEIEFEHD %
BB (Water Resources Bureau, 1999) 2k D, Z

P RRAS A Bk — X4 (Ryukyu Survey Co., Ltd.)
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DHFED BT & G 7 — & & R oI F KR 2L
DF—23B oMz, ThEDF— 2 & HNT, LR
s (h 4 2 AR IR 3 KON Z OJEN) 12k % e
BIFOI P ARNZIZBT 2 i Tbh T 5.

Chia et al. (2001) 13, FF AT 0D ZE (b 1t (3 HL FEAH P i

5 BEHH T % TOFREE L B LT 3 WEEME A 45 L 7.

Wang ez al. (2001) (%, FRIGLEEEOFIUACHERE 2> 5 7 %
HKIEFRHL (Choshui River fan) (23651) 3 L8 DI
R b N RO KRNI HRILIZ XK B2 D& L7,
F 7z, HGREEHF RN Z (LR & MR E) & & ik L, AU
DOENZRRE W2 H 5 Z & & R L 72, Wang et al.
(2003) 1%, BRI A 990, EWVTKRE (upper aquifer)
DHFEEFF A Z LR & 1 Hz ONEEISE 2 X2 b
M KOS RS 2 X2 b IUIE & ORIZ 5RO BERE R
MdHBHETE—J, 0.1 Hz DIHYEIEE X X7 I &
XK ORI RN ZE LR & ORI IIMHBE I &
WE L7z Lai et al. (2004) (& HZERH: A KN 2L & i
72 1) T <, AKSCE SR (K RE O WEUREE A -
PEDBEN KBRS & L Tk, WA
FTELEENVEL L. Z0XS12, WARRIKIIZ
(F 2 HEERE D F AN MO BKNIZ DV T, Wang et
al. (2001) DE5RS BRI A, Lee et al. (2002) D FikEd
B HEEOHNARMELEIC L 200, Eiand > 724,
Koizumi ef al. (2004b) %, MARBEZIIZED < LIf
FARMPME T 233 THMFEELAFIHTE VL L,
Wang er al. (2001) OFik& L7z, &k, Wik,
HEEE)IC K - TRIBKIEAS B L 726558, AR 1410
1275 o 72 IRRE & — 59 (B4R, 2005). & THEIRIL
HHERR & Nz DI AZ RO —58 T db 5 A (Wang et
al., 2001), & DJIRWHEIPHTHF ARG 2AHML T\ws Z &
AEETIUL, 1999 FEHE T K BT, HWAE
TR D A ONFEF CRIBRAEA B L, S D5 Tl
AMENBR0I 572 BEZDLDONEYEAS. fFhT
RIBRAKIED A4 5 Z & I3RS ELrD O T 5
»5THh B (B4, 2005) .

P kowc, Mg e r K2 & ORIz
Wi b E RN R 21T > T\ 5 D13, Wang et al.
(2003) T& 5. Lai et al. (2004) A 645 X 512, iz
B F AR 2 I, HEBIODK X & & AKSCHVE SRk
9%, L2L, BIKHERRMORRIEE WS K510k
B S % & B FREIRETIUL, FEE OB D NE
JERE Z XY Pl D B W VIZHIEIEE A X7 N IUEO A
T, WEIEOIF AN E ( FAKEZ L) % 8-l T
x5 E0D DA Wang et al. (2003) DFERTH 5. 72721,
Wang et al. (2003) Tl&, HFZEOH 7 AR ZAL B ORI
AT - 72 [ RO AR RE | O BARR 25 S fFA0R S hoTn g,

AW TIE, Lai ef al. (2004) & [alkkIZ, AKSCHUE S0F
RV E D35 B 5O D KIE (Layer 1, [Fl2-1, [[2-2, [F3,
[[4) DZFRFhIZONWT, MEOIF AN L%

{
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FIX 1999 FEEHE O g & HEFH TR (Chelungpu
fault) &EUISORE. AR EI S (kR &
% FE) COFHE PRI, 52085 138 AR IR
R, BbkE (Yuanlin) & ZMILORES (Huwei)
OfE SR, BT TH 5 Well 090402 & Well
090802 12 DWW IS 4 XIZ IR,

Location of the epicenter of the 1999 Chi-Chi earthquake,
the Chelungpu fault and observation stations. The

Fig. 1

triangles and the circles denote acceleration seismometer
stations and groundwater observation stations,
respectively. The shadow area is Choshui alluvial fan.
The locations of Yuanlin and Huwei are also shown. As
to Well 090402 and Well 090802, refer to Fig.4.

7z. Layer | D% < IAERIKRETH % H—IBHEEIC L -
TWBE H 5D TAE~TBHEERKFE L, Layer 2
~A4DZ L IIWTEHAKETH 55, —EHARLEDE b5
7= DB EE~ WA AR & KL $ 5. MR ORE: &
L Ti%, Wang et al. (2003) & [AIBRIZ, {EJEREEAN (0.1 Hz)
&R RN (1 Hz) OMEEEIGE 2 X7 PIViEE v 5.
Wang ez al. (2003) DV 5 RV K 2 RFET 5 & L 8
12, P ARMZCOFHIEZ GRS 2 2 & &ilA 7.
SO BE O T KB IE, BisiesaskE
PR WS B L Ty 5 (Water Resources Bureau, 1999). Z ™D
B R OA RO HIZ, AL KO EBEOERT
b0, DITORENH 5. EROTAKEHIALT 550,
% <1Z 1 DOMWHILICHEE OB A NERE S hTn 5.
OB, Fis 3 AREORELET 5729, 1 DOHH]
LTI, BoSbsumKERBHIRE T 5.
E 512, PEHIFLN O AR & A KR & ORI I3RS L % 5
W, B 5mKEOEENRKRIDOZEH TS, FH2X
DX % —ATlE, 7 Layer 22D KJg £ THL%
PO, Layer 22D fgH#EIZ 2 7 1) — ¥ (M N AR ZHUKS %
72ODIR Y v ) DA FE (2D Well 3) %
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AMNB. Layer 2-2 IZHI%§ 2 JgUEIZiDF) 2 Ah, Z0D L1
IZ Layer 1 @O M & THE 1.4 558 T Layer 2-2 DKM
WARBIZEN WL SI29 5. KRIZ, Layer 1 O FEICH
BT REEIZAT ) — VD AS RO E (Well D%
AN, 221)—=VDdH % Layer | O FEbizibflE Asz
%, HERMEE THiL 25595, #BRELT, Layerl &
Layer 2-2 DM P KBHAZHFF AR & L THEMITZ 2200
FEF (Well 1 &Well 3) 28 1 EEOIRHIIERE TIERTE 2 Z
LTk B, Layer 2-1122W i, BL&dHEI L THF (Well
D EES. ZOXIITTHE, Ka 2 bTilEL THE
DEUFFF E2ED Z LN TE B2, BUTFF RGO K
JE Rl (58 2 X Tl Layer 1 & Layer 2-2) i3k LTI 5 h
TWB72F 50T, wAREICHF 2 HE 25458120
NTC, WHERIZIEE< 52 TREMED & 5.

2. BRIEEAFE

2.1 BABBOBIECHAHF

1999 FF-REHEEIGE O BRI T L 7= il e 3, &
rha YR O LR R A E 2 0 R T o 5. A5
T, BEEORIUIECEE P OE AR I
e HFENRE LG, HinhRE O TR
fiiE g 5 B (KRR Z ORI &0 5)

The schematic diagram of the observation wells and aquifers.

W R~ HE B O RIS OHERE U 723507
T, ZTO AR SRR - W Rtk DB,
— 7, FAHANG PSR A R U, T ~ BT I S HE R
LizeZrzohsmwER VL NE . Bk X UmE
AT 5 (EEIED, 1999 5 EiE, 2000). WEAKE
BRI 3 DOHEBAKIFIC K > THF6hFEIZ4 D0
HWAKEP S5 XN TEHED (Hsu et al. 2000), Lai et al.
(2004) TliE A5 S Layer 1, Layer 2-1 & Layer 2-2 (Hsu
et al. (2000) TiZZM % 1DIZLTCW3), Layer3, Layer
4& L7

2.2 #HElF—4

HFAKGL T — 2 3 BERFERAG NS 2 5 #4252
72, BEWREERIZ I T B M AKBLLS (55 1 X)) 1277 1
Y, BB XS, 1@FICEROIFT1H 2 708
HHFRIZ2020AKTH S, 2D 5 B, Laietal. (2004) T,
MR CBIHT — 2 O b 5 168 KD BT D7 —
AEffio TR, 205 B0 4 K128 EEMFERFIZK
W2 ZENHPL 72720, KifETik, Zho %k
W2 164 ROBHIFF DKL T — & # A L 7=, @t
SHAMNE 199441 H1 H~20004E 12 H31ATH b, Bl
WHECX->TE—Sicxkille 5. 70 v ok
131 R, AR T — 2 DRNAMEEZ 1 om TH 5. #%
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B9 B MEMNTCIE, Laiet al. (2004) &[AERIZ, 2 cm Bl LD
FHRARMECEARE S WL 72 BRI X - T
WEOHFHIRG TN S > 72 Z EBHE T\ 57,
REEIT BT 2 AR A MG 3 a2, FELIOHMIEZ
froTuzwn, 7z, SEHPETIZB % 1999 -4 4
HEERTISHNE & 1T 723E KR EL (Hydraulic conductivity)
DF—2EHHT 5. 2720, ELBoiedaAnHFDS
B, 4 RIZOWTULEKRRED T — 2 %50 - 7=
WERBE T — 213, AEKERH AL ERL T
W 5 BRI ECER (42441 50) DS B, BEIRIEGEEE D 99 5
E1R)OF =2 2H\= 70 v 7RkEZ0.01 5
T®H 5 (Lee etal., 1999).

2.3 MWEEBOHFFKEELE

HFE AN BT — 2 2 6 2O H T AN 2L % X
7z, O R A RELNZ 1999459 H 21 HA-Ai 1 547 45
(BUHLRES]) Td 5 728, HEEFELEN % (102 BE) DKL
7 — & & MR AR (FRT 1 ) ORRL T — 2 OZEH
BEOFFKNZE 5513 TThB. LrL, Kiiit
OFINEECIE AV 2L ShTnws 2 en
5, HERARTRT, KAAKESENL TV BELO
KELT — 2 & 2D 1 BKBRTOKE T — & & D2 % i
AN Z LR S Uz, #5RE LT, Rl IR~7FRi 2
BED (AR dp 5 N &) REZE LA - 7228 12K, 7
B O K~ 1R DKM ELE A > 722 142K Th >
7. PRGOME~ 2 1 M & 72 0 2 em DL EOKNIZEAL
MNP 572 10RKDHFIzOoNTIIAMNE{LEZLE L
(1),

2.4 HWEBOWEZEINY MU

IRE AT PIUIE, B4 BEATEM - WEERE R
D1 HHERORKIBEMEE L TER IS = KA,
K, 1997) T, HEB O R ERN O E DfREE LT,
TR - ST AT COBBHIA NS A TIASHWS
NT5. Wang ef al. (2003) &, HHEHZIZMES PR
P2l & MR D) & DBIROIENTIZIRE Z X2 b L% F
THD, KR TE INERETS. kb, IBEAXY
FILIZIE, HESTIEEISE A X2 P L (Sa), #MEIEE A
N7 P (SY) EZEMBE AT FIL(SA) b DA, Th
51213, B&ZSa(f)/@2naf) =Sv (f) =2xf*sSd(f) D
BB 5. LroT, HEKREEET 2 & EBEOM
B0, WFhrl DDREAXRY bILEDOIHB
BRI TH S.

WHEEMh =005 L, BT - H VG - gL o
JERTE A AW TIBE A XY L EFHE L. ATFD)
AT DIBE AT b IATHTY - BEALR 5 DI E I DX
7 FVEEAE, 3R DIRE A bR ETE) - KF
TR DISEWTED R 7 LA S EE L 7=

JRE AN PSR OFHRAZAT I & iR 5 72

BlIER TNZTNOGRIEIC I B ERIEH P KN4

fL(Cw) DR D K.
Table | Coseismic well water level change (Cw) at each

aquifer.

Coseismic Well Water Level Change

Aquifer - Total
Rise Fall No change
Layer 1 25 8 5 38
Layer 2—-1 38 2 2 42
Layer 2-2 29 3 1 33
Layer 3 35 2 1 38
Layer 4 11 1 1 13
Total 138 16 10 164

WIZJEWH0.1 Hz & 1 Hz TR L 7=, Z4UEWang er al.
(2003) %30.1 Hz & 1 Hz @ 2 FESAD R EIR CIRE 2~ 2
ML ZEGIR L, HWEEREF P RN 2 b & OB % 37
Ttk B, FBNPFFEONBEIZST U HEE N
P& —HL Tz, BHEDFF TOIREA XS b
JUilE, Generic Mapping Tools (Wessel and Smith, 1991)
D surface I v ¥ P& W THFRIONGEE FH T/ 5
NIZBE AR P MESAIZE S35 2 R 2 B R 3 IR A
T4 CHi LR &, 2 o 5 B E T o
BAEHE L kb, FRICEL2NTIEOE VA, Wang
et al. (2003) 2Mfi > TV 2 DI 3 RABKDIBE AR b
LEEbhs.

3. ¥ R

3.1 HWEEFFAREEI

DRI D < MR P RN ZE(LE LT, &K
1,109 cm®DAKAAK T, /s 2 em (AHFFE 0 BIfiE) o A 1
MEMRTE 7. ZhoDRMNEERAKREZ L1281
£k KU 3a-3e XIIZNT. Layer 1| (RE~ &85 B4
KRE) TRt ARG 12 B TR AYE T U 72 B
BEProTz. Fiz, WERARRMZS0Td - =BT
FSsAZKRL) Layer 1D33AKDHFDS B, $75% 124
W4 5 25 AR THIEE 1 7 H AP HbZ i O AT & ClhlfE
LT/, flify, Layer 2-1, 2-2, 3, 4(EBor#%E~#E
WA TiE, HEBIREIF P KAZALA 0 Th - 728
F5SERERS 121K FD S 5, EH1H HHURWIC
HFERT DK £ TRIE L 72013, H45%D55KTH >
7z.

AR RR N OB F T, MR RIS OKAL A3 Y
MU 22 HF (138 K) KT L2237 (16 K) 23 b % 2 (5
12, % 3ae X)), KEENLAHAHFICEL CE, —@
L AL D AWIS ) A HERE 2 OIR L2 22 ik
5 Mg OZERERINFEIK & & 2 57 (Wang ef al., 2001),
ROEIEN L 72357 &ATHEZ R AT ZE L D A H = X 4 535
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WREFHANIZEHE 2016 7 H67& HlE
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2
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£ Tlm
z
g 20
1.0
18 00 06 12 18 00 06 12 18
Sep.20,1999  Sep.21,1999 Sep.22,1999
HAK 1999 LIV O FEF AKS BN OB, AT Ol
BERTRLTH S, (a) Well 090402 (BB 1IX) 12k
B SR KT, (b) Well 090802 (55 1[X]) 12
B30 < D L 7=AKN .
Fig.4  Example of the coseismic well water level rises caused

by the 1999 Chi-Chi earthquake. The water level is
expressed as altitude. (a) Rapid water level rise at Well
090402(Fig.1). (b) Gradual water level rise at Well
090802(Fig.1).

BHEEAOND W, DRORH CIIEARRFIRIEA
DOARMEEMU 728U RO 7 — 2 DA EMHT 5. &5
12, HEZEEHF KN 2 IR 2 e AR (B 4a X)) &
Wo <D UAEKRMNENERAS N (F4bX). HRED)
IZ& B HPAKIER NI RIS C AR L RIZE LS
a2l R LKMEIMIZIEEZ RS 200
W2 720 (RIIMIC A 2 EOREFEEZERE L 5ihh
a6 R0n72zD), ©-5< D LaRMEMOHFD T —
SAMHHL AWK I L7 £/, 1YY T v
ThdZel, Lok S5ICHEE2A TR TS aEEMER
HBHILEEZBREL, ZHUPECTHrE2D0DKMT —
2 F TITARMEEMA T 4 2 Q@B A% 2 ReR LANIC
AKELIEIMAFE T 5 %) KELZEALD A% 3. 3 LAREO @12
72,
PRI, Layer 123247, Layer 2-1 23297, Layer 2-2
254, Layer34334AK, Layer4 10K Th - 7-.

3.2 BEANYT MV
0.1 Hz &1 Hz 12k 5, AKFEB 5 O #HIE InE 2 X
7 MUED AR 25 5 XN Y. ki, SRR

FNVFEEHEAKREL, BihBIZ O ThEL BT 5,

(a: 0.1 Hz) EWrEode T2 Kk E <, (b: 1 Hz) & #r

12 o TRl K UBRMETHAKRE B 5T 5.

3.3 WEANXRY MVEKKEILE EDIEE
T DK (Layer 1 ~4) IZBIL T, 3G - K

ZD&D RN ZLE L2 FIZ122K8 - 7=

(h)

TE S - ETERT E M ENDIRE AT bV &g
R F K2 L (GEE) & OMBEREERH L. M
BRI A k8 3128 72 > Tid, Wang et al. (2003) & kit
T 372812, Wang et al. (2003) & [RIAR IR % F5 5
BIBGERIL 72 TR T 5 (B2 K).

KK Z LSRR IR 5 &, Layer 1 (R
~ IR BT AR T, BB (1 HD)IZ BT
BEANRY DL EKRMENEE OB, KRS (0.1
Hz) IZbRTAH UED > 722, Layer 2 ~ 4 (B8 W~ 8%
FEAFACRE) TUKE A (0.1 Hz) D5 235HHBI A3 Ei A -
7z (523%). £7z, Layer 1 TiF, MR EWIEGAT
£ 0.56 LHFT B DOMHAAR SN 5 DIZx L, Layer 2 ~ 4
TIX0.6 A 2587032 <RO 6N, RA08IZET
27— 288 b 5. AT E ETERTAS L,
Layer | TIIACFEI& S O 574 LT B Sr & O HB A &
WA, Layer 2 ~ 4 Tl L NEIR ST D5 BB & D
B2 & - 7z

Layer 1 ~ 4 COJIEE T & DAKRFERATIRE A X7 ML
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U7z, BKREDBKREL BBIZONTARNVE RS K
Z Lk BHAIZH B, Layer 1 THREE DR (r = 0.69),
Layer2 ~ 4 CIX WA (r=0.88 ~ 0.98) 2 A& 5 17z,
Layer | ~ 41235 2 HBIRE 2256 7 NN, g
FARMZAL (Cw) &, HERBIOIRE Z X2 P L OIRIEIC
K9 2B & 0B ARIREN T 2 HHBID 5 AiE.

4. £ =

Layer 1 DZRG; 25V 53 HEZ B O ACE B 43 D F 4 |
TEIE S & OB E <, Layer 2 ~ 4 Tld L MBI T D
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T &LL< D50,

Layer 1 CHIBIREUCEEIT 5 Dfdim2 W 65 3 B %
Z7Z%. Layer1d Layer2 ~ 4 KD iR\ 72DICHER
<, MBI K > THTFAREDL LR L725E, KRR
KWENTHEMO LHEE S UL &5 DO THFARED 5.
BHAZ SR, —EL NV RIZCw T & L h 7
EEZOND. M7, Layer | KDL, FITHEw KRS
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Fig. 5

Distribution of the horizontal spectral responses in 0.1 Hz and 1 Hz and coseismic well water level changes. The star is the

epicenter of the 1999 Chi-Chi earthquake. The closed, open and gray circles show coseismic rises, coseismic falls and no change in
well water level, respectively. Sv is spectral velocity. The bold line shows the Chelungpu fault.
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Table 2

Correlation coefficient between each velocity response spectrum and

coseismic well water level change (Cw).

. 3 components horizontal vertical

Aquifer

0.1Hz 1Hz 0.1Hz 1Hz 0.1Hz 1Hz

Layer 1 0.42 0.56 0.41 0.56 0.33 0.47

Layer 2-1 0.74 0.40 0.74 0.40 0.81 0.69

Layer 2-2 0.53 0.06 0.51 0.06 0.75 0.45

Layer 3  0.63 0.19 0.63 0.18 0.61 0.46

Layer 4  0.80 0.42 0.80 0.42 0.80 0.72

%57, Layer2 ~ 4 TIXIRE Z X2 ML & h~@DiHE
ERL7ZEEZLONS. FFE, Layer IOCwIdiR A2 m
TR AR DIZRI L, Layer2 ~4Tid, 4 m BEL EOEAR
LWRD 5N B (Lai et al., 2004).

X, BioERBPIELWET S E, JBOBKETIE,
RETHAI EWETHAH &, WEHOIBEAXY b
b Cw & OMHBREAEF B2 5 DIFHARE NS T
&2 5T, Wang et al. (2003) O [ 55 DUACHEFERE o BRIk
M S XD ITASOWE SR % b 5 FREIE TS, T
E DB DO N IR A2 PVl & 538 R
AR NAED AT, HFEEEOFF KN 2L E (K

JEZALR) ZFHMIICE 5 | L WHBEOFRETIET S Z
Ll B, 5 OimRE % LT ICHERA L TAB.
Wang et al. 2003) T3, £, HBEMEOMESH O
WS OMEHE A3 2.5 m/s” Z ik 2 5 & EAKZFRHN B
TR N RET 22, 25 m/isS A TH 4L
LWL L 2 WB 3 5 & L7=. WIS, 1 Hz ONEE
BB 2T FILED 16 m/s Il H 50, 1 Hz O
BB AR bLh24 m/s PLED L Z A TiEHIs %<
W3 228, 0.1 Hz ONEREEISE A X2 AE % v
Ty, ZOLS ZWRAREER b 7256 50nwE L &
5102, ARO[ E KRG (upper aquifer) ] 1245

-
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1IZBIFACw& 0.1 Hz DSy, (b) Layer 112F1F 5Cw& 1 HzDSyv, (c) Layer 2-1 123617 5Cw& 0.1 Hz DSy,
(d) Layer 2-11Z%1) ACw& 1 HzDSv, (e) Layer 2-2 12551 ACw& 0.1 Hz DSv, (f) Layer 2-212 817 5Cwk 1
Hz®DSv, (g) Layer 3 IZ#51FACwk 0.1 Hz DSy, (h) Layer 312¥1F ACw& 1 HzODSv, (i) Layer 4 12851 5Cw
L 0.1Hz DSv, (j) Layer 4% ) 5Cw& 1 HzDSv.
Fig. 6  Correlation between Cw and horizontal Sv, (a) Layer 1 in 0.1 Hz, (b) Layer 1 in 1 Hz, (c) Layer 2-1 in 0.1 Hz, (d)

layer 2-1 in 1 Hz, (e) Layer 2-2 in 0.1 Hz, (f) layer 2-2 in 1 Hz, (g) Layer 3 in 0.1 Hz , (h) layer 3 in 1 Hz, (i) Layer
4in 0.1 Hz and (j) layer 4 in 1 Hz.well water level, respectively. Sv is spectral velocity. The bold line shows the

Chelungpu fault.

W, 1 HzDHBEEIRE Z X2 b Il d & OSSR 2
NN IUE & RN 2R & ORIBIR D L Fh 0.98,
097 &7 0, EDRNHBIZ /R $ & L7z (0.1 HzDNEE
IR AR MUl B K OCHEIRE A X b Ll & R
L& & OMBIREII TR L Tvie ).

b X5z, @ik bz h Ll Eot FAKE B
BRELEVWEZEZIONLOT, IEERE AT ML
RHEIBE AT LD D HEEEBZ 5 & WIRLT S
NEEVST, MEREIRE AR PR EEIRE A XY

hoL & ER AR ZZ AL OB A & < & % BB 0,

FREIZ Wang ef al. (2003) D% R 5 &, HH5D0H &2
A0 [ Kk (upper aquifer) | O Cw idIEE A L2 2 m
PTFTEED0WTED, 1 M2 65m fEED Cw 2R
FHIT 1 Hz ONEBEIRE AR P ILR M IRE A X

2 PLRKRENT EH[0.98, 0.97] Lo 2@ HBR
BanmdiCE>Tnb X1/ Z 3.

Z DWang et al. (2003) DAERIL, AW T Layer 11245
B EEIE (1 Hz) DISE A X2 NIV CHEE AR 28
ILEDHBERRR R Aozl MR L TS EE X
5N 5 A, Wang et al. (2003) OFEFIZ L FHRI A TIX
DI, Wang ef al. (2003) D9 [FROFAKRE 23, &K
WFFED Layer 2 ~ 4 DA KRG D —FB (B % 5 <, Layer 2
~4TIERBED Layer 2-10—) #HATVWEDH T
HhbHEEZEZOEND. 515, Wang ef al. (2003) TRENT
W B NIEE R O IR E 2 R UL, ARG OME D
W2l >T0d, RigsCTid, WMEERE MM
0.05& LTIBEANRT FILAERD TS H, Wang et al.
(2003) TiE, ZOWMEEKE 0IZLTW5720T, #ixf
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B2 ORI IR 36 & U2 O R O M2 P KT 22
L LB ARBRENCHBI A & 5 Z & 1d, Lai ef al. (2004) A3
TITRE LT\ zA, Sl AR IR T EEIz K
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Wang et al. (2003) 2SR L7z & 912, SBIUALOHERRE »
BALFIRME VS KD, M - EEFERS 22 &
LT, MEBORE OB DEEDAT, HERST
FAMZEL A 2 0NETHILES 952 &i2D0
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Fig.7 Correlation between Cw and hydraulic conductivity in

each well. r:correlation coefficient.
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Yasuhiro Umeda, Satoshi Itaba and Yoshinobu Hoso (2016) The sea level observation at Susaki Bay in
Kochi Prefecture —To validate the sea level changes before the 1946 Nankai earthquake—. Bull. Geol. Surv.
Japan, vol.67 (1), p.11-25, 14 figs, 7 tables.

Abstract: In the coastal areas of the Pacific Ocean of Shikoku, some sea level changes have been
witnessed from a few days before the 1946 Nankai earthquake. Just before the main shock, sea level
lowering of 2—3 m has been witnessed at Susaki Bay in Kochi Prefecture. It is considered that the small
tsunami had generated in the open ocean. To assume the generation of the tsunami, it is necessary to
some extent quantitative information about the period and amplitude. In order to obtain the amplification
and predominant period of tsunami in the bay, the observation of sea level changes was carried out at 7
points in Susaki Bay, for 15 months from November 2010. The tsunami of the 2011 off the Pacific coast
of Tohoku earthquake was recorded at the open ocean by the other agencies or institutes. By comparison
of the tsunami double amplitude, it is found that the tsunami amplitude at the sea depth of 100 m in Tosa
Bay and of 1,500—2,300 m near the Nankai Trough is amplified by maximum 8.6 and 21 times in Susaki
Bay, respectively. A predominant long period of 50 and 85 minutes was observed. This period is estimated
to be resonance period in the open ocean than Susaki Bay. Observation results support the hypothesis that
the small tsunami had occurred.

Keywords: 1946 Nankai earthquake, sea level change, witness testimony, Susaki Bay, 2011 tsunami

waveform observation
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Fig. 1

Observation points in Susaki Bay. Numeral with a circle and a square indicates the observation number and water

depth, respectively. White triangle indicates the Susaki tide station of Ministry of Land, Infrastructure, Transport

and Tourism Shikoku Regional Development Bureau. Color map of the background is taken from 1:25,000 of

gradient tints image (2015) of Japan Map Cente
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Left: Side view of the installation of the water level meter.
Right: Photograph of installation at observation point No.7 (Oma).
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Fig.3  Waveform of tsunami in Susaki Bay caused by the 2011 off the Pacific coast of Tohoku earthquake.
Numeral with a circle corresponds to the observation number in Fig. 1.
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Mar. 11 2011 Mar. 12 Time (h) Mar. 13 at Susaki Bay.
BIE SBLNANC B 2 S 1O RIE &, No.1 (%2H1) ORIE A 1.0 & U 7= I o & 8L o R 1.
BRI OB 24THIZEE STV 5.
Table 1  1st half amplitude of tsunami at each observation point and amplitude ratio for No.1 (Awa). The water depth at
each point is shown in the 2nd line.
Obs. point No. 1 2 3 4 5 6 7
Water Depth (m) 1.3 1.9 2.7 2.2 20 3.0 1.1
Half Amp. (m) 1.1 1.45 1.55 1.57 1.77 1.78 —
Amp. Ratio 1 1.3 1.4 1.4 1.6 1.6 —
I 1 1
HSIX No.l(ZAl) 2 1.0 & L7zig0d, SEMRTOFBEOIRIEILZHEOR E EBUET/R L 72, KEEMEOHIZEE 1 3O ik
IRD L R RBEIRIEOIL TS 5. HRO@RHIXIE HAMIX & > 4 — (2015) 0 1:25,000 B R #2546
Fig. 5

When the amplitude at No.1 (Awa) is 1.0, the amplitude ratio of the tsunami at each observation point is indicated by the height of
the bar with numeral. Light and deep blue bar corresponds to the 1st half and the maximum double amplitude ratio, respectively.
Color map of the background is taken from 1:25,000 of gradient tints image (2015) of Japan Map Center.
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Table 2 Tsunami double amplitudes (unit is meters) of each observation point at three periods (a, b, ¢ in Fig. 3).

Obs. point No. 1 2 3 4 5 6 7
(a) Mar.11 22—23 1.72 2.27 2.45 2.48 3.34 3.29 —
(b) Mar.12 09—10 0.86 1.17 1.29 1.34 1.61 1.61 1.87
(¢) Mar.12 23—00 0.54 0.78 0.91 0.92 1.01 1.03 1.2

3% B No.1 (Z=AD) ORIEZ 1.0 & U 720 S BT OIRIEIL & 2 OFH D L.

Table 3 When the amplitude at No.1 (Awa) is 1.0, the amplitude ratio and average ratio at each observation point.

Obs. point No. 1 2 3 4 5 6 7
(a) Mar.11 22—23 1.0 1.3 1.4 1.4 1.9 1.9 —
(b) Mar.12 09—10 1.0 1.4 1.5 1.6 1.9 1.9 2.2
(c) Mar.12 23—00 1.0 1.4 1.7 1.7 1.9 1.9 2.2
Average Ratio 1.0 1.4 1.5 1.6 1.9 1.9 2.2
2.0
[ J
E
< 16 ® [ ]
E
=1 L4 Py
£ 12 o ®
£ OO o o FolXl  BUMIAOKIR & A ikmE & OBtk Folue Fk
2 08 ° o 53RO (b) & (o) DB HIE LT 5.
o Fig.6  The relations between the water depth of each
0.4 observation point and tsunami double amplitude. Closed
' 05 10 15 20 25 3.0 35 and open circle corresponds to the amplitude in (b) and
Water Depth (m) (c) in Fig. 3.
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Fig. 7  Tsunami observation points off Shikoku. Numerals indicate the sea depth. Base map is quoted from Japan
Coast Gard Hydrographic and Oceanographic Department (2013).
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Fig. 8  Waveforms of tsunami caused by the 2011 off the Pacific coast of Tohoku earthquake at MPG1 and
MPG2. Base figure is quoted from the Japan Agency for Marine-Earth Science and Technology
Research and Development Center for Earthquake (2011). Zero on time axis indicates that of earthquake
occurrence (14:46).
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Waveform of tsunami caused by the 2011 off the Pacific coast of Tohoku earthquake at the west off
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Muroto Cape. Base figure is quoted from Terada (2013).
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Table 4 Tsunami amplitudes at three observation points of the

open ocean.
1st. Half Amp.| Max.Amp.p—p
(m) (m)
W off Muroto Cape 0.33 0.69
MGP2 0.15 0.30
MGP1 0.14 0.28
Minatomachi Susaki C. V Mar. 11, 2011
e
2
3
© [~
(5}
N
A
16 17 18 19 20 21 22 23 00
Time (h)

10X WEMTIZ 351 % 2011 4R HUALHT ASFrEnie sz 12 & %
HIEE. TTOF Y 2 L7 — & (10 71l) 13 &
TAREBENIERE A & Hifit S h 7z,

Waveform of tsunami caused by the 2011 off the Pacific

coast of Tohoku earthquake at Minatomachi. Original
digital data (10 minutes sampling) were provided by

Fig. 10

Kochi Prefecture Civil Engineering Department River
Division.
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Table 5 The ratios of Ist half amplitudes (2nd line) at seven points in Susaki Bay to Ist half amplitudes (in
parentheses of 5th from 3rd lines of the left column) of tsunami at three points of the open ocean.

Obs.point No. 1 2 3 4 5 6 7

Susaki Half Amp. (m) 1.1 1.45 1.55 1.57 1.77 1.78 —

W off Muroto Cape (0.33 m)| 3.3 44 4.7 48 54 54 —
MGP2 (0.15 m) 73 9.7 10 11 12 12 —
MGP1 (0.14 m) 79 10 11 11 13 13 —

LK 2011 4L T R PR a2 Ic K S AR 05 1 o Friikidit. B, K@, HEob & B,
FEFIYPET5r, MPG2, MPGI Ok & ZHIEAEN OSBRI O Zh & D, RO ERHXIZ
HAHX £ & — (2015) O 1:25,000 B FFE 5 % £ .

Fig. 11  Ratio of Ist half amplitude of tsunami caused by the 2011 off the Pacific coast of Tohoku earthquake.
Height of the bar of white, light blue and deep blue attached numeral indicates the ratio of Ist half
amplitude at each point in Susaki Bay against that of west off Muroto Cape, MPG2 and MPGI,
respectively. Color map of the background is taken from 1:25,000 of gradient tints image (2015) of Japan

Map Center.
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JHIRENTIZ 33 ~ S54RI N TS T &hbhr b, EZbNB. ZHINIEIKTIE, BNTH®E MK
RIS, AKE1,507 mDMPG2 & 2,308 mDMPG1 D Z 1 2L A METT 21T KRG A R 5 2 L ICE®A &
SITx L T3 AKRE L BB R OEIE TR L 2228, #ii#H 57255,
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(2015) @ 1:25,000 Bt R R 4 (1 1.

Ratio of maximum double amplitude of tsunami caused by the 2011 off the Pacific coast of Tohoku earthquake.

Height of the bar of white, light blue and deep blue attached numeral indicates the ratio of maximum double
amplitude at each point in Susaki Bay against that of west off Muroto Cape, MPG2 and MPG1, respectively. Color

map of the background is taken from 1:25,000 of gradient tints image (2015) of Japan Map Center.
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Table 6 The ratios of assumed maximum double amplitudes (3rd line) at seven points in Susaki Bay to observed

maximum double amplitudes (in parentheses of 6th from 4th lines of the left column) of tsunami at three

points of the open ocean.

Obs.point No. 1 2 3 4 5 6 7

Susaki Ratio 0.53 0.74 0.79 0.84 1.00 1.00 1.16
M. Amp.p—p (m) 2.68 3.77 4.02 428 5.09 5.09 5.90

W off Muroto Cape (0.69 m) 3.9 55 58 6.2 74 14 8.6
MGP2 (0.30 m) 8.9 13 13 14 17 17 20
MGP1 (0.28 m) 10 13 14 15 18 18 21
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Waveform at MPG1 of tsunami caused by the 2010 Chili
earthquake. Base figure is quoted from the Japan Agency
for Marine-Earth Science and Technology Research and
Development Center for Earthquake (2010). Zero on
time axis indicates that of earthquake occurrence (06:34
UTC, 15:34 JST). A thin horizontal line in the middle is
drawn by authors.

Fig. 14
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Table 7 Tsunami amplitude at each point by 2010 Chili earthquake. Ratio-1 and Ratio-2 shows the amplitude ratio at

each point against to that of off Muroto (MPG-1) and west off Kochi, respectively.
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Whole rock multiple trace element analyses using fused glass bead
by laser ablation-ICP-MS
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Abstract: A simple analytical method for whole rock trace elements covering a mass range of °Sc—"""U
using laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) with a high-dilution
ratio (sample:flux = 1:10) glass bead for X-ray fluorescence spectrometry (XRF) has been established.
The reproducibility (shown as relative standard deviation of signal intensities) of analytical results of
the Geological Survey of Japan (GSJ) geochemical reference materials was mostly <30%, except for
elements of very low contents. A comparison with the compilation values from literature values and the
analytical results of this study show <30% difference (DIF) for 194 out of 225 elements analyzed from
JB-2, JA-1, JR-1, JGb-1 and JG-1a. Results of >30% DIF were elements of very low contents in most
cases. Analytical results of JB-1b obtained in this study were concordant with the literature values. The
quantitative values obtained in this study can be used for petrological and geochemical discussions of
whole rock trace elements.

Keywords: Trace elements, Laser Ablation ICP-MS (LA-ICP-MS), GSJ geochemical reference materials,

glass bead, GSJ-Lab

1. Introduction

Whole rock chemical composition of geological rock samples
is one of the most fundamental and important data for earth
science studies. Recent advances in analytical methods and a rapid
growth in the use of analytical instruments have enabled easy and
precise analysis of whole rock chemical compositions. For major
elements, an X-ray fluorescence spectrometry (XRF) is widely
used. For trace element analyses, XRF, instrumental neutron
activation analysis (INAA), atomic absorption spectrometry
(AAS), inductively coupled plasma-atomic emission spectrometry
(ICP-AES), and ICP-mass spectrometry (ICP-MS) are available
for simultaneous multiple elemental analysis. Among such
techniques, both XRF and ICP-MS are widely used in many
institutions.

In XRF analysis, low-dilution ratios (1:5 and 1:2) of glass
beads (e.g., Kimura and Yamada, 1996; Takahashi and Shuto,
1997; Tanaka and Orihashi, 1997) or pressed powder pellets
(e.g., Hattori and Shibata, 1969; Terashima, 1977; Sugisaki et
al., 1981; Ogasawara, 1987) have generally been used for trace

element analyses. However, acceptable analytical precision of
measurements could not be achieved for geochemical studies
because some target samples containing low concentrations for
trace elements show low signal intensities. Thus, in general,
quantitative analyses of such samples by XRF suffers from
limitations. At the same time, XRF analysis also offers an
advantage, as it enables the measurement of both major and
trace elements using the same instrument. Furthermore, in XRF
a single glass bead can be used to measure both the major and
trace elements with low-dilution ratios.

Compared with XRF, ICP-MS enables the simultaneous
measurement of a large number of multi-elements in ppb-
and ppt- orders. Although solution method requiring a few
thousandfold dilution of nitric acid following acid digestion of
rock samples is the common method used for the whole rock
analysis using ICP-MS, the laser ablation (LA) method using
glass beads or rock powder pellets has also been recently adopted
(e.g., Morrison et al., 1995; Becker and Dietze, 1999; Giinther
etal.,2001; Eggins, 2003; Orihashi and Hirata, 2003; Kurosawa
et al., 2006). Advantages and disadvantages of the solution and
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LA methods have been described by Yamasaki et al. (2015).
In brief, the following are the advantages of the LA method:
relative ease of rock analysis, including acid digestion-resistant
minerals; reduction of the effect of interference elements due to
oxide production from the acid solvent; absence of unavoidable
errors on solution making; and no need to closely monitor the
contamination owing to direct ablation of samples. Because of
these advantages, the LA method can be used to obtain stable
data of constant quality without expertise for instrumental
operation when the laser ablation settings and instrumental
analytical conditions for samples are optimized (e.g., Kimura
et al., 1996; Satoh et al., 2001). In particular, since the sample
preparation of the LA method is essentially the same as that of
XREF, the LA method is a very facile method compared to the
solution method, which generally requires highly complicated
and time-consuming chemical decomposition processes (often
using a strong acid for digestion). In addition, whole rock major
and trace elements, including rare-earth elements (REEs), can
be measured using a single glass bead with high-dilution ratio
for major element analysis.

The shared research facilities of the Geological Survey of
Japan, AIST (GSJ-Lab, AIST), is used as a cooperative managing
analytical laboratory for common basic analyses in geological
studies (e.g., Ogasawara, 2013a,b). For analytical instruments,
it is essential that a simple and clear analytical protocol and
a hardware system are established for users with various
specialties, and such users should understand the precision,
accuracy, and limitation of instruments being used. In this paper,
we report an analytical method and the precision of whole rock
multiple trace element analysis for the mass range **Sc—*%U
for geological samples using a high-dilution ratio (sample:flux
= 1:10) glass bead with LA-ICP-MS in GSJ-Lab, AIST. This
study aimed to establish a multipurpose and the simplest protocol
to analyze as many elements as possible that can be used for

geological discussions.

2. Experimental

2.1 Instrumentation and operating conditions

Instruments and operating conditions used in this study
are shown in Table 1. The LA-ICP-MS system at the GSJ Lab
consisted of a New Wave Research NWR213 LA system
coupled to an Agilent 7700 x quadrupole ICP-MS. The LA
system consisted of a Nd:YAG laser that generated an output
wavelength of 213 nm and a maximum pulse energy (fluence) of
>30J cm. Detailed information about the instrument is given in
Yamasaki et al. (2015). The large sample chamber allowed nine
glass beads, including the calibration reference material, to be

loaded and analyzed in a single uninterrupted session.

Table 1 LA-ICP-MS operating parameters.

Laser New Wave NWR213
Nd:YAG Laser
Wavelength 213 nm
Maximum pulse energy >30 J cm 2 (Fluence)
Repetition rate 10 Hz
Spot size 100 Um
Raster speed 55 (4 m sec
ICP-MS Agilent 7700x
Forward power 1,550 W
Nebuliser gas flow 1.03 L min"' (Ar)
Plasma gas flow 15 L min"'
Cones Ni sample cone
Ni skimmer cone
Scanning mode peak jump

pulse—counting/analog—counting
automatic switching mode

Detector mode

Flow rates of the He carrier gas were chosen as 0.5 L min!
following the results of Yamasaki et al. (2015). Prior to analysis,
the LA-ICP-MS system was calibrated using NIST613 reference
glass for high sensitivity over a large mass range and low
production rate of oxides. The production rate of oxide in this
study was monitored using 2*ThO (*?Th'°0)/**Th and was
maintained below 0.5 %. Other potentially interfering oxides
were assumed to be negligible compared with the relative ease
of production of Th oxide (e.g., Leichte et al., 1987; Orihashi
and Hirata, 2003; Kon et al., 2011).

Laser settings were used under the following conditions of
stable and the highest intensity from glass bead samples: a spot
size of 100 um and a laser emission repetition rate of 10 Hz.
Raster ablation (55 pm/s) was adopted, which provides a stable
signal intensity profile and minimizes elemental fractionation,
compared to when spot ablation was used. The laser energy was

fixed at 60 % (fluence ca. 20 J cm?), unless otherwise specified.

2.2 Analytical elements, standard, and data reduction

The same analytical elements were used as those in the full
elemental set of Yamasaki et al. (2015), and 100 sweeps of 45
elements from “Sc to 28U with dwell times shown in Table 2
were replicated three times in the peak hopping and spectrum
modes. The acquisition time on ICP-MS was ca. 40 s, and the total
time for one analysis was ca. 85 s, including 10s for both the
shuttered laser warm-up and laser stabilization. After completing
the ablation, signal intensities returned to background levels
after approximately 25 s (Yamasaki et al., 2015). All signal
intensities were corrected with respect to the background signal
obtained from the measurement of a gas blank for 40 s prior to
initiating the calibration standard and unknown measurements.

The internal standard “*Ca was used for all the measurements in
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Table 2 Analytical elements, mass number and dwell time per

element.

Element Mass number Dwell Time (sec.)
Ca 42 0.05
Sc 45 0.3
Ti 47 0.3
\Y 51 0.3
Cr 53 0.3
Mn 55 0.1
Co 59 0.25
Ni 60 0.3
Cu 63 0.25
Zn 66 0.25
Ga 69 0.25
Ge 72 0.1
As 75 0.25
Rb 85 0.25
Sr 88 0.25
Y 89 0.25
Zr 90 0.25
Nb 93 0.25
Mo 95 0.25
Cd 111 0.4
Sn 118 0.25
Sb 121 0.25
Cs 133 0.1
Ba 137 04
La 139 0.25
Ce 140 0.25
Pr 141 0.25
Nd 146 0.25
Sm 147 0.25
Eu 153 0.25
Gd 157 0.3
Tb 159 0.25
Dy 163 04
Ho 165 0.25
Er 166 04
Tm 169 0.3
Yb 172 0.3
Lu 175 0.3
Hf 178 0.3
Ta 181 0.3
W 182 0.3
Tl 205 0.3
Pb 208 0.3
Bi 209 0.3
Th 232 0.3
U 238 0.3

this study. A pulse-counting/analog automatic switching mode
was adopted, and as a result, all measurements were carried
out using the pulse-counting mode. It is noted that the counting
mode would be automatically switched to the analog mode in
the case of unknown analyses, depending on the concentration
of an element. In such case, a careful optimization of the pulse-
counting/analog factor (P/A factor) would be needed (Kon et
al., 2011).

The GSJ geochemical reference materials were used as the
external calibration standard materials. The use of a natural
reference material offers following several advantages over
synthethic external calibration standard. 1) The matrix effect

can be corrected by using reference materials that have a

similar matrix to that of the samples. 2) A simple, equivalent,
and reproducible preparation procedure for both samples and
standards can be realized (Eggins et al., 1997). It is suggested
that the compilation values of the GSJ geochemical reference
materials (e.g., Imai et al., 1995) potentially included low-
quality data due to the statistical calculation of the data from
many institutions (e.g., Goto and Tatsumi, 1991). Thus, using the
compilation value is not the best choice for a standard value for
a calibration line method such as sensitive trace element analysis
by ICP-MS. In this study, we chose values of external calibration
standard ensuring that the analytical data were obtained by an
externally quantitative method such as standard solution or
isotope dilution method, or based on such methods, and the
data were obtained from a single institution. Using such values
enables an objective evaluation of reference materials.

Kon et al. (2011) reported an analytical method using a glass
bead of the GSJ reference materials with a sample to flux ratio
of 1:10 using a multi-point calibration line method. However,
single-point calibration line method is rather common in LA-
ICP-MS with, for example, NIST reference materials, and the
use of the GSJ reference materials as an external calibration
standard has already been established in solution method
(Awaji et al., 2006). If the accuracy could be made sufficient
for use in geochemical and petrological discussions, then the
single-point calibration line method offers great advantages in
terms of the feasibility of the evaluation of the GSJ reference
materials prepared by users for monitoring analytical quality;
most importantly, it is a very simple method that fits the GSJ-
Lab’s purpose. However, calibration line method using a glass
bead inevitably suffers from an effect of elements contained in
the flux. Thus, we adopted a two-point calibration method, in
order to compensate the effect of flux. Detailed evaluation of
calibration line method and the effects of the elements in the
flux have been discussed later.

Based on above considerations, the GSJ geochemical reference
materials JP-1 and JB-3 were used as the external calibration
standard materials. The use of the JB-3 standard enables a simple
simultaneous multi-elemental analysis, because it contains
most elements in high concentration. In this study, we used the
concentration data for JP-1 and JB-3 as follows: for Ca, Sc, V,
Mn, Co, Ni, Cu, Zn, Ga, Rb, Sr, Y, Cs, Ba, lanthanides, Pb, Th,
and U: Makishima and Nakamura (2006); for Zr, Nb, Hf, and
Ta: Makishima et al. (1999); for Mo, Sb, and W: Makishima
and Nakamura (1999); for Cd, In, T1, and Bi: Makishima et
al. (2011); for Ti: Makishima and Nakamutra (2000); for Cr:
Makishima et al. (2002); and for Ge, As, and Sn: Imai et al.
(1995). Although we tentatively used values from Imai et al.
(1995) for Ge, As, and Sn due to lack of appropriate values, it

should be noted that these data do not have the same quality or
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meaning as the external calibration values compared to other
values from literatures by Makishima and co-workers. Instead
of JB-3, JB-2 and JA-1 can also be used as calibration standard
materials.

The glass beads were prepared by essentially the same method
used by Yamasaki (2014). The flux (Li2BsO-: MERK Co. Ltd.,
Spectromelt A10, #10783) was ignited at 700°C for 2 h prior to
weighing, and cooled in a desiccator. Reference materials in the
powder form were weighed in a ceramic crucible and ignited in
amuffle furnace at 900°C for 2 h. The glass beads were made by
mixing 0.5 g of reference material powder with 5.0 g of lithium
tetraborate flux (sample:flux = 1:10).The mixture was put into
a platinum crucible (95 % Pt-5% Au alloy) and two drops of
aqueous lithium bromide solution (LiBrH.0: H20 = 1:1) were
added as an exfoliation agent. Fusing and agitation were carried
out with an automated high frequency bead sampler (Tokyo
Kagaku Co. Ltd. TK-4500); 120 s prefusion (~1,070°C), 180 s
fusion (~1,070°C), and 180 s agitation.

Data reduction was conducted using MassHunter Workstation
software installed with the Agilent 7700 x. Calibration lines
were calculated with the calibration standard, and a series of
data reduction, which involved subtraction of the gas blank
intensity and calculation of the concentration after normalization
using the internal standard element, was performed with the
MassHunter software. The signal count rate, concentration, and
relative standard deviation (RSD) of the signal intensity for
each element were reported as standard form. The concentration,
signal intensity rate, and type of detectors for each element and

each scan could also be confirmed and exported.

3. Results and discussion

3.1 Effect of elements contained in the flux and exfoliation
agent

Since flux-mixed glass beads were used for analyses, elements
contained in the flux and exfoliation agent (collectively referred
as the “flux blank” hereafter) were included in the analytical
results. In order to compensate this effect, several theoretically
possible methods can be considered:1) a one-point calibration
line method using a flux blank as the origin (original point), 2)
subtracting the signal intensities of a flux blank (including gas
blank intensity) from all the calibration standards and unknown
analytical samples, and 3) a two (or more)-point calibration line
method using calibration standard glass beads made by using the
same procedures with unknown analytical samples (e.g., Kon et
al.,2011). To examine these methods, signal intensities of the gas
blank and flux blank (including gas blank) are shown in Table 3.

Net signal intensities of the flux blank have been shown as the

number that remains after the subtraction of gas blank intensities
from gas + flux blank intensities (Net Flux Blk in Table 3). These
numbers (in counts per second, CPS) were several dozen to
more than a hundred times the gas blank intensities. In addition,
the contribution ratio of net flux blank intensities to the JB-3
calibration standard (Flux Blk/JB-3 in Table 3) were >20% for
Cr, Ni, Zn, As, Mo, Cd, Sn, Sb, W, T1, Pb, Bi, Th and U, although
many elements were within the RSD of the signal intensity of
JB-3 (Table 3).

Because gas blank intensities are subtracted from both
calibration standard and unknown analytical samples, counts of
the net flux blank intensities (Net Flux Blk shown in Table 3)
were included in the corresponding signal intensities. It should
be noted that the effective meaning of the Net Flux Blk in the
standard and unknown samples depend on the concentration of
the internal standard element (“*Ca) and elements in each sample.
In other words, the effective meaning of the Net Flux Blk varied
with concentration of analytical elements in samples. Therefore,
it is impossible to subtract uniform value as concentration
from samples. In addition, the concentration of the flux blank
intensities was always almost zero after normalizing the internal
standard element (**Ca), irrespective of the signal intensities.
The reason is as follows: (1) Concentration of various analytical
elements was calculated from ratio of signal intensities between
objective element and internal standard element, using content of
internal standard element. (2) Since Ca content of flux blank is
zero, concentration of analytical elements in the flux blank was
also zero. Therefore, flux blank is not able to use as the origin as
above first method. The second method involving the subtraction
of flux blank signal intensities from the calibration standard and
unknown analytical samples requires analysis of the flux blank
as a background for every sample. This frequent analysis of the
flux blank causes a high background due to contamination of the
instrument and would cause long-term damage of the instrument.
In addition, in cases of samples with a smaller signal/background
(=flux blank) ratio, signal intensities are frequently smaller than
the background intensities due to elevation of background-level.
Therefore, it is concluded that the multi-point calibration method
is the appropriate calibration method for this study.

Kon et al. (2011) made regression lines of 33 trace elements
using glass beads of 12 GSJ geochemical reference materials,
and the results show good linear correlation between the signal
intensity and concentration, except for low-concentration Ga and
As. The dispersion in low-concentration Ga and As was probably
due to the reliability of their reference values rather than effect
of flux blank, because those values in Imai et al. (1995) have
been classified as “preferable values”. Therefore, we adopted
the simplest, two-point calibration line method in this study.

JP-1 was intended as a lower-concentration calibration standard
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Table 3 Counts (CPS) for gas blank, flux blank and calibration standard (JB-3).

Mass Element Gas Blk  Gas + Flux Blk Net Flux Blk JB-3 Flux Blk/JB-3
Number Count Count Count Count RSD Count ratio
(CPS) (CPS) (CPS) (CPS) (%) (%)
45 Sc 762.24 1586.74 824.50 2474477 55 3.2
47 Ti 53.33 301.11 247.78 315525.25 3.3 0.1
51 \% 63.33 7628.35 7565.02 270355.59 0.8 2.7
53 Cr 114.44 1373.39 1258.95 4658.39 55 21.3
55 Mn 4987.39 22457.81 17470.41 1180060.04 20.0 1.5
59 Co 13.33 1358.77 1345.43 23347.24 0.8 54
60 Ni 328.89 3218.08 2889.19 6265.55 1.0 31.6
63 Cu 138.67 9637.32 9498.65 57850.70 10.7 141
66 Zn 93.33 2915.81 2822.48 5484.85 4.6 34.0
69 Ga 20.00 492.02 472.02 10966.09 4.9 4.1
72 Ge 156.67 220.00 63.33 610.01 10.2 9.4
75 As 40.00 110.67 70.67 132.00 13.9 34.9
85 Rb 497.34 1305.42 808.07 9031.68 2.0 8.2
88 Sr 1.33 3657.87 3656.53 353678.09 2.6 1.0
89 Y 0.00 252.01 252.01 24621.40 1.2 1.0
90 Zr 2.67 461.34 458.68 48196.10 1.7 0.9
93 Nb 1.33 201.34 200.01 1982.78 71 9.2
95 Mo 2.67 157.34 154.67 182.67 17.7 45.9
111 Cd 5.83 26.67 20.83 16.67 31.2 55.6
118 Sn 104.00 2034.83 1930.83 405.34 9.7 82.6
121 Sb 18.67 522.68 504.02 62.67 20.5 88.9
133 Cs 2836.92 3567.06 730.14 5150.79 1.9 12.4
137 Ba 1.67 746.75 745.09 31066.31 34 2.3
139 La 0.00 682.68 682.68 9722.85 42 6.6
140 Ce 1.33 1260.17 1258.84 24162.82 4.0 5.0
141 Pr 1.33 114.67 113.34 4215.20 10.6 2.6
146 Nd 0.00 37.33 37.33 3591.06 3.7 1.0
147 Sm 2.67 17.33 14.67 826.69 8.0 1.7
153 Eu 0.00 52.00 52.00 920.03 7.2 5.3
157 Gd 0.00 6.67 6.67 1050.03 10.8 0.6
159 Tb 0.00 129.34 129.34 1032.03 8.9 1.1
163 Dy 0.83 22.50 21.67 1498.40 0.8 1.4
165 Ho 0.00 116.00 116.00 1289.38 8.7 8.3
166 Er 0.00 30.00 30.00 1201.71 35 24
169 Tm 0.00 75.56 75.56 514.45 7.7 12.8
172 Yb 1.1 31.11 30.00 754.47 8.9 3.8
175 Lu 1.1 106.67 105.56 456.67 9.5 18.8
178 Hf 1.1 16.67 15.56 1133.38 9.5 1.4
181 Ta 0.00 37.78 37.78 194.45 6.9 16.3
182 w 4.44 453.35 448.90 561.12 43 44.4
205 T 3.33 48.89 45.55 12.22 68.7 78.8
208 Pb 110.00 3277.13 3167.13 3331.47 5.1 48.7
209 Bi 13.33 188.89 175.56 35.55 44.3 83.2
232 Th 0.00 211221.98 211221.98 1390.07 12.3 99.3
238 U 3.33 130.01 126.67 496.68 23.9 20.3
42 Ca (ISTD) 22954.58 23682.14 727.56 323284.83 4.98 0.2

Blk, RSD, CPS and ISTD denote blank, relative standard deviation, counts per second, and internal standard,

respectively.

except for Ni and Co, and the concentrations of JP-1 were
nearly equal to the flux blank-level in most of the elements. The
concentrations of Ni and Co of JP-1 correspond to the higher
concentrations of the calibration lines. In the case of two-
point calibration line method using JP-1 as the lower-content
calibration standard, sometimes signal intensity of an unknown
analytical sample with lower concentrations becomes lower than
that of the background. The major cause of this phenomenon was
the propagation of errors, depending on the analytical precision
of JP-1. If the effect of the flux blank was negligible, calibration
lines without the low concentration calibration standard (JP-1)

result in the reduction of such error propagation. For example,

the contribution ratio of the flux blank to the signal intensity of
JB-3 (including flux blank) is lower than the RSD of the signal
intensity for some elements (Table 3). In these cases, the effect
of the signal intensity of the flux blank is virtually negligible
or indistinguishable from the errors of the signal counting of a
one-point calibration of JB-3. Therefore, in cases where the use
of the two-point calibration method caused low concentration/
signal intensity, the one-point calibration method for elements

with a smaller contribution of the flux blank could be adopted.

3.2 Sensitivity and detection limits

Analytical results, sensitivity, and lower limits of detection
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(DL) of JB-2, JA-1, JR-1, JGb-1, and JG-1a obtained by five
replicate analyses using JP-1 and JB-3 as external calibration
standard are shown in Table 4. The sensitivity and DL were the
average values calculated in each run following the method of
Longerich et al. (1996).

Only TI for JB-2 was lower than the values of DL, but Tl
in the other reference materials were higher than DL. On the
other hand, the amount of Tl in JG-1a was not determined due
to a small signal/background ratio. A lower concentration and
corresponding lower signal intensities in individual samples
would be the main cause for the results under the DL or no
detection. As emphasized in Longerich et al. (1996), it is
necessary that the sensitivity and DL should be calculated sample
by sample, and thus we have not specified the absolute values of

sensitivity and DL for this method and instrument.

3.3 Analytical precisions and comparison to compilation
values

As described above, results of five times replicate analyses
of JB-2, JA-1, JR-1, JGb-1, and JG-1a using JP-1 and JB-3 as
the external calibration standard are shown in Table 4. Analyses
of JR-1 were carried out using 70 % of the laser energy (fluence
~35 J em?), which gave stable high-signal intensity. Averaged
values of replicate analyses, difference (absolute values, DIF,
and percentages of absolute values to quantitative values, DIF%)
between the analytical results and the compilation values from
Imai et al. (1995), standard deviation (SD), and RSD of the
replicate analyses are also shown. The results for the calibration
blank measured before each five replicate analyses are shown as
a typical background count because the background drifts during
the replicate analyses. Reproducibility as precision and DIF %
are also shown in Fig. 1 and summarized in Table 5.

Analytical precision was evaluated by reproducibility of five
times replicate analyses of GSJ geochemical reference materials.
Reproducibility shown by RSD were mostly <30 %, except for
Cd, Sn, Ta, Tl and Biin JB-2; Tland Bi in JA-1; Cr, Niand Cd in
JR-1; Ge, Mo, Cd, Sb, Cs, Biand U in JGb-1; Bi in JG-1a (Table
4 and Table 5A and Fig.1). The amount of Tl in JG-1a was not
determined. Elements with >30% RSD for all samples are not
observed; thus, it is regarded that the RSD essentially depends
on the concentration and/or signal intensity of the sample.

A comparison with the compilation values from Imai et
al. (1995) and the analytical results of this study were shown
as DIFs. Using the compilation values by Imai et al. (1995)
enables the comparison of the quality of the analytical results
with that of an instrument in other institutions. Results of DIFs
are summarized in Table 5B. DIFs were <30% for 194 out of
225 elements and >30% for 31 elements (Table 4 and Table 5B
and Fig.1). Elements with DIF >40% in more than two samples

were as follows: Ni in JA-1 and JR-1; Cu and Cd, in JR-1 and
JG-1a; Sb in JA-1 and JG-1a; W in JB-2, JA-1, and JR-1; Tl in
JA-1, JR-1 and JGb-1; and Bi in JB-2, JR-1 and JG-1a (Table
4). For many of these values, however, the compilation values
were less reliable because they were reported as the “preferable
values” in Imai e al. (1995). Thus, these data have not been
discussed here. As a result, elements with DIF >40% in more
than two samples were only Cu in JR-1 and JG-1a (Table 4).
Since precisions of both analytical results were acceptable,
cause of this difference is unclear. One of the possibilities is
difference in values of calibration standards and compilation
values. Contents of Cu in JP-1 and JB-3 were 4.25 ppm and 179
ppm respectively in Makishima and Nakamura (2006), instead
of 6.72 ppm and 194 ppm in Imai et al. (1995). This difference
in Cu content, particularly for JP-1, could be result in difference
between analytical results and compilation values within the
rage of 3 to 6 ppm.

In summary, elements with concentrations of DIF <30 % could
be used as quantitative results for geochemical and petrological
discussions. The precision and DIFs were at the same level as
other instruments/institutions (e.g., Orihashi and Hirata, 2003;
Shindo et al., 2009; Kon et al., 2011; Nakano et al., 2012). In
the case of unknown analyses, the reliability of quantitative
values could be evaluated from the RSD in signal count rates

and quantitative values, and estimated DL.

3.4 Application

Quantitative analytical results, sensitivity, and DL of five
replicate analyses of JB-1b using this method are shown in
Table 4. The DL and sensitivity were calculated according to
the widely used method reported by Longerich et al. (1996).
It is assumed that the users of XRF in the GSJ-Lab used JB-1b
as a quality-monitor sample; such a sample could be used in
LA-ICP-MS analyses for the same purpose. Thus, this result
could be used for comparing the analytical results of JB-1b glass
beads prepared by each user. Note, however, the quantitative
values of some elements were under the DL, and the reliability
of the quantitative results for some elements with very low
concentrations, even values higher than the DL, requires careful
evaluation, as mentioned above.

The multiple trace element pattern normalized by N-MORB
(Sun and McDonough, 1989) is shown in Fig. 2. The pattern
calculated from the values of Kon ef al. (2011) is also shown
for comparison. Although analytical errors are shown in Fig.
2, all errors were within the symbols except for Cs. The result
of this study agrees well with the quantitative values of Kon
et al. (2011), and the quantitative values of this method are
of acceptable quality for discussion on geochemical and

petrological studies using multi-element patterns.
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Fig. 1

Reproducibility and difference of the compilation values for five GSJ reference materials. (a) Relative

standard deviation (RSD) of GSJ reference materials. (b) Percentage of difference (DIF%) between the
analytical results and compilation values of GSJ reference materials (Imai et al., 1995).

4. Summary very low contents. A comparison with the compilation values

from the literature and the analytical results of this study show

The simple analytical method for whole rock 45 trace elements
ranging from “Sc to 2*U by LA-ICP-MS using a high-dilution
ratio (sample:flux = 1:10) glass bead has been established.
The precision of the analytical results of the GSJ geochemical

reference materials was mostly <30% except for elements of

<30% DIF for 194 out of 225 elements analyzed from JB-2, JA-
1,JR-1,JGb-1, and JG-1a. Most of the elements with DIF >30%
were of very low concentration and/or the compilation values
were less reliable. In the case of unknown analyses, the reliability

of the quantitative values could be evaluated from the RSD of
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Table 5 Summary of reproducibility and difference of the compilation values for five GSJ reference materials.

(A) Reproducibility (precision) shown by RSD (%).

Std.  RSD(%) Elements
JB-2 <10% Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Ga, Rb, Sr, Y, Zr,
Mo, Ba, lanthanides, W, Pb, U
<15% As, Hf, Th
<30% Cu, Ge, Nb, Sb, Cs
>30% Cd, Sn, Ta, TI, Bi
JA-1  <10% Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As,
Rb, Sr, Y, Zr, Mo, Ba, lanthanides, Hf, Ta, W,
Pb, Th, U
<15% Nb, Cd, Sb
<30% Sn, Cs
>30% Tl, Bi
JR-1  <10% Sc, Ti, V, Mn, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb,
Mo, Sn, Cs, Ba, lanthanides, Hf, Ta, W, Pb, Bi,
U
<15% Sb, TI, Th
<30% Co, Cu
>30% Cr, Ni, Cd
JGb—1 <10% Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Ga, Sr, Y, Zr, Nb,
Ba, La, Ce, Pr, Nd, Sm, Eu, Dy, Er, Yb, Lu, W,
Th
<15% Cu, Tb, Ho, Pb
<30% As, Rb, Sn, Gd, Tm, Ta, Tl
>30% Ge, Mo, Cd, Sb, Cs, Bi, U
JG-1a <10% Sc, Ti, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, Rb, Sr, Y,
Zr, Nb, Sn, Cs, Ba, lanthanides, Hf, Ta, W, Pb,
U
<15% Mn, Cd, Sb
<30% As, Mo, Th
>30% Bi

Std. denotes GSJ reference materials.

(B) Difference (DIF) between the analytical results and the
compilation values of Imai et a/. (1995).

Std.  DIF(%) Elements
JB-2 <10% Sc, Ti, V, Mn, Co, Ni, Cu, Zn, Ga, Sr, Mo, Sb,
Cs, Ba, La, Ce, Nd, Sm, Eu, Gd, Tb, Dy, Er, Tm,
Yb, Lu, Pb, U
<15% Zr, Pr, Ho
<30% Ge, As, Rb, Y, Cd, Hf, Th
>30% Cr, Nb, Sn, Ta, W, Tl, Bi
JA-1  <10% Sc, Ti, V, Mn, Cu, Zn, Ga, Sr, Zr, Cd, Ba, La,
Ce, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
Hf, Pb, Th, U
<15% Cr, Co, Rb, Mo, Ta
<30% Ge, As, Y, Sn, Cs, Pr, Bi
>30% Ni, Nb, Sb, W, Tl
JR-1  <10% Sc, Ti, Mn, As, Rb, Sr, Sn, Ba, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Pb, Th,
U
<15% V, Zn, Zr, Nb, Mo, Sb, La
<30% Co, Ga, Y, Cs, Ta
>30% Cr, Ni, Cu, Ge, Cd, W, TI, Bi
JGb-1 <10% Sc, Ti, V, Cr, Mn, Co, Ni, Zn, Ga, Ge, As, Rb,
Sr, Sb, Ba, La, Ce, Pr, Nd, Sm, Eu, Tb, Er, Tm,
Yb, Lu, Hf, Th
<15% Y, Zr, Mo, Gd, Ta, U
<30% Cu, Cd, Sn, Dy, Ho, W, Bi
>30% Nb, Cs, TI, Pb
JG-1a <10% Sc, Ti, V, Co, Rb, Sr, Zr, Nb, Mo, Sn, Ba, La,
Ce, Nd, Sm, Eu, Gd, Dy, Tm, Yb, Lu, Hf, Ta, Pb,
Th, U
<15% Ho, Er, W
<30% Cr, Mn, Zn, As, Y, Cs, Pr, Tb
>30% Ni, Cu, Ga, Ge, Cd, Sb, Bi

Std. denotes GSJ reference materials.
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Fig.2 Comparison between the quantitative values of JB-1b from this study (N=5) and those from Kon ef al. (2011).

The values are normalized by N-MORB composition from Sun and McDonough (1989). Analytical errors of

this study are shown as error bars. All errors were within the symbols except for Cs.



Bulletin of the Geological Survey of Japan, vol. 67 (1), 2016

signal count rates and quantitative values, and estimated DL. The
analytical values of JB-1b in this study were concordant with
the literature values, and this result suggests that the analytical
results of this study can be adequately used for petrological and

geochemical discussions.
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