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BMREFMULSVAIZHD D, BEMNBABHICR > TIwir s
W] EEbhF L.

EWFCld & 0 CE s BMORMEREMITICER B L, 35
fEdize LE Lz, WRESIIRE S ST 572012, %%
boTETT. ZoHIZIF [RE2ADHRVDIZ], [HEDHER
e Z L] ZBRRDMEEILO 250 F Lz, Zoilik
[EAge B4 % THW 72 I21E, MBS S o0 RS
LR, oFEEAS T b IN L ) A8, &
AL F—FIIRFE - BRTRL. ZRDMBIE DO RIERD
KHETHDH.] 72eEZ, FATLTEF L.

ROHF+BKIE, O 7V A] 2 EEOMH S 72 HH
LKL CWALA NI v lh, @RFE, ZLT, ® [TAM
SCIENCE/| T¥. K¥EBAOZHEZ, FEEOBZIIE
TIOMPL R ) B LFea $ Lz, Ao, %, frinsd
Bl LCRENTWET, i [NHoEEoER] 2550
NTVET. HEINTH 5210028724 Th, TOAM
BRIBARMEATH AT 2L BVE Y. SHOBY AR
ik TAR] 3428 TY.

R AV O/NP G A FEL F LAY, HESRORH I
LETOMFTYT. HoOBEKO# L FFICWBLAY, L
Mol BBV ELTCELTET L. HHZAEERZESET
T2 G HECEHLTHBY, WEREEMFOII 2=
T4 —=ICRR LB TENITEE STV E T,

REHEOMETH Y T3, THOEIISERN T TBLA
ZENTELMELL, BEOTFTTTHHRREESI [REHS
NI ZIIEETVEOR], [ZHIIEEE»S Lhawv] Lo
725 OTY. MEROEKD [REHM/IEI VT, FRizE
ABRBDEAD . ] L) IEIEARTYT. ThETOF~—
Vo F T 4FTA ML EOWRBKIER, @I AV M
Ty T AT RO B L BEORER/R, @Y v Ik
OWENEHR & T AEY:, ORIICEYORERET IR, Gk
WOKBRBEICE T 2% 24T CEF Lz, SABHETAHT—~
DM, Hr L)) OTHKR T 2 BFROMZE, KIACH FALR
WZHERR CBULBR DS 1) £ 5.

3. WBEOBR
WEROFH E LCTEWIZER (15C) Lw) firgiyong
T Bk E W E TH B &R I13480TC L BDHBR L 4o T
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B2, ZPRIGEBNC I 2 38 & ek A RoZIL (Kawahata
et la., 2009)

F9. ZORERKIE, KREIC0RE, 5% &N s HBbkHEC
X BRI IRER R T, HERICIZEE R & [ RFED b
Bl EOREE LTEAONTWEY. KBE2 LIRS
WILIED KRB ETA F v b o 72Ca% £ COP LA LT,
KEOREIES IR L TCVWE T L. ZoMET
HWERKIZ SR L2 h, BHEDOL ) ZEYWOVLEIZR>Tws
7203 (g, 2011).

R WS L oI [BROMEREES 2RO L L
bl EERET. HEORBHPPICZ ANV F—2HE L
TWBO000bh0) 7. LEO AL, — AOLEEDI00
BULEOZFIVEF—ZWHHE LTI, 22T, [HERBREM
] pRETLIVWELRZ (K1),

A6MEAEMOMWERE T o LBE L TV A FEHADS WL L E
T. IhE 1ERCBIZ S E, FF - FYEZ Y Z2OHBBIZI2H
31 H 234050 E1S, 201413 23059059 MM L 9. v
I VIEBTERIESZL L TW50005%hh» ) 3. itk
W B2, ChBIRERRO—FOHMEF A ET.

4. RE-HEIZXEBEXA

4. 1. KRE-YEICXPHEBEEIAARE Solio B
TVFALYETF 7 ARDT I ¥ ABANT, 4405 EFICT 71
HCHAELF L. 208, e MESHBIL, REOEFEOM
TThHs [HEOHHLN] LV EROKRE - FEZ Y ART
T HOITEICHEA L F Lz, WA EE, BEsae I
TN IZBEM 72 & 2GR L, #aMEZAL, AL ERL, wRW
WCXHEED 2L L, 706 e ) EEEE & bz, HEko
FIEEBICERSHLTWLOT [BEREONE] EEbh
TwEd (g 2011).

ARE - YT VR L 72205 ERHE BRI 725 720
T, BEEEERET L. S0k EZHI L7z
%, HOHEMIINREDOT SETEBICbLY, T2 o4i
FUICHBIE-oTwE T L2, COFRENERL DI, FEZT
T ET BRI O CRReHAEZHTLE LA Z
DOFER, PEROBLE I, T EF VRS ED, 6
FAERNCABIGRIL L2 e 2x ko T Lz, NEOAL
WHREZRHIEASE R L 7272012, 77U B %ML, WE0T7 F
T PERBICHESZEMRLE L. R6HEROZDTV—T
BHEOEHEOMEE YT LA, Bodho¥o) HODNA
DRI HHAERD CORIITH 722 L ZRBLTNET. ok
E - APBNENE L 22013 F45,0004E 07, HAIC
R o THZDIZFA0,0004E/ & EhEd. 77U A &ML
FRIZIZEFRATLZDS, WO ATEL 725 720022 Tid
K7ZIZbhroTHELA.

4. 2. BXANDBZEERE HALCBUIZKE- LA
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3. @%3,000EMDIREICE T 5HE (Kawahata et al, 3R
RJ3E)

DOIFFFACHFRICHIBEE 20 9. HASKRoBAIING, &
R & M I ) (12,0004670) THRI25 A, HESCHEL
iR (9268 A) 1EL, BRI AL (98
N) Lt sncwET (L, 1984).

SN E BRI E TR 2 B AR K o0 M SO A 7 B
T, OEARZHV/-EREELE, QILWRSHHHZE &b
F T, OMMIREZRICBEIANGZ T2 &) iEROMLA
DETTRERELEZ T L2, B2 HWChENTE 7
DT, FAEREBLREICUESE L.

7513 85,9004E RSB L, LKL, #94.2004ERT1CA % 1
HFZHFELTCLTVWE LA, COEEN U NI, 2EO A
LY FE-FHTEH0T, BREERNPMEMHRELTVS LIRS
NTEFLAD, TNFTERMLRET -7 13HY AT
L7z (M2).

FAE L TE PR A & 0w BB Tl RY 72 it gk 2 5 2 R
ZRRLE L7z, BT, K2R & M BEARER0.90LL 1 & v
IBOHEZRTOT, BEIINOICTOT VY ) v EwvnHiL
W% 5H L KD S EAEAEIC T E £, #95,9004E 1 12
N7 s )R EPBEKL, ThE2EZTLE)ICEL LY
BMEDEF LA LA L, 42004EWNICIEAIRA2.0C b 28T
NoTLFEFWVTE L7, 2T L) BEIZFERE 1 TRH230km
(FHEIB) CHB L. BFEENO 7 UMK, BAETK
ILHE LI B 0 F 3725, MCHPIICRERTLEOR L2 Y
MBFEAEL T, HBEDOAL - 7213TTT. ZROEGLIC
0, BEEOAFIEIRL, A% OEFICEAN R wEL S5 2,
HPEAERLEEZEZONET. ZORBEORGILIZEEITIC
XA NOBAOBERIFKTH > 720 ftErmvwe 2 %
Kl

4. 3. HAOXHEABELEDU VETFITEL A DERA
hEORIEBE, W7 I TDOXYRSY I TREICBWTH [HEK
M (4,000~4,3004F07) ICXHOFTRIMEI N TWES. 2
g, 7VT7EYA - VEH, FBHLREBRLTH o 2o
AEWEFZET. BCOMIRREL T, 21005 IC RO
BRI K2C LA T2 LEINTVETD, Z0LHRA
WAL, B REELEICBIRELEERELRLTLLEY.

4. 4. BRANE B S TBXANEHREN ML EARITHATH
CTER QIS I L7220 2 b Byl - BRAF - AR & ISHIA
ENF L Zhud, dOEE o [HAEN] 1252 ATH
fFronF Lz, BARRGOKREBEC L 2M1EEER, A
LR O3 (A 13721F) EEFTT.

AR, LRI LA I B L CHRdITTn1,000~8004F &
V) MCAEMUEA RO b S E L, SRR E Tl &
T & 7RO CHT4 AL E & X2 & #6004F# ) #LITHT10
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£ (R BB F R L TIREBURER
A (BER) BREICLSh L (AER)

pH 8.3

@ 17 century Control (pHy-8 .2

@ Modern

B4, & eos
ZH, FrEEALRO
pH~®D)E% (Kuroyanagi
et al., 2010)

WAUC D £3. 7258 A, BRE MO0, Wik
MR T4 E F TRV 7Z20o0d LhvEtA. 1%
DOBIETHRRICE B L, HROKMGA D 8D DI s T
FHEOKFTH WS ETH, BB oK T2
L2%nE) ZOT, KFEHEX ) EED 725 S 72§
DWEVEWH T LR FT.

HAARANDIEE 7o 728N ERENTONWTE I DL HER
BITHBLEL 9. [BEIHKD DL, kOB V2] &, 7
VFE RESFETEDD, EINThroTEBY, MlEEEs
VD BT OARMENSIEE 20 T3, H5aE) 258 NE & 22
IRZEBLCOMREE D DMEF L22DIIASH 0 9. Rilifked % ilis:
¥4 7ONNK, TFR % A4 7ODDM, 4Lk HNDAEID3I/S
F—reDFET. AARBACENNEO ANOADT, £H
DTN T— VL, RDEWDEIZ Y 572 NiE, BlfEhE
IR, HAFIBICAG L TCWEY. Bz L [—7
VW—=TOMEDIITTY. REMEDL H L ZDOETT 2 [
WOVPHD72DIZ, BROGBVWAYFIY M ZRBELES L up
bLNFHA. &b, MLEBOBRRAERTIE TRMSAAN]
MBREINCERBN L DT, FHITH o722 L 2 Wik T E .
WS, AEANOER » BT, RESRCHVEH - T, WET
HolzZ Db FF. WHEIGEBEZNILZIV—TT
HolWEEEIHWESZET. HL, BHIhAAFIIEE
A EERNOED RN T & D SWFIEFAIMICRILL T, HARA
otz EbhEd.

5. BARHSHH EREDEIL

KIZ, WF30004EH, HAEADPHARICEBAEL T2 5 OKIR
DOEFTLEILEBETHTVWE L (K3). #EKZEIZ20mTT.
mEDOY A a7 ORIUIRK L2546, s iz k
D ATICEEN DT A X —=DEMO T O RFITHAF L L)
BRI TNVELRYD TS, 22T, BED XD REEOSN
DB, MBEEYVHRPTTIRITEREINTEIEATL
72 A, FEHERWERI, 4mZLTeémnaT) 7 LR
TR EITH) 2 & T, fEzELC, RZ2HMTEFL
7=.

#2:3,0004F [ O M H O FHEEE25.2C T, ZLiEiE b3 H
21 CTL7. wmEAImIF8304FEEH D259 T, M/MIALICHI7S0
Em238 T, 960 “FED24.0 T, kL VLEEM (R - K
) L7z &RiE HEE, KIEE), Thr=—=3 - BMhik
LIRS T F L.

AL EANOEE L W) BLED 51X, OKEM O ITHT1100
~9004F R AL ICHTA90~ 3204 121, KA S HARICRMA L T
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HEANEZRDF Lz, RIRICE D BEAED SALDT, o3t
BRETEND LI L THARIEIZKRAZDOTIZARVWTL L)
2P QROIEG Y — 7 IR EBRCICHYS L 3. §IEEE»S
HMRB R GO THYEBROFERAIBEL CEZESHRT
WET, HROPYEREREESGE D, BROMABE»E
BEFOEFEBRETZED T L. ORBIC2 5 BRI
THRBEFEESRE L, BRI s RS,
FZEEEs2 220 4. HARKOZEOIALETS 7
DL BRFNE RS o Bbh . KMLEEOBIR
FRIFEE D BR T LA, @&5RIGRE PRI E TBIS b
ZELTWE L7z, ©FZEM (990~11904F) 121, Skl
FEHILL, HERLEIWL, B2 wARE LR T, Rha®
BHE LT L2, @UARRIARH» N5, HER2EREERD,
EREARE DR L3 . QBN L CAEC
MEN, STEHEFEL LS, 16HE & X 0 22k R L
FE—3% ) MEIRRICZZA L F Lz, @RS IR
FEVIF T, FRCRIZIEHILD = RALETREEND X H I
T AL R L E L7218 2D S 191/ I BE 12 2
JCBUBRIAR L %0, 1868 IR EROYAR L 2 ) F
L7-.

FLwib e, 2030004 MO H ARG EAEKENIE KB
DT L) CHETE T3 ORI GRS, @
BRARR), OBATH GHIERER), OBKEBIG ORE 25
), ORFEE @A STLARR), ©Ufth 5 BL.
INVEANDEB R L 72M S/ AR BRI, i A S 4R &
%o 72 RBRC, HIREGG 2 5 REBR & % - 72 PRI A,
WD & 7 o 727LFRACER, w3 d HAYIEIE5E
GRS BETEREINE Lz, UIHEE - REEPERTH 72
DT, BHELZERERE, RRERE o 72 Wk 23
ML E L. Z0%OERBLIZES Ledg#HsEF Lz 2
OEFINEWE THAHIC X 25 OB & Y 53k
Ehz] LoBiHEb oL, [EFARG 2B LLZE D
EiIbhET.

6. NFIOREEASE - [ZVAPAHOREEZR L] -
KIZ, FREDOFRIZOVWTEZ TWELWEBWE T, fAE
DR % MRS 51213 FH#2,000kcal B E T, ZHIMTWT
Lxon? FAPE s BOREHEMIT AT ICEE LTz
HOBWHTHHHAISKSMCR D E 7 =T =D 65T
LEv, SRIFIEFICHELBEC R 3. HYICERILo&EA
DN TWT, ALTBENS VWL B, GHE L5,
— AB720D100WE 2D F Lz, Ef23sWERBERLTEBY,
ETHMER L7 MI343W E T L 3 UIIME, 2009). K
Wilx, KED2%THE DD, EHFDHI7%D L 5 F—,
20%OEF 2 HERLET. BELRO N [BHEELELID D
KINAS10% K E VDT, LI A72 1] ES59rb LA
A, KHEOKRIILE D% L oML Y F 72 E2FH-> T2
720, WL RRN AR RS> THWEIDT, ZOFIE
ELLHY FEA.
FIZANHOFIRIEWOIIE, T %b b7 E & BN THE
FTAHIANT—OWRKEBERLBEENDYVET. 7TT7ALT
O EF7 ZAFREEFETY 2053 8RBT, FE -
NWAFEREFFEHAL, AE- L7 PRFIKEFAL, KE -
HEZ Y 2AEBLeX) %2 LT, SN SCHEML L E L7
TYANTO - ¥F 2 ADFICE ) BT AV F—1310%H
JET, #AbEE I ANT—HERIIBKL T L2, 2oftid
SEOWFLEHOB ARG T T, ZREWTIE, S5ICTFHAY
T3

BO—FFEFryFa¥—n—2F [FVADBAHEOSR
BERLZ] TF. FRIEFEALORRE, HE2AXTHILE
T, RE-T VL7 P AMK, ABUIKZAEH120DF L
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X 5. #tk (K1) OrTXlIE S RIS BRk DR (M)
DR,

72 SHUC K ) EIEICEN D YT B EEHEERIZA8% D 5 6%\ & i
L, R ofmr»rEEFhnE L.

7. ANEICLIHBREOESREL

7. 1. REZOIE—F EEEGUFKE, ARE L2460
I oN e PORHIZZEAL, ANEICX 2B ER L BE
FT5EH1Ch0F L BRSO, OHKDE
B R L, @QaHICZLLTWwSE I ETTY, HBENLY
WETT. pCOATHTAD S B T TOMEMBL ML~
RO A E— 12000001 ppm/4ETS. KL - kLo [k
DEEPL Y FTHZILAY — FI2001 ppm/4ETY. LA
L, B own (1 ppm/4E) 1 FHHED100~10,0001 O itE
HHETY. -1y 8TIE, Jo LA dkm/AE Tl L
TWETA, B O LAY — FIZ06km/4ETY. LR
KDOH T LY FRHRATWDEESZ T T, [AFIH SN
LAY —FIZHOHEELTWIF2H? ] 2w) HEIICEL S
ZeeAyEg (IR 2011).

8. “EMLRFS /-5 T = ONHIRRIERE

N D pCORFIEEE 13495,000ppm T, Z NP ETIXERA
WHEhoTLEFWET. FHMEERLSIRE OMICIZEER
MCIRIEABEAH 5 L W) i EdH 5 o0, 20BN S
DI EIMLD _EF TR A O R BRI E OB &
HHDLEZOLNTVWET,

8. 1. ZEBMERFN -5 §iEEBML NTFKTAKOpH
370728V FE L7z, KEAKRHAD707ZEH@ENL TS
ADZWTEAS, L LB CTHARIZS.6, KBADTUTTY.
T bR FEIBECRAZOT, B ERL TS, b
FEAWKICET B L, BEFHRIBEE ML 34, pHE
WA+ >~ ([COs™D) A L3 (I, 2008). j
BANT L (CaCO;) OZEMIX, [Ca?'] & [COs~] DOfE
XY . MEKOCaAEENIFIF—E L DT, [COs~] DA
W &0 RESARIE (Q) b L, RESEEIALEL R F
T, RBEELTHBOLETSVAEDPH D I, BEZIVR
RRET, SR ARICIEmEERE, RECIETITLEI L)
HEL LD T, WKOpHIFEEEMGIFIC8.17, BIAETIX8.07,
AR RICIEpHT.7 (pCO2 = #9800 ppmDIGE) &7V H V)M
THDHbDOpHA T 5T DT [FEMRME(L] LiFiEh
TS, BRI 20T [HEEBEIL] 13X 51254
L2 LMETEET.
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8. 2. WBHEMMICEATIBERETER HKtAaw (Fil
o, R, ra, ZHH, BH, MAEREY) ANFkoH
HREBICED L D IS T 200 %R 5I121%, B2 R
Eoy— LSEERSAHTYT. AEIZSH 520D
F L7

BEORRDP S 2 DOBRECEREMALET. T
RPN A B2 o TV T35, FARICIE T3 Y TEEYA
K] OARTHEMIIIAERITVEEA. LrL, HELTRESEE
Wehzl, LAEIMTLYVREALETT. BEILOSEIEER
T [RKAS YT CREENRLONFEFLATL N,
[BABYH v o] ICIZBEFE LA ORENH Y F L7z, B,
S5 DL # Lo HI21E [BABYZEA | 1] twHZ
Lick ) FT.

KIS, pHRIKEERA A VI % 2 b S S AG % 5 EER O 4§
B RRBRICIED LT v T QO KEA LR AZFEM L F L
s BB R FEOWEAKISHK LT IKAb® AT 5
(Amphisorus kudakajimensis) & #3558 (Calcarina
gaudichaudii) & &L BOMEERT DO DL T EHHS )
LD F L, EROMEDHIIERE, HELRLRD, MY
FBAILRES L W EPEG S SO T, WEBEOEA B
DEWPEELTHL00b L TTA. EBEBELIH#EITS
% &, REBROFMORKEND HOTEMLEErFHINT
7.

8. 3. WMEZFHEHL,S [HEFEERMLL] OFRFR kit
121,000ppm % B8 2 72354121k, RBEIZETTCLESIXTT
T, BREOEEX AR DO pCOA431,000ppm L E & FEH I E
WolzDTEH, F=N—iBoHEDREL L, MK D
KEICHBLTWTWEL:, CALDMFIEIAE [H0 2%
WG] DT,

3Ry Z AETNVEHCT, WHFEREFROGHEEZITVEL
2. $BE, TVHNEEVWIINT A =7 —=20%I1TEKREL
%h, ThbbREZTVAVEROT, KET [JE{L] 25
TLTHRIL7:, TREOBAL O REEZ#-7] EnwH
Ll o703 (I, 201D (M4).

—J, GH 555000 SR OBER I /AGEHt (P/E) Bif T,
FIIOHAER A 7 oA FL— b2 L, ZHUd @ bi®ic
RIS, WEMBIE L2 &S L, HEBETIOIKE O
HILHDHER L T LT Lz, HBOEEDRE 25K T,
HAIZP/ESE S 3015 o E T B L FE KA P I &
nCTwE 3. KEOEILIZE BV RO T, FRELZ
WEBIEALSD 25 XN b L v ) e ey 9.

SRR IE RO WK RERIE S E 2 ), 2 DK
WBEAREEIE K E 20, TRIETIE IR TS SIRERE 2 5%
SEFT. CORBKIIBEFEEZ T THRFE»SILEL,
WRFEHEIELET. P/EZSEICTIUL, BRIBE TEREEA L
W EOMBEAIR L EFHENET.

8. 4. MAOKEANIDOAEE FEHOILFEIE, WL
fLIiZE o> TiE THAl] ELTHELET. COKRXZEZHRARS
NUBERIN YT ST ahEORTENEL T Lz, 08K
B, e I YIRER O O3 RCTTRISICES Lz0dE
BHMTHRLRBIE TH 722 b L bxIYIl
WR D5 FACHE 9 BALAS, FiAERBEI O pCO.0WA, &Itk
HFESHALE D725 Lz VI RaymoD i e FIE L 9. #ik
REMOESILDEKIZ, b~ T YILRUAOHIRIZ KD 11T
HoRhVwEEZTVET.

9. XAHSEBREILHFETZSH?
[ RERRIAFAET 220 P 1 &) VIS H o M5
LHEFILTWwE e RnE . FAEIZFE - HEZ Y 2D
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RobmTh [EERCA] BGICAEETHEY. [BE] 2k
[BHEEEZMATEL LAV L LTS, EHMICERBIEHIM
2B EINT R o2DiE, ZTOI00EMTY. BIE, WEk»SHH
DB WERBENRNZ L TCwES. 2%, 1004, 1000
SEMRBET 5 &, BRI L ORI RE L 2o
Tw&EEd (KM5). Ihz [CHEOPEHM] LT
#32L, FLA4roR (HEAETNLHPE, #ENDHHE
&, R ET BEBRBEOEE, MEEGY A TN AR, WIE
XHICETHHE) L) [XWE] o¥PFIHETEET
(Webb, 2004). K2, EREOHGTRTO [SXHE ] OBEEE
B LI ENTELIRTTY.

WHIN B2 72354, b L100J74EM, 1,0004E/H 78
W] A< % 51F, FHH50064, 1,600065HE 12 EFO
FZ 1o [CHE] AEETLI LI 3. LaL, Ik
DRV IEEVICH»TY. NEERRTFVICHIZ 5 &, T
WCKOEFELMBEZ Z v ) RETT.

BAE, WEPSTHAMIHLTA v =V OEEE %> TW
F925 2050412 ERIBL TR I E 2D $9. BlED
LA RIREIEI VLD T, 20 LIF50GEDHBHIC
X TSCHHE] 1, 2RAFHELEVwWEWw) 28R 9. ]
TR ZIFEELIORBETY. BAEOHMIERAOEHM AL, 5
PEAEBAL LTWD L10/GEDN T T #EkA SR+
BREZRNTELZHTY. LaL, [XWE] 0B xHE

121FFRES -

M TETWERA.

NEOSIEIE, FINTOZANLE R 2 M AkOBELTL
A, FE, X APIHBENNE [HoO L W] AM#Ea >
Ea——=AHTL 59T, HEkX ) e L L 7z B3R
T51E9TT. LaL, [XHE] OFEMmZETEE, F
BEERCHIIERE L ERBIh Ty, 2525 AMP
fEo7za v Ea—% —IZAFCHOP CTHE - HED LI 2B
BoOFIC X o Tt - R LTELLDTT 25, CHEMKIC
NWNTRBHLOPDLNFERA. DT osbl, FHIEDED
WCHR7ZEVS 2 ehs [EEOXH] O SITETEM AR
Kaohd Lhhwe I,

4 H1E, TGEOLOGYIZ#.O L AFHOFKK] L) EHET,
i TBIbRFICTODbLIBHEE LI L. 0L, ¥
ZHHHARAMEFEREZWREEI L)) TEFL
2. GBI ALLIBHVWAZLET.

SEZEXE (BHREOAL%EFIH)

JIEREES (2008) - b ERBEBE A% — AW I ER LR B2 & Bt o
HRURFH A,

JIIERE R (2011) MERFEEBEOME - H 7)) TR, S
AR T T MRS,

Stephen Webb (2004) JEWFHIZHIERA L 222472 5 2250
oM. FHAL
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ME & D STRAEL [ IPIRE & RITIHIRBIE DR
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il

BAE

RN (RIS

SO, HERDHBREREL AARHFRE 2SS LTH
&, BIRDZIERELPOEHLTB IS, HYIPLHITE
WE L7z, REFITB W TRIFHIFSEA: & 0 HE e KOs
B D IUR % A A TR, ki D % < O 4 2B
W70 T L7z, BB LT A, mESERA a e
2D, KRFOFET2EDTELOH A THREEE, Tk
INLDJj4 L= HICHZRICEED N R E - THB Y £5.
a4 lZB4m 2\ L EFEEAD, ZoRzBMHY LTEIM
AR LETET.

WA OMIEICHED 2 X ) 12> T s, S4ETIMERICR
DF9. HMTE L, WY, SRS, B RS
MERVET), Tho2EE LABUTHRDBRE O 6
FLTCELLES>TWET. SHIE0G O Z THNTWET.
AZFHLTHRVEVD) ZETTDT, Fi220f00 530D
%0 F905, LEOXD RFUTHEKEFE> TINF THZEICHE
boTELNERYEY, PLTLZOHHICHLER-> TH
FHUEENTY. 72, TROHOEDIKRE HIZOoVWT, 4L
WMASETHETT.

198T4E ISR ISR CUARE, 3R 5 20 & R R MR O HERE W)
ZRWAH LR T LA BONDEEBMNCEIKT 55, W
WCEZTW0, WEBROWE~OEHRT L. HE%2H
R 28610, HEBORBYIZEER2EZ YT (K1), R
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Evolution of the Continental Crust : Geochemical Solution and my Interaction

with Japanese Scientists and Japanese Rocks

Prof. Bor-ming Jahn (National Taiwan University)

Ladies and gentlemen, thank you again. I understand that
the Geological Society of Japan International Prize is given to
members or non-members (I am a non-member) of the society
who have made innovative contributions in geology as well as
distinguished achievement in developing the geology of Japan
through studies of the Japanese Islands and adjacent areas,
and cooperative research with Japanese geologists. Of course,
for my own case, part of this statement is true but not
entirely. I have not really done so distinguished research on
Japan, but I have done some. This International Prize, as I
understand from the Web site information, is not given every
year. It started with Gary Ernst of Stanford and then a few
years later with David Green and Alan White of Australian
National University, then followed by Yoshihide Ota of
Norway Polar Research Institute, Juhn G. Liou of Stanford,
and Casey Moore of UC Santa Cruz.

I was asked to give a title of my talk for this Prize
ceremony, but you could not find this title in this handout.
Finally, I made up a title to this talk : “Evolution of the
Continental Crust : Geochemical Solution and my Interaction
with Japanese Scientists and Japanese Rocks” . Why did I
make this “Geochemical Solution” ? Because every time
when geochemists analyze rocks, we first dissolve rock
powder, so that the first step is to obtain a solution, that is,
we obtain a “solution” (geological solution) first.

Fig. 1. NTU campus

Fig. 1 shows some views of my university, National
Taiwan University (NTU). On the left is the famous Palm
Avenue of the main campus; on the right is Department of
Geosciences; and in the center is the main gate. Some of you
have already visited this university. It has a very lovely
campus in the city of Taipei. I'd like to briefly introduce
myself. I was educated at NTU and then went to the United
States for post-graduate studies. In 1972, 1 obtained Ph.D.
diploma from the University of Minnesota. Subsequently, I
spent four years as a post-doc research associate at the
NASA Johnson Space Center and the Lunar Science Institute.
In 1976 1 accepted a job offer from Universite de Rennes 1
and began my 27-year career in France. In fact, I have often
been asked : ‘How did you get there?’ I always replied:
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‘By accident’. I ended up
spending all the prime
time of my career in
France. In 2003 I took
early retirement and
returned to Taiwan. At
first, I was appointed as a
Chair Professor at NTU.
A year and half later I
became Director of the
Institute of  Earth
Sciences in Academia Sinica. After two terms of service from
2004 to 2010 I returned to Department of Geosciences at
NTU and continued to work until this moment.

During my career, I have met and befriended with many
Japanese geoscientists. In the four years at NASA-JSC, 1
studied not only lunar samples but also participated in
research of meteorites with a Japanese colleague Hiroshi
Nagasawa ({%77). I was also engaged in study of Archean
rocks and granitoids from SE China (Mesozoic rocks). Prof.
Hiroshi Nagasawa was the first Japanese geochemist I had
encountered. In fact, I spent more time with him on the
tennis court than in the laboratory because he was a keen
tennis player and I was enthusiastic about the game.

Fig. 2 shows that the major part of my academic
careerwas spent in Rennes, France. There I helped establish
one of the best geochemistry laboratories in France. I
developed laboratory techniques for very precise rare earth
element concentration analysis by isotopic dilution and for
Nd, Sr and Pb isotope ratio determinations. In the first part of
my career in Rennes, I was engaged in a long-term project on
study of the genesis and evolution of the early continental
crust. Our team worked in many Archean terranes, such as,
the Baltic Shield, the North China Craton, the Pilbara Craton
in western Australia, the Kaapvaal Craton in southern Africa,
and western Greenland. I worked on the geochemistry of
komatiites and TTG rocks (tonalite-trondhjemite-granodiorite)
and used the geochemical and isotopic results to provide
tectonic implications. Many of you may know that the term of
“TTG” was coined by me in a 1981 paper in Geochimica
Cosmochimica Acta. By the way, the term TTG means the
tonalite-trondhjemite-granodiorite suite that is most
commonly encountered in Archean terranes. Later on I
turned my interest to study the geochemistry of ultrahigh-
pressure (UHP) eclogites from the Chinese Dabie-Sulu belt.
Shortly before I came back to Taiwan I launched a very
important international program (IGCP-420) “Crustal Growth
in the Central Asian Orogenic Belt”.
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Fig. 2. Partition of my academic career

During my academic career in France I had met many
Japanese friends. In 1994 I visited Kyoto University for three
months, working with Yoshi Tatsumi, Susumu Nohda and
Kyo Ishizaka. I brought there the techniques of U-Pb
chemical separation and Pb isotope analysis. We began to
study Pb isotope geochemistry of the Setouchi sanukite or
high-Mg andesite. During my stay in Kyoto, I happened to
find that a Kyoto team had conducted research on the
Chinese Loess Plateau. From a special publication, I learned
that Masayuki Torii had studied magnetic properties of the
Chinese loess deposits. I then went to talk to him and asked
him if he could share some of his loess samples for my
French student (S. Gallet) who wanted to study geochemistry
of sedimentary rocks, including aeolian deposits. Torii-san
agreed and we ended up publishing an important article
which has become one of the most cited papers (> 250
citations) on the geochemistry of loess and paleoclimatic
implications. Since then we have published 5 loess
geochemistry papers and received about 700 citations.

My interest in crustal evolution led me encounter many
specialists of “granitology”. Among them, Dr. Shunso
Ishihara is distinguished. He is regarded as the king of
granites in Japan. I met him in several international meetings,
like the Hutton Symposium. We have a common interest in
granite petrology and geochemistry, and we are collaborating
in a study of Japanese granitoids. I have a broad interest, and
I was also engaged in a study of komatiite geochemistry and
mantle evolution. In an international meeting I met Eiji
Ohtani (Tohoku University) because we had a common
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geoscientists

Hiroshi Nagasawa (since 1972) - NASA-JSC & Lunar Sci Inst (Houston)
Y. Tatsumi, S. Nohda, Kyo Ishizaka (1994, Kyoto) — Pb isotopes and sanukite or

Hi-Mg andesite geochemistry
Masayuki Torii (1994, Kyoto) — mmammwm

I My interaction with Japanese

Eiji Ohtani {199x, Paris) — Mantle processes and komatiite genesis

Shige Maruyama (1994) - UHPWW(Q-YWTW iE
Hirajima, K. Okamoto, ...)

Yoshi lizuka (2004 - present) - Electron Probe Lab Manager, IES

Eizo Nakamura (199x, Paris; 2011, Misasa); T. Tsujimori (2011, Misasa)

CeN o6 B M=

14, Masako Usuki (since 2006, IES-AS & NTU) - my closest assistant and
collaborator

Table 1. List of Japanese collaborators

interest in the likely mantle processes. In fact, my work on
komatiite REE geochemistry has constrained hypotheses on
the mantle composition and melting processes.

Since 1995 I have been engaged in geochemical and
petrological study of UHP metamorphic rocks. Through many
international meetings on the hot topic of UHP metamorphism,
I met Shohei Banno, Shige Maruyama, Takeo Hirajima, Yoshi
Okasawa and their students. Since returning from France to
Taiwan in 2003, I advanced further my collaboration with
Japanese geologists; some of them as editors of Journal of
Asian Earth Sciences (Yukio Isozaki and Dapeng Zhao), as
IES lab manager (Yoshi Iizuka),
(Soichi Osazawa, K. Okamoto), as post-doc research associates
(Kaz Okamoto, A. Utsunomiya, Tadashi Usuki, Kenshi Maki,
Mayuko Fukuyama), and as my research assistant (Masako
Usuki).

as project collaborators

I have strong interaction with Yukio Isozaki and Dapeng
Zhao because they serve as two great editors of the Journal
of Asian Earth Sciences (Elsevier), of which I am the Editor-
in-Chief. I must mention that since we took over this journal
in 2006 it has become the best Earth Science journal in Asia
and about Asia. So I like to take this opportunity to make
publicity for this journal. This is one of the best multi-
disciplinary journals in Earth Sciences, and it has an impact
factor of 2.831. The five-year impact factor is still better at 3.2.
In this slide you see that our Editorial Board is very strong,
with Michel Faure, Yukio Isozaki, J.G. Liou, Ian Metcalf, M.
Santosh, and Dapeng Zhao. We received 800 submissions last

Central Alps, GGagm - with 5. Banno,
1997 IEC-5, Ascona, Switzerland

12006 F H A B2 & mAIKE

Fig. 3. Field excursion during the 5th Fig. 4. Field excursion in the Central Fig. 5. A pause for picture during the 2006

Hutton Symposim (2003, Toyohashi)
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Alps during the 1997 IEC-5.

Annual Meeting of JGS in Kochi.
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Study of the tectonic and crustal evolution of Asia

using the approach of petrology, geochemistry, geochronology
and isotope tracer techniques

M'y research topics:
. Archean crustal evolution; komatiite & TTG genesis
2. Generation of granitoids & Phaneraozoic crustal evolution: in generally
recycled (SE China) and juvenile terranes (CAOB; growth of the
continent)
3. REE geochemistry of highly differentiated granites (with lanthanide
tetrad effect)
. Loess geochemistry and the average chemical composition of the UCC
(Sr-Nd-Hf-Os isotopic compositions and REE patterns)
Geochemistry of UHP metamorphic rocks and its tectonic implications
(= destruction of the CC)
. Tectonic and crustal evolution of the East Asian continent (“Nipponides”
and Taiwan)

o o &

Table 2. Description of my principal research topics

year and we rejected about 70% of the total submissions.
Since the journal is becoming more popular and authoritative,
the number of submissions also increases constantly. The
projection suggests that we will have 1000 submissions in
2014. T would like to encourage you to publish your papers in
JAES. I can guarantee you that this is a good and highly
respected journal.

In the following I will show you some field photos. (1) This
is Hiroshi Nagasawa, Professor of Chemistry at Gakushuin
University. He was specialized in rare earth geochemistry,
radiogenic and oxygen isotope geochemistry, and meteorite
formation; his hobby was tennis. He was once a coach of the
women's varsity tennis team at Gakushuin University. (2)
Fig. 3 is a group photo showing Shunso Ishihara with many
famous granitologists, (3) This is another group photo taken
during the field trip of the fifth Hutton Symposium on
granites (Toyohashi, 2003). (4) Fig. 4 shows a few pictures
taken during the International Eclogite Conference (IEC) in
2005. You see two young men here: Hirajima and Tsujimori.
We also went up to the top of a Central Alpine mountain,
Cima di Gagnone with Banno. Of course, we did not really
climbed up there by foot; we took this helicopter to get there.
(5) Then, four years later at the sixth IEC in Shikoku (2001),
we visited the Sanbagawa eclogite at Niimaha. I like to
mention that my Japanese post-doc Utsunomiya and
collaborators have made a contribution to the genetic
problem of the Sanbagawa eclogite. We have published an
article in Chemical Geology and concluded that the Hiratsu
eclogite of the Sanbagawa belt had an intra-oceanic island arc
origin. (6) Fig. 5 is a memorable picture taken during the 2006
Japan Geological Society meeting at Kochi, Shikoku. You may
recognize these famous people: Shige Maruyama, Dapeng
Zhao, Brian Windley, myself and Santosh. (7) In a field
excursion of the 2006 JGS Meeting, Yukio Isotaki showed us a
beautiful accretionary complex. Maruyama was taking field
notes and Kimura took a picture of the layered accretionary
complex. (8) This is my 2011 visit to the famous geochemistry
laboratory at Misasa of Okayama University. This slide shows
Eizo Nakamura with his lab colleagues. Tatsuki Tsujimori
accompanied me to a field trip. The above slides illustrate my
close interaction and collaboration with Japanese
geoscientists.
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Obtained solid evidence for massive generation of juvenile crustin
the Central Asian Orogenic Belt. This work indicates an important
crustal growth in the Phanerozoic era, and challenges the traditional
idea about the rate of continental growth of the earth.

“UHP metamorphism”and “cr hin i g

g “(e.g.,CAOB) =
hottest research domains in the past 20 and 10 years, rupccﬂua‘y

Fig. 6. The Central Asian Orogenic Belt.

Now coming back to talk briefly about my scientific
works. In my lifetime I continue to study the tectonic and
crustal evolution of Asia. I was trained as a geochemist, so I
always used the approach of geochemistry, geochronology
and isotope tracer technique to attack tectonic, crustal
evolution and geodynamic problems. My scientific interests
are pretty broad, so in my earlier career I studied Archean
crustal evolution, with emphasis on the geochemistry of
greenstones, komatiites and TTG gneisses. I also worked on
generation of granitoids and Phanerozoic crustal evolution in
SE China. This region is characterized by recycled crust. In
late 1990’s I initiated an international program (IGCP-420) to
study the massive generation of juvenile crust in the Central
Asian Orogenic Belt. This important program aims to better
understand the crustal growth in the Phanerozic. On the
other hand, my study on UHP metamorphic rocks, in
collaboration with several Chinese colleagues, most notably,
Xiaochun Liu (Beijing), has also produced very fruitful results.
Note that the study of UHP metamorphic rocks of the Dabie-
Sulu belt has a strong implication for the destruction of the
continental crust.

I will show you now some important results of the work
on the Central Asian Orogenic Belt. Since 2000, numerous
whole-rock Sr-Nd and zircon Hf isotopic studies have
provided solid evidence for massive generation of juvenile
crust in the Central Asian Orogenic Belt during the
Phanerozoic. This work challenges traditional ideas about the
rate of continental growth on Earth. Incidentally, I would like
to mention that the two topics of research, UHP
metamorphism and crustal growth in accretionary orogens,
have been rated as the hottest research domains in the past
20 and 10 years, respectively. The rating was done by the
Thomson-Reuters Association, which released a report on the
research front 2013, and ranked the top 100 specialties in
sciences and social sciences. The topic on “the formation of
tectonic plates in the Central Asian Orogenic Belt” was
ranked at the top in the geosciences category. So I was very
happy to see that since the launch of this program, the
international effort on studying the accretionary belts of
Central Asia has been fully recognized.

I now come to the final part of my prize acceptance
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Fig. 7. Sr-Nd isotopic compositions and model ages of granitic
rocks from SW and NE Japan

speech. This concerns the results of my interaction with the
Japanese rocks. My interest in the geology of Japan was a
natural consequence of my long-term study of the Central
Asian accretionary orogens. The Japanese Islands represent a
Phanerozoic subduction-accretion orogen along the western
Pacific convergent margin. The formation style of the
Japanese islands has been taken as a classic example of
accretionary orogen. This was echoed by Sengor and Natal’
in (1996), who said that the orogenic complex of the Japanese
Islands is very similar to the Central Asian Orogenic Belt and
the bulk crust contains very few older continental fragments.
So, by implication, we should expect to see a globally juvenile
crust in the Japanese Islands, particularly in SW Japan
wherein most work has been done and the Japan model
developed. However, based on the Sr-Nd isotopic data from
the literature and my new analyses, I found that SW Japan is
not a typical accretionary terrane. I want to emphasize that
SW Japan is an accretionary terrane, but not “typical”
because most granitic rocks formed in this terrane are not
very juvenile; they seem to be produced by melting of older
continental crust.

However, the scenario in NE Japan is quite different. Fig.
7 shows a strong contrast between SW Japan and NE Japan
regarding the Sr-Nd isotopic compositions of the granitoids
from the two regions. In the Exq (T) vs (“Sr/*Sr), plot, most
data points of SW Japan fall in the fourth quadrangle.
Whereas the data points of NE Japan, including Hokkaido, fall
in the second and first quadrangles. The data of granitic
rocks in the fourth quadrangle commonly suggest that the
granitic liquids were derived by remelting of older
continental crust, hence recycled. By contrast, the data in the
second and first quadrangles imply that most granitic rocks
are juvenile, derived by partial melting of juvenile sources
with a large proportion of mantle component. In terms of the
depleted-mantle-based Sm/Nd model ages, most granitoids
from SW Japan are between 1000 to 2000 Ma, but those of
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NE Japan are much younger, between 500 to 1000 Ma. The
contrast in model ages between SW and NE Japan is true
with the single-stage or two-stage model. Our on-going work
on the granitoids from the Kitakami Mountains of NE Japan
confirms the general observation, and the Kitakami granitoids
represent a juvenile addition of the continental crust. They
are very different from the granites of SW Japan.

My comparative study of the accretionary orogens in
Central Asia and Japan allowed me to make the following
conclusions: (1) The isotopic data argues that accretionary
orogens could be distinguished by the nature of the accreted
lithological assemblages. Orogens with dominantly island arc
assemblages would witness the generation of granitoid with
juvenile characteristics, and this is best exemplified by the
granitoids of the Arabian-Nubian Shield and many terrains of
the Central Asian Orogenic Belt, such as the Junggar Terrane
in Xinjiang Province and the Lake Zonein western Mongolia.
(2) By contrast, orogens with accretionary complexes but
floored with Precambrian basement would see the formation
of granitic rocks with more distinct crustal signature, and this
is represented by SW Japan. However, I understand that
many of you in the audience would not agree with me
because this crustal structure (with Proterozoic basement) is
not favored by the Japanese community. Nevertheless, I am
here to discuss with you on this issue. (3) In SW Japan, the
Sr-Nd signature of the granitoids indicates that the
proportion of “recycled Precambrian crust” is dominant
over the “ocean plate stratigraphy” in the accretionary
complexes. The proportion of mantle-derived juvenile crust in
the edifice of SW Japan is much smaller than that in the
Central Asian Orogenic Belt and in the Arabian-Nubian
Shield. (4) However, the isotopic signature supports the
tectonic models of Marayama and Isotaki (1997) in which
Japan was initially developed along the coast of SE China,
along the Yangtze craton margin, and they shared a similar
source region, that is the Cathaysia, with Taiwan during the
late Paleozoic to late Mesozoic. However, this Japan applies
only to SW Japan. (5) SW Japan is not a typical accretionary
orogen because it lacks a large proportion of juvenile crust.
(6) The crustal development of NE Japan (juvenile) must be
distinguished from that of SW Japan (recycled). From the
geochemical and isotopic consideration, the “Tanakura
Tectonic Line”, not the “Itoigawa-Shizuoka Fault”, is the
tectonic boundary between NE and SW Japan.

I would like to stop here and thank you again, arigato
gozaimasu, for awarding me this very prestigious prize that I
humbly accepted. I also want to share this honor with many
people: my former mentors at NTU, Brown, and Minnesota
(USA), my former colleagues at NASA-Johnson Space Center
and Lunar Science Institute (USA), in Geosciences-Rennes
(France), and at Institute of Earth Sciences, Academia Sinica,
and NTU-Geosciences (Taiwan). The honor also goes to my
students, postdocs, and collaborators from France, China,
Taiwan, Russia, Israel, and Japan; and my wife Sylvia. Thank
you very much.
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3 (1) : Prof Daekyo Cheong (&)
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from Nakdong River Estuary sediments, Korea.

%3¢% . Cheong, Daekyo * Paik, Seik * Shin, Seungwon -
PARK, Yonghee
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% 4 NV © Surface ruptures and earthquake hazards.
563% © Kim, Young-Seog * Choi, Jin-Hyuck
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383¢%  Lord, Alan + Bilham, Nic
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