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In this review, we examined the signal-recording ability of hermatipic corals, together with
speleothem, by analyzing their fluctuations of oxygen and carbon isotope ratios (60 and 6"C)
and controlling factors. Corals provide high-resolution climate and environmental records for
the tropical shallow waters. The coral 6O reflects to changes in the sea surface temperature
and 60 of the ambient seawater (which is related to salinity). The observed offset of the coral
0"°0O-temperature relationship from isotope equilibrium, which is known as the “vital effect”, is
apparently caused by growth-rate related kinetic isotope effects. Skeletal 6'°0 and 6"°C showed
out-of-phase annual fluctuations in shallow waters, faster-growing corals from Sekisei Reef of
the Ryukyu Islands. In contrast, in deep waters, slower growing corals, 6'°0 and 6"°C fluctua-
tions were in phase, which was identified as a pattern influenced by kinetic isotope effects. A
temperature-controlled tank experiment revealed that the observed large variation (~1%.) in
0"°0 values was attributable to growth-rate-related kinetic isotope effects. Because such large
influences from kinetic isotope effects were observed in coral skeletal records, careful examina-
tion is needed for attributing these offsets to possible environmental causes. Similar story can
be seen in isotopic records of speleothem, which is a unique archive of past climate on land. Cal-
cite precipitated in disequilibrated condition may not record proper environmental signals due
to strong influences of kinetic isotope effects. So-called “Hendy test” can serve as a useful tool for
excluding speleothem records unsuitable for paleoclimate reconstruction.

Key words: coral, speleothem, carbonate, oxygen isotope, carbon isotope, isotope equilibrium,
kinetic isotope effects, metabolic isotope effects, calcification, biomineralization
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RIL T, 2005%E9H & 10H bR oo H i AR
HI8B0E LI TR OBV E 2 D, 27 HHfE THL
MAFEHF LS LPRBPTICEVHESN TS, &
BOSHFEESTIIIRAOMETH Y, ZoHfET—
7 & LT, NBWNREENLDNDUNOHRIKETO
REBEDREDL ) THoEWHLPICT LI LITEE
THbo

e, FRIARRE B O SAEIF S8 120, AR A S B R
TIE B RREATE VG EY © TOFEK IV S5,
o TE, RNICHHEREEZRDREHEEORE ik
ey Tofic, WAEREZFLLVREY Y TO S
W—=THH 5N, KL TREMES > T2 TLE
Fd 5. F72, BARMZEOYTH HBEMTIE,
SMETEE ek L 2 R Z LS, #Fla
WEEHHIE D S SEH I CORBEEB ZHLT 5
ENTEZHAB L LTREFEHEZED TS, v T
BHROELAD KRBV 205, ZOHE -
R FNARIE DL A 5 2 O KR AR, KL 7%
EDORMBER T DEITLIAA SN T 5,

[ TEHERAEY] oG, SRORERMAL
A3, TR O KR & K OBEFE R AR (M)
WHAFT B L WO WHICER L, 3 THHEOEER
AR EAE EE O dKIREr B B Wi EE L TR
MaEhzd @&ARIED, 1999). & AN, BHROBE
FRARIIEY v TOREREDOEEL KE {ZITTw
HZED, EEWHLMIR - TE7 (Felis et al,
2003; Suzuki et al., 2005; §iK, 2003). 7Ek, KB
Wi O E MR O, KiiPs 7 E5BEN
TICHLHEESNRTWDLEEZ ONTELD, AEWF
17 B R OB E R R BN OB BHTE %
Vo UL, VY TERRBEFOREICE D 2 EE L
METHD, KX TIE, ¥ ITEH2RLE, #FL
AEEDHRBEETOFEERANL, KEBEOR
F o REFAMAEIED L) EBICHES N TWD
DD, L OWGEE RS %o

2. FERIGLEFRE & RICREE SRIIE AL

1Z39ES

RFEITIE, 2C OMIZEC & v ZE R AR ETE
T 5o BBFEIZH®0 M0, *0 DEEBO DL E
FIRLARDAEAE L, FEAERED DR W0 2 Bn/22200
FRARIEATEH SN 5. BRFEMAOIIRILEIZOW
TIA (1978) IZFHELWEH A D 5 (http//www.
gsj.jp/Pub/News/n_index/cn78/7805.html) . & Z T,

Rl

L

i AR ILEC/PC L R AR P00 1k, & h
ZRRANNC X D EEYE L OT 520 L LTERS
Ns (AL permil, %)

0%C = ((*C/*C) sampi/ (*C/*C) a— 1) X 1000 (1)
60 = ((*0/*0) samp/ (*O/°0) ya — 1) X 1000 (2)
B, MHRIEEYE CTH S PDB (Peedee JEFENL A
FA4 Mbf) PHELTLE>72720, BRI, Ak
=B TH 5 NBS-19 (60=—2.20%, 6°C=1.95
%) FHWTHERELI NS (VPDB A7 — ), [il L
TR O MR AL, BFROMENE U THEARNY S
LSO EE U Th 575, BROEICL > ThTHhIC
KT OREIES 72D, ALFEEEOTANVF—05bT
PR 57205572012, E$ 5 A TR A
HRICEDPE L Do 2O X5 ITWH - (bR EFE
BT, ANAOEEOENPRITTRIEZ [FHAAZ)
B LI, RAARRIRIC X - TH U 2 RAR 0%

W% [FEAAE] &R,

[ AL ARBD N ARSI A S 7 L T B 35
WAL S b 0L ARSI LTI Tt 2 5 K
IS D2FEHEN D B (Hoefs, 1997)o HIE AT A5 [Ffir
IR TH Y, BEE [ BOSH BRI F AR5
HBIE TEFWEAARE ] (kinetic isotope ef-
fects) LMFEN S GEIF - BRA, 1996). WH D¢
% Table 1IZEH L 72,

LHOTREEFFO200MP AL TV BB HEE
ZTCHD AMAEPHBI2ODOMZITERTE B
HTH, MAHOHEMARDFAELIZD 5 —EDHTHY
9o THDS [RNAARLHTEE ] TH L. BRI, &
W 77 A & RS ERLAR B2 2 56, 00 13 kiR
HADTWEMET Do EEE (ffA) O¥pdrid,
9 B ARITHRT, HilTRIZ0%, ®0 %igiid 5.
PR ARSI DK & 21&, ALEW T oG ORI
M OBERMICEIRT A 2 e RETH o 72721, F

Table 1 Characteristics of two types of isotope frac-
tionation: equilibrium and kinetic frac-
tionations.

Kinetic
isotope effects

Equilibrium
isotope effects

Reversible, equilibrium Reaction

reactions

Non-reversible, non-
equilibrium reactions

Relatively small Fractionation Relatively large

High-temperature reaction Examples Evaporation, Diffusion,
Two-phase reaction Biological reaction
Isotope thermometry Applications Trophic level analysis
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A AR RO A, FAARG AT RN S v,
IhiE, HEHOEVIGERT 234 0 REE
RB T AN F—) OEMPFEMARBTHOTHL L2
Zrizk s,

—75, BOS#EEGRMEMARRI R, RS
AL L TR WIRI TR S 15 R RS %245 L <
Wb, BSOS 24 % E 2 7256121,
DERGREDRRE L, — ORI SOS A IR AE
oo F72, BHEHISHEA L CORBEO G720
Hrhd 2 X9 Z2ARUCF T, SO HBEE R0 R AR RD S Hs
X DHARICHDLNTL %, BB LA, KOZEFER
BbTERNC & b % 9 ek L AKFZE O RINARD 53 BIFER T
HB. BwkasT (H0) 1, EWKST (HP0)
XD AAELREDNEB VDT, KEXIZHSO IZE A,
— 7, FRIEENRE A T T T K O MR 3R R ALK A0
WED L) S 201, BUGSHEEE R FEM AR R OB
Thbo EWOMBE % 5 F-A5EE 3 % & & LAk
TOFRIE TS, OIS HERNFRA AR
BRR TV EDBHSNT WD, SUS 1 R ALK
g, O L > TEE 22T 57012, F
AR R O 6 L 138D, HEmICEET 52
ENTANAREETH D (BEI - WA, 1996),

3. EEY > ITORKMEETIVE SR
ERRIREALAZIR

3.1 HFREGIALLEEET & vital effect

HiF Tl 7z & 912, BRI DO TR AR S P
AL LTV D6, RBE Oiffa) &, F35
HIZHART, B0 28T 5. 2 OFERMARS B O
AR, W TIEH30%, 100°C Tid#I16%
L 7% % (ONeiletal., 1969), K TIE, “HHE%
& D BRI & HEAK o [ R R AR D A BOG 28
ETBY, WKOBERMAELE—ETHIUL, K
i OB EFMARL 2 SR B 0K EHEET 5 2
ENTED (MBHEFEMARRERD .. M E2fD TR
L7-®1d Urey (1947) Td» Y, FHERAMAERREOIS
MBlE L Chid THETH 5,

W F R ARIREE 5T 2 PR O L B 4 B 3 B BRI
&, REEA VY AORIESEEIC R 5. AILER
THE®D% I3FRA (calcite) 5%, I IE
WY vy aH 4 0ikidd S5 (aragonite) 205 7%
%o RO BENIFMATHIC B E G2 %, B
W ZREHEIC L B &, B SN ORESE O RO
filiiE, HMA LD $25°C I B TO.79%1 1§ %

R FRFALAR AT A 2 B B R R0 21 19

(PO IZEYL) & TFHEN (ONeil et al., 1969),
Tarutani et al. (1969) &, & &I DMBRE K FEER
25, 25°C 2BV THRI0.6% 72T HlfA & 0 Bk F A
RHAREL BT EERRLZD, THiL ONeil et
al.(1969) DFMFHAE & 1ZIF—3 T %, 12, Grossman
and Ku (1986) ¥ ifyRifpEs bR L - A LR =
MABROWZEIZL D, O L FRAOBERNMAK
HIZH0.6% DV 2 Wt L, & 5 DA
AT REBEFAMAFREFT OB 2R L (Fig.
Do

ST, EBEOY Y IHHKIZH, TohLNAIION
TOMBRAPEHTEX 725907 dL, TOBRK
KA T &L, ¥ v TIXFBEOHK & R AR
EHETEREER LTS Z LIk b, Fig 11240
DY IO X R LIz, I 70HEE L TRE
N5 v TR OBERMARLOMRMBEKEEE, FiR
ARHONALFAMETH - T, F v ITEFHES Bl
KEGHE B NG h 5. LaL, EIKECDIZY
v I EHOBHRRMARLS, B oNAITDWTOF
LD b, 25°CIZB WV T34~8.7%F L/ NSV i%
AL, POIRZLVWIETHD, O L) P
LOTNOHFEICDOVTIE, T TIZUrey et al

(1951) 12k 5T, vital effect (ZEPIIRHAE - AR
) LW ERBT, W OPDEWREIZOVTERE
NTws, LL, Zodvital effect ODFHIZDONWT
WFEWEFEDSE T 2hoizs UL, REBIEZRED
DA AR D W TAEBEN 2 5O MR % 1§
e shhrolzizbEZ N5,

McConnaughey (1989a) %, ¥ > ITFHKIZA LN
B S DT %, UG 3 EE F 1Y [RALAARR R Ok
SEEALCHHATEIETVERE L, 2V
T I (Pavona clavus) FEARORMIZH > THEE
EoML72E 25, L HFZZTTEREES#H:
PR AR D IR AT, B B AN R R 7 0
Wi, B - kKL DICEWRMAKDIERN T 5 @
AR Sz (Fig. 2A) o -1 OB 8 B 5 H B 732
mm yr ‘&2 FH5 &, BERCELIZD S IHOP
fEIZ2 > T 7 P LTITL . T, BROIEH
HMEEDVN S W & 3K & ARSI ASEE L LT
WBHR, MEREEPRELS 2D E, FAAKRLI/NSL
%5 (EWFEMESZLL%5S) HANZY 7 8350
THbo REIZOWTORL L) BRI EMRE TS

(Fig. 2B)o ¥ ¥ TEHOEEREOWINE, BEF -
RFOW S OFEMARIL Z FFRFICEIL S8 5 & v ) B
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Fig.1 Oxygen isotope thermometer. The 60 dif-
ferences between calcium carbonate (6*Oc)
and water (6"*Ow), where both values are
relative to VPDB, are plotted as a function
of temperature for three carbonate groups
including aragonite (curve G), calcite (curve
A-F) and coral aragonite (curve 1-4). Curves
A-G and 1-4 show reported temperature de-
pendencies for equilibrium calcite experi-
mentally obtained, foraminifera and Porites
corals in the field. Curves A-F (calcite) are
from McCrea (1950), Epstein and Mayeda.
(1953), Craig (1965), O’Neil et al. (1969), and
Horibe and Oba (1972), and Erez and Luz
(1983), respectively. Curve G (aragonite) is
from Grossman and Ku (1986). Curves 1-4
are for coral aragonite from McConnaughey
(1989a), Wellington et al. (1996), Leder et al.
(1996) and Abe et al. (1998). The 60 value
of synthetic aragonite at 25°C reported by
Tarutani et al. (1969) is plotted in the dia-
gram. The difference in ¢*0 between arago-
nite and calcite is 0.79%. according to O’Neil
et al. (1969).

ERL, BREESEVIZE, ERTLRBI VY
7 A DEMARIIG DS XD /hE v (PFOB LY
BCIZZLW) 13912 ¥ 7 b9 %, McConnaughey

(1989a) &, ¥ ¥ TFHKIZA DN vital effect D
JER %, G REBRISHE D BOS H#BE R 1) AL AR R R & %
A7

Rl

R

B, TOIEYYIAuHyTOGHREREICE, b
) OBRELERNDH S (Fig. 2A) o FHOFHEE
HEEDS mm yr LU T O a3, MERMALOKE
KRGS R E WA, 5mmyr 'z 5 & EEERN
PARIIZIFIE I o TREFEREES L 2 5
ZEbhb, TOLEOVHEMENISDTIIL, BRFE
FINAREEIC DV THIB.E%, REFRNMAALIZOWT -3
~—4%TH 5 (Fig.2)o ¥ ¥ TIZOWTHE#MIC
o 72 M 247 - 7256, 5 mm yr 'LUT O R #
ORARTIE, WEEEOWMY 5 Z LD TR FAL AR
RELEEETHLEEDNE, —HT, 5mmyr "B L
DEFHEE DY ¥ T2V THBEFRNMAKLISE B AR
LNBHE, FNIKERESTOZICL A2 DEHE
AoN, BMEMMALEZREREL LTHwDZ P
TELTHA). HIHEEHED Tl vital effect
BBl EWHWEEZFALT, [V ¥ TEHKR
] T, A REEHEEIRE VAL W
T, TORRBEEMIZE > 72024795 2 & 2R
HFHEICE o T D,

3.2 BHEY > IORKIEICE D KBEHETE

COETIE, RISHEEGRWEMAER)RD, BRI
Y THEEN O SO SIS HE T B2 FEL  MiE
T 5o BN TTI, KXo THIKIEAMEES 1
LI ENEL 2SMONTEY, 2 OHRILlight-
enhanced calcification OGRAEAIKAL) L IFIENR TV
% (Barnes and Chalker, 1990), Z®OFRK & LT,
Y THRNOIEEONER I ET L E, o TD
AR & B A& O BIAAAET 2 A IRALERE O AL ik 3%
IREEAMET LT P28 L < pH 2 EA- L, i
Wh vy A ORFIEEDEN L CTERIERAMREE S L
5LV AN ALDPHEEINTET: (Barnes and
Chalker, 1990), L#%*L, McConnaughey and Falk

(1991) % McConnaughey (1994) 7 & ®—#H DO
FBIZE 5T, T OVWTIZEL DA =ZALT
FIKALDSEE TV DB T EFHL MR- TE

McConnaughey (1994) (&, BB EHIZ X -
TR S5 AHIK LEFE % Cis-calcification & IT-TF,
FIRALT BAkEE 2 SICEBICR LN 2 L2 L
TWwho Lanl, MAEREY > TI2onT, BERO—
fi, #IT7AATP 7 — ¥ (Ca?"-ATPase) 72%#lJ
MWOANT T LA K ¥ AIRALEREC BB By % L T
JKAL % it & & % & § % Trans-calcification X 7 =
AL #ME L7zo Cis-& Trans-ix, ZNFE UM,
PO & v 9 IR OIEHREF T, ARALE Y ORI
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Fig. 2 Correlations between skeletal 60 (A) and
0"”C (B) and skeletal extension (growth)
rate for Pavona clavus heads sampled along
the colony surface. Samples represent skele-
tal materials deposited during the interval
1979-1982, for corals collected at Academy
Bay, Santa Crus Island, and Punta Pitt, San
Cristobal Island, Galapagos Islands. Arago-
nite precipitation in isotopic equilibrium
with Galapagos seawater is estimated to
have a 60 between 0 to+0.4%, 0"°C be-
tween +0.8 to +3.3%, for mean annual
condition (gray bars labeled “Equil.”). (C) X-
ray image of a portion of a Pavona clavus
head from Punta Pitt. The upper surface of
the coral head received more sunshine than
the lateral surfaces, and grew faster, and
was relatively depleted in *0O. Reprinted
from McConnaughey (1989a) with permis-
sion from Elsevier.

HRONAREZ RS0 flibhs, 22 TiE, tE
BT & B AL R ORI & KA AW PR 2R T O [H)
— T O BB ERAL THE 2 % 35 & % Cis-calcification,
B DAL TR Z 534 % Trans-calcification & I A
TWh, AV A4 v &L CHIRBAIZELD A
FNDLRFEAF 1, MRNO ZFRILRFRE L2 L
SR TEE % X % & McConnaughey (1994)
3% 2 Twb, ik, Cohen and McConnaughey

(2003) XZDEZEFRESET, CaH 1 4 ¥
P ER A RBEE OB LA H B L5 [HY
RG] 23R LT 5 (McConnaughey and Whelan,
1997),

R FE AL NS P 2 OIS 8 B i PR 0 S 21

Cohen and McConnaughey (2003) (X 54T
DAKALBFEIZ DOV TOAM % Fig. 3IS/R" T, Zh
&, K, Y ITOEFIMESE (calicoblastic  ecto-
derm), AIKALERE, L CTHKOMOWEBE B
L7 DTH B, MBI T IRD Mt &

(COy) DWW TRV EEM: 2 Fohs, Hv
VA4 F Y (Cat) RRRED A 4 >~ (HCOs,
CO;) BRI EMR ST, MlakEICH % Ca®
-ATPase 25HIa 2 S AV T 7 A4 F ¥ % [IRALBE
Wk LTB Y, FRHIKFEA 4 A A
NTws, ZOBZROMEIZL Y HIKILEHED pH &
AN T LA F VIREDSERHZHI L CRBIE oM AL
MESERL, AKEME#EI NS,

FrTEKE LTIT 2RIV 27 A%, AR
MI21E Ca** -ATPase IZ X Dt Sz v a4
F &, ML E®LCE L BLRFED, SRS
Nb, TOZFALERZEDS, XX TRENLKA (hy-
dration) & Z#l#e < fREE, B 5\ iZKMEIL (hy-
droxylation) BUGIZ & o TirBEKFEA 4+ >~ (HCO;)
PHERL, SHIHEELCERT2REA 4+ ¥
(CO#) A%, BT IRIEA V> 7 5 & LTI %o

KM 1 CO,+H.0 2 H.CO; @ HCO; +H" (3)

JKEEAL © CO.+OH 2 HCOs (4)
fi e - HCOs 2 H*+COs~ (5)
FIRAL : Ca®" + CO2” 2 CaCO:; (6)

CNBEDORIEDH B, “FALRF DK & KRILD
BOBE, — RIS HEDSE S, BHEMERICE O
BOSHEEE F I R AR R D BN BB 2% # 2 - T
BY, REDRETHELHRRS,

Ca®"-ATPase |2 & % Ca*'/H' 1 * » Z#lEH L,
mmol/l + — ¥ —CTHLETLANT T LA+ LD
b, 10°mol/l LNV LDLRWAKEAF VOBEEITK
EEEN, KEEOMGNEOSHEZ L2670
T, TOAKALMRAE X 7 = X203, [BALRERE
FAIRALE T (CO, based calcification) | &IFIEN 5

(Cohen and McConnaughey, 2003), $7z, Z® X
I e AIRALARRE I, EHEEY IR TR L, Bl
TRAILBICBHEET L EEZ LN TS, B, —
Oy B A F v LRI, SROMEK D S E
HOBRMZRTEE, H5vIidHE (vacuoles) &
ERELT, ARILEBMICO 208N b H 5,
72, Ca*-ATPase IZ & 5 FAIKfLEHE~D AV ¥
LA F gk, O Sr/Ca X Mg/Ca 2 b5
BLTBY, ThbizowTiddE (2006) I2FEL
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Sopwaler

| Hydmtion : COy + H,0 = HOO, + H*
* 7 Hydmxylation - O, + OH = HCO,

Fig. 3 Physiological model for coral calcification

(Cohen and McConnaughey, 2003). Ca*'-
ATPase adds Ca’® and removes protons
from calcifying fluid, raising its pH. CO. dif-
fuses in and reacts with H.O and OH™ to
produce CO; . Much of this ion transport
may actually take place across the mem-
branes of vacuoles (vac) that transfer seawa-
ter through the cells of the basal epithelium.
Seawater may also reach the -calcifying
space by diffusion through the porous skele-
ton and pericellular channels (PC) between
the epithelial cells. Reprinted from Cohen
and McConnaughey (2003) with permission
from the Mineralogical Society of America.

WEFA D B,

33 HOOdBRORECRERVALCAEDRET

U EICERICOVWT

AURACIZAE D 6 S — 0 R O 1R R D IR AR ZE 6 1Al
EEZ 1A, AKALEED BT UL, R
PO REEA K+ ¥ (CO3) HHIFIM LT, AP
AkFEA 4+~ (HCOs) &K (H.O0) & D=FHM T,
FITOW TR AL L, S ORBA A+~
FHURHRICRSLZENTELDT, REKROEER
PAK S -5 2% 3 B & L 5 (Fig. 4A; Cohen and
McConnaughey, 2003). McConnaughey (1989b)
&, GG 2 IO AL ARALE TV D
&, FCEZERMAIIZOWT, AKIE (BHEEE)
HEARAFVEABIN D A 5 = X LIZDWTRD & 9 AR
AR L7 (Fig. 4B). HEEZUNE, AIRALFHE

Rl

- Oxygen Isotope %V PDH) ~,
A} Equilibrated condition |
Cirystal-waler equilibration
CaC'™), + H, "0 & CaC"0™0+ H,"0

H.Oy & Call0

M7 & B0, = R0, + 3T %

-,
LATB) Kinethe model  (McConnanghey, 19890}
= - Kincic-effeci-dominaned reaction

_[CO, = HCO, : slow reaction {~hours)
[ THCO, = C0O," = CaCO, : fast reaction

= Pack ol |.'|:||||I|I1n|:l1||n Ay ll_,ﬂ-1}|1"-{':|.{"l:'ll_:

Dissociation of witer : H_.q“? H +5‘3:,-!-I
SOl

| II:.'lIqulrl '

1. | Hydroxylation : CO), + "mﬂ_‘f

f/rf " Carbonate scenario (e.e. Adkins et al., 2003

Dissociation of CO, ¢ HCO, €02

carbonpie species @ =10 +3 Ve -1L1%
A0 - decreases with pH increase

Equilibration among HODC-CaCCry ot high pll site

| HCOOD, <00 CaC0 |
Levw g "M wm egquilli Srated 'I--ILI-I;.,'

Fig. 4 Proposed mechanism of oxygen isotope frac-
tionation during biogenic carbonate forma-
tion. Fundamental equilibration reaction for
oxygen isotopic exchange between water
and skeleton (CaCQ;) and its isotopic frac-
tionation are shown in panel (A). Kinetic
fractionation model (B) is originally pro-
posed McConnaughey (1989b) and compat-
ible with a Ca*"-ATPase, CO: based calcifi-
cation mechanism (Fig. 3). Oxygen isotope
fractionations are from Cohen and McCon-
naughey (2003) and see the main text for de-
tails. In this model, it is supposed that iso-
topic equilibrium is not achieved among
water, DIC in calcifying fluid and CaCOs.
On the other hand, carbonate scenario (C)
assumes isotopic equilibration for oxygen
among them (Spero et al., 1997; Zeebe, 1999;
Adkins et al., 2003).

hEBBHRORMTEL 2, KT T, ¥ IEHK
TIEZDOAKACEEDS KR E W72, RBA 4 275, K
& WS D [ RLARSSHR P 2 5 TS A SRS - o S
BBELTLED LE X7z, TORMAA I, FEL
TR 2 58 U CHIRAL BRI A L 720 T IR ARAL
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RFWCHRKL, REBKEA TV ERTERT S, 20
RERKFEA F 1%, K EMRFERAARSIPHIET S
T TR0, $Z, & pH & T Tl iy
BT D, REERFEA T 0 OIREEA + ¥ ~OfFEER
I AE DS, ER L7 REEA o 3722 B I E R I
DAENZ7280, BOLHEEEGRN A ARR) R =R L,
2 TGO THE SR O &R [RAAR S
BIERSNDE I DB, TDEE, ) —DKY)
% Z &%, CO,~HCOs DI #HRISIZ & - THIKAL
B o 4 i (DIC=[CO.] + [HCOs] + [CO:7])
DPONZLL %5 ETHSH (50 A; McCon-
naughey, 2003), Z&-€7% 51, WHEOMWKOEEHLN
LK1 VPDB 2 7 — )V T —-29.9%Tad 1) (Craig,
1957), WK & FHIRBICH 2 KB 1 + ~
(OH") OMEFEFAARILIL -68.7% CTH->T (VPDB
A % —)V; Thornton, 1962; Green and Taube, 1963),
KB L ORI X » TR E NS HCO: X, 0
WCZ LK, BERMAKIINELS 2D ETH S
(Fig. 4B)

McConnaughey (1989b) %, JKHI& KERALKISIZ
HEH LT, 2 SR % o 7o BOG S BE w9 IR A2 AR
WROHHEREZITV, ER I NDIRIBIEORE - B
FFEARL OB EGE OB & (AF°0/A 57C fH)
ZEHAIL72. Thid, SBEBBISITARE L 2 vwiiakib
ERL72ERTH - T, FONIAEIE, LAERELR
LWy TO—HMTHEA RYF (Tubastrea sp.)
DEHIZAONDLBDLEENI L EREL TV,
ASPO/A S C X, AEYOFE LR LIZL > THEAD
fEZ RS RELEDSH Y, FAIKILA = X L & ifkiwd 5
LECTHERERNNTA—FLEZLNTWVE (44ffiz
HD o

34 REAFIEHICLIBERLAFLEZTILOFH

|

MoK i C IR BE P 12 3 2 5 T IR AL 3R & RO
FA A, KA A ¥ ORINRFERARSSH T D%
MLTWBE, REA T /35 TR B bk F %0 ik
KFEAF VITHRTEOICZ L (Fig. 4C). %72,
MoK D4R ERIE, pH 23BN % 129¢ - TR A 4+
YOFAELD L B B2 0ls, REEOBEFEF AL
BT T 5, ThaRWICERHLAZDIE, McCrea

(1950) TH Y, ZDHfFEICHS VT, Usdowski and
Hoefs (1993) 1%, &EEEOEER FMARILAE R D pH
AT A2 2 L5 (Fig. 5)o

Spero et al. (1997) &, FEEAILE Orbuling &

— |sotope fractionation -

McCrea U-2

28 G Y

; HCO,; +0.4 +3.3
DFF! | COy* -5.8 -12.1 |
ve. Y T

b =% DIC
o e g i Usdowsk

{ o w AEEDS

| Orbulina A

| Light » Dark T Y
6 (Spero et &, 1997)

VPDB

6180

il .--:_'rff

0 20 <0 60 B0 100
% CO,* in solution

Fig.5 Isotopic composition of foraminifers from pH

experiments by Spero et al. (1997). Fo-
raminiferal ¢"°C compared to DIC in equilib-
rium with water. DIC equilibrium as mod-
eled by McCrea (1950) and Usdowski and
Hoefs (1993) as modified by Zeebe (1999).
Reprinted from Cohen and McConnaughey
(2003) with permission from the Mineralogi-
cal Society of America.

D R EE OFERFNARIL A, KO pH LA & kg
A VIREHIMIE- T, KT TAZEE2RAWINLA

(RBEA *+ %I F; carbonate ion effect)s Z DFEH
&, Pk, KRRPHESIHESNTWE EEZLNT
& 2R OB R FAMALOBRICHEZB2 50
THaH (I, 2002).

Cohen and McConnaughey (2003) 1%, Z®jxfg
A YRRIZONWT [KIBRA A K (carbonate
scenario) ] & IFTN, M5 H & [RGB F Y [6 A7
HRRETIV] LOBEEMEBHETL T2, WIZH
W35 L, RKEAA VRFETIIKRE &R L RBIEO
X ORI H 2 RE L TB Y, UG HEER
WAL € 7V Tl ZE O ASER ST
EEZEZTVDLHPRELENTD 5,

xR & A LB BRI O [ AR M P % AR e 5
R, REEA A VIR S AILESR OB F L
RILDIRT %2, 4R O FALAR IR A 23 A & fi
W2 ehTE, [REBA & RH] & TR HE
W EMAEEET V] CFE IRV, 72721,
Cohen and McConnaughey (2003) &, Spero et al.

(1997) 2%t L 72 Orbulina i @ ji F 1R A L 22 B
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DE (~8%) 2%, MRFHFEINAR I DZALIE (~2%)
LIRTHELLKEWD, SRk AILRGE KRR
DRSS AR FICOWTHIL L TV E 0 E )
POV TEER ZIR L TV B, RRFBAEILIZOWT
EREITOMETT 525, AILUGEIE, AW AENES O
A B DOEMAARGH EZTTREDOTERV LW
9 %%, Cohen and McConnaughey (2003) DHE%E
Thbo

Adkins et al. (2003) 1, BifFH > TIZOWT, |
B [REEA + YRH] 2R L Tw5S, #k61%, ¥
v IEROBERMAEL IR0, HIKALEA O
pH2SE L, 22 TREERIEE REEEDO =FHM O
MARZHL M AT, L T\ B 728 & # 2 725 Rollion-
Bard et al. (2003) &, HAEEFFOEMEY L TL I
R e WY v TR IRRET LT, RS
W DR FALAR L DA IRALRHR O pH ZB) IZAKAF 3 %
EEMEZ R L7z,

NS0 [RMEA A+ RG] 123 LT, Cohen and
McConnaughey (2003) i, & pH 5 F Tl%, K&
& A IRIR ORI AR P ASER S 1D £ T
MM z%4 562 &5 (Bl21E, pHS8.6T4~12IF
), AIRACBRHE A 2 371 U T 5 2 i
Z 22K, PR E LTHMS 5 TR B bk
FOMMELA 5% # - L THRbh, ZHH DR
RIS DAL L HE L v & 2 T, Spero et al.

(1997) HHBEML TV X I8, AILEGEOMHK
IR DR A 4 Y IRBEARLEEDO K & LT, Ak
ALEALD pH 25D HITEWIRIE T, Rk R DK
A& D HAKERIIC X o TREEKEA + VKT 5 K
JOASELAE L CREBIE D0 25§ % L E 2213 ) 8
ZLURD NV, WTFRIZLTH, Spero et al

(1997) % Adkins et al. (2003) 5 ®OWF5EI, AIKAL
AL D pH O EEM: 2 385 L 72 i TR E 2B E2 IR
L, SHROMEVPREENS,

3.5 &MY IERORFRMLFLDOEILER

Hif F CTlEEMEY >~ TR OMRE R 2 Huii
RC&75, RERAMARLIZOWTIIE) ZRoTWVD
RAHIM? AP SDSNAIPNHT LEIC, KE
2OV TSI AL L T b &, kD4
® B (DIC=[CO.] +[HCOs1+[CO; 1) O [l fif 4k

(6%Coc) & & LNADRNARIZIZIZFE CIZ%2 %,
IS, EBRBOIREECTH 2 KIEKEA 4~ & &
BRIGICHTIL T 5 B & 1A D jix 35 A AR S35 o ) 7
RTRHBNENT LI X B, BB, REBAKEA A

Rl

R

JHARTH 6 N @ R FRNAR IZRI2%88 1 L
T, "CIXEL X% % (BlZ1X, Romanek et al.,
1992)c LA L, 6%Cuc &, RIRAKFKA + ¥ ORI
LD DBTPITNSI VT L5 (Zhang et al., 1995), M7
MOBOFEMAEGHEMHZLTLE ). &, Zeebe
and Wolf-Gladrow (2001) (%, “#® Chapter 3Tjx
1 D ji F R LR D[RR 53 BIAR B D die it o e il %
Table 3.2.5(24M L, 72, Zhang et al. (1995) @
SRR FE D W T AR & & BEAE O IR AR EL 43 1)
% Fig. 3.2. 141 LTBY, B3E L5,
BAMITR L I TR RO aE > T an
Y IOYE, KD Coc DB X Z +1.0%TH
HDIHK L, B REFRMAKLIE -2~ —3%DE
Y, PEMED2 SR -83~—4%DKELTIID
% (Fig.2B)o L7225 C, ¥ TBHK D REFMVA
b BRFFENARIL & WA PEE A 5K E L FhTw
58Il B, 7, HrIEBRORIERAMAELOE
{tDJFE K %, Cohen and McConnaughey (2003) iZ
HOWT, B TORIKACIAHE ) REHERE» S HHT
% (Fig.6)o 22T, MLk FEKSFAIKALE T

Carbaon Isstope |5 PDE]

/ Dissociation of HCO, <00 H-.,
{  carbonale species S '
i Membrime |
™
| I‘[:I.I‘ll'.l.llllrl - Ci ':+ |':|3'='!‘ |'f{,'='| + H
| Hydroxylation $100L + OH = HCO
2T 4
[Hissocimbion -:'-I: = by = HCOD ., & 00
carlomate species , S |
s
Precipitation § Cg*'+ HCO, = CaCil, 4+ H
| 1 % - 4 i
L1 e . - 'l.
h B0 -5 BN :

el el

Fig. 6 Mechanism of carbon isotope fractionation
during coral calcification. These scenarios
are corresponding to the coral physiological
model of a Ca**-ATPase, CO, based calcifica-
tion (Fig. 6). A number over an arrow repre-
sents carbon isotope fractionation factor for
the process concerned. The isotope fraction-
ation factor between the two substances con-
nected by anarrow is expressed relative to
the substance in the origin of the arrow.
Carbon isotope fractionation factors are
from Cohen and McConnaughey (2003) and
see the main text for details.
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VAR E 7 5o REEFEOMRENE- T, MlzodT
&, SFIROZE LRFE (CO.) 1%, KERAKFEA A ¥
(HCOs) & 1 bHI8% ik FFALARILA/INE L, T4
bHBECIZZ L\ (Zhang et al, 1995), Z D511k
TR FE ML 2 &8 L CHIRAERRRIC D 72 5 &
n, E5IT, KHEKBILD2D DG & o THRIE
KEA T VHBEL D, 20L&, KIvHEmNFRALAK
WP L T, KA X WAL B REBAEA + &~
i, SFROZEBILRFE LD BKT% (Marlier and
O’Leary, 1984), F 7-/KELBUGIC X D A2 U % RERAK
FA 4 ~1327% (Siegenthaler and Miinnich, 1981),
RFFARILEA NS e TS DRINARST HIRE D
WiE & BT DWW TIE, Rl D Zeebe and Wolf-
Gladrow (2001) IZFFL WP H 5, 29 L T,
AVRALRER O 4B O j AL (6°Coe) 133
LLPCRZLWVWbDE LB, ThDS, 2 THFHRD
G RMARIEAS, AT D4R R & AR B ©
Lo AaolE P EWEREE > T3
(Fig. 2)-

—7J7, Mz @ L CRBEOMKE 5T IR IR
OLHAHE D L, CIZZ L L &Ko 72 KALRHE
DL RERMARILIZ, ORI O HEK O 4 5B
DORFLRMARIEMN S 282k b, 72, M E
OB 7% & %% TR AAIRALEREIZ IR A L7236
LFEMTH %, HEREFH/ 2LV TO—fTHS
A RXYF (Tubastrea sp.) REMEH ¥ T OFHDOH
T, RFEFMARNANEK O LR & O E
5 -10%F COHEHTIZL2L DI, ThHD
MPICERT S EEZ SN TS (Cohen and
McConnaughey, 2003). * 7z, fiK{LFHEIZFEPH O
WKDADHKEE B &, FIRACBRE b 42 iR O Fk 3
FMAR S, REFEMAR & FARIZE PR OMKOMHIC
WD LENoT, A RYFREEY > IhED
FEESET ToBRTEICAONS X951, BEL
RZFMVAARL DO AR B 2L A0 H 5

(Cohen and McConnaughey, 2003) .

lE, BHESOWMIEES V=TT, N~ v ITBHK
DO - RFRFENARAL I EREOZITE D X
IS BRI RN AR RO B 2 %, TR
AR TRV LTWwD, XET, fEIICHATL LI

-

. BEYOBRICAS NI RICERE

E:0] EINDRL S ES

4.1 B1bY > JICH 3 RICRERRALERR

19974E A 519984 21T T, R Koo+ > THE
T, POTHIE R KRBT Y IO LB %
A L7z B - JIBE, 2004), 474~ TIXARHNIC
B 2 A X CE IR EET L0, BER
KiIZ Lo Ty T AR LA MRIERTLE
Io AN DLNIY ¥ TIZEKIET TERH) %
Hux 2L, [EMEHL] LI Tws, AfLL 7
P, WAEEISZAVE L % HEY 15
BIENTELRL Y, AfPFRIICO-TEEIE L
TL %9, Suzuki et al. (2003) &, ZFL—FNY 7T
1) —7 ® Pandora Reef 3 & O'BLEkFI A E 52 SR
WMEN7-AIbY v TOEROEEMIZH > T, MR
BHREGEAT (Gagan et al.,, 1994;1998) % Hl\vCHE
F - RFORGARILZ 54T L, FLABIN 2 5 R
WEOKTZFIZREITIEEZRVELE @A -
W%, 2004),

C OEALIZHE ) R IR O - Rk FE RN
E#afir &7z 2%, Pandora Reef O > T3&
BCiE, FMBICPE VRS - R FRAARIEASH R 23K
LTw/ (Fig. 7B, C)o. Zhid, HALIHE-> THRE
MEMETL, 1 TRLZEH IS, BE - KEM
fLARIEDS vital  effect —EDFHITH 5, HkEHON
A ORARER ST Ty 7 P LR REMREI N
720 =77, AHEEOBELY Y TTEEIICRV RER
PARK O B AW T BT A 57z (Fig. TA),
AK#EHTIEFL L fikh 22 v 2%, McConnaughey

(1989a) 134 ¥ TDIEFEDIA BT & 2 IR 2
PCHEINOMER, RO RZRAMARLSEMT 5 [
HENMAAEI R (Metabolic isotope effects) | 255 % &
LEMELTVD (Fig.TD)s £» T, AHEEOH ¥
I TIZAHFERAAR R OHE RO ADFED bz L E R
bbb,

74, Pandora Reef O ¥ I Cld RIS & FHIYIF
PAARRNRICBIRT 2 EEBEIEL L, AHEDOY T
VAR E AR R B 22 E LD TH A
9 A ?  Suzuki et al. (2003) S, TDEVE, &
FEARIRGURL %2 BRI L 72K DI DB W ITRK 5 &
ZZTn5h, ABOY v THFHIFAROTH LIS 5
BINEN2bDTH 57, —75, Pandora Reef Dk
BHIBEARE 2 SRS N2 5D TH - T, KAtE
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Fig.7 Skeletal 6'°0 vs. 6"C plots of Porites corals bleached during the 1997-1998 ma-
jor bleaching event. Sample 1Y99-02 was collected from a fringing reef of Ishi-
gaki Island of Japan (A) while PAN-3 and PAN-2B were from Pandora Reef in
the Great Barrier Reef of Australia. Temporal changes of 6'°0 and 6*C in the
skeletal portion corresponding to the possible bleaching interval are repre-
sented by closed circles and loci with arrows. The intervals of growth disconti-
nuity can be identified as rapid shift in isotope compositions on a §°0-0"C
plane. The hatched areas are envelopes of isotopic compositions of the skeleton
in normal condition (open circle). Data replotted from Suzuki et al. (2003).
Panel D shows a hypothetical diagram of kinetic isotope effects and metabolic
isotope effects associated with biological carbonate precipitation (see text for
detailed explanation). Panel D partly modified after McConnaughey (1989a).

D7, b L EREBIGMEIMR T REED D 5
Suzuki et al. (2003) &, THXHIZD LD ENHERK
WMWY > ITAEME L 72 E, AEREOEIIE
) B FENVAR KT ORI HIRET, LA
B M B R MU DA TSRS [ L C SOt B R ) IR A AR %)
ROEEVBEMAAL L, BFE - REMMAELIEIS, 0
K& DS IO RN I 2 > TR %)
B, THOLPOILECHEPBIN L EE LT, &
B, ¥ IERORBRMERRIZOVTIE, MRIZ
7 (2006) (ZFELWESED D o

4.2 BEEREDEWVISERT % KR EGRNREA

1 3VES

WEF B A B OkEH2m) »HHRMEh
Ten= v TOREMICH ) R FRMVARLEE)L, W
Bt KiEEZ PCICEL), FLImMEZILY

(BCIZZ L), HiHCfil 723 R AL AR R o fF

EIZE->T, HIEEOIEL N5 (Suzuki et al.,
2001), LA L, AHBEWEKREOEIILD S, LB
DOFTEHE (Sekisei Reef) MR TH, KEAFAKEZWE
CAHDNIF 2 ITIE, B ERSTnF =R
N7z (Omata et al., 2005), EVHFTORAKRTILIR
F - BENAARLICHHBEEmA L SN L DITH L,
LVROCHEARTRIEMMEE 2% (Fig.8)o Z Dk
DOIKELS m 13K T, KiELIZHI22°C 20 5 #30°C ©
FHIEALBB S, KBICXD2EVITNES WV, T
TEREOMBERMARIE, KEICED ST, KEISH
IS LT, BN, AR O R FRHZLE
R, BESRFEN AR O KA & PEk Ot o #i
FANIZH - T, ERRREMARLAKREE LCOEM %
Lt EBEbhs, LaL, ¥ Y IBKoRERMKL
i, FOBATIIHEEOREVWEICHKEZ & 2 5§
2O, HEOBKTIE, HICEIHIMEE & 518
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Fig. 8 Relationship between 6°C and 60 for Porites corals collected from Sekisei
Reef of the Ryukyu Islands, Japan. Solid lines show regression lines with 95%
confidence limit while dashed regression lines are not statistically significant.
Depth and skeletal growth rate of each colony are as follows: Porites 1 (11.6 m,
7.8 mm yr '), Porites 2 (13.0m, 6.4 mm yr '), Porites 4 (14.4m, 4.7 mm yr ),

Porites 6 (14.2m, 3.2 mmyr '). Data from

Porites 5 (14.2m, 3.3 mmyr '),
Omata et al. (2005).
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fRFHAD 5o
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HitERALNE 2 L, BREAHNTORENILL, K
WEHETHIEDPHETH S, ZhITHL, HI#ES
N7-BRET COMBEERTIE, EHTIRERTOA
FELSETHEBL AL EDRETHY, AL
BN T OB L EREEINET S 2 LR s b,
Suzuki et al. (2005) 12X A HEHATEETIX, &
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-2 -1

PR % 568250 yumol m™2s™!, H E12W: [ T140H 1
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MBHRONT: (Fig. 9A) o [F—iEDOREERII O W THRHE
B L ORF AR O FEIE & 53 O SR EE &
DMICHEBLZADHBBRBED ORI END

(Fig. 9B, C), COfiHERE T T, H&APRILHEE
i R AR R R D 58 % i < 2 ORI S M7z ] Rg
Vb RO - KFEFRNARL O EAHBIEIR b B
WTh 2 (Fig. 9D)o %k, SOEBRIZEN <Y T
B DA DTERARAE L THW S N2A, Thb oM
FE#ETH - T, MK BB ORI DENIZFE
DONLEh o7,

Wk, ¥ IREROMERED, HLH—E0
Z 1%, Pavona JEIZOWT5mmyr *; Fig. 2) Zi#z
&, SHEERNDHRIIZIIT-BIChBEEZLN
T %7z (McConnaughey, 1989a) . L% L, Suzuki et
al. (2005) DFFRTIX, BEHEE D10 mm yr' % @
A THER - RERMVARLOBAEMIIEFE 5 2w

(Fig. 9B, C)» Suzuki et al. (2005) 1%, fIHEERD
N DL OUEEE T OXE O PR L RS L, K
WK EVEEICHLT 52 L0n, AKLIGIZ %R
AL PDFEEND - T, RIDEERNEIR BN
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Fig.9 Culture experiment of Porites spp. corals in
thermostated tanks. A plot of skeletal
0"®Ovepe of colonies as a function of incuba-
tion temperature (A). The significant regres-
sion equation was obtained between skeletal
0"°0 and temperature regardless of species.
Growth-rate dependence of skeletal ¢ *Oveps
(B) and 6"Cvee (C) of Porites corals. Regres-
sions between growth rates and 6O were
examined for the pooled data of each tem-
perature setting regardless of species. The
significant regression equations, obtained
for corals in 21, 25, 27, and 29°C tanks re-
gardless of species. A significant regression
equation was also obtained between skeletal
0 C and the annual extension rate. A cross
plot of 0 ®*Oveps and 6 *Cyeps (D). Data replot-
ted from Suzuki et al. (2005).
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Fig. 10 Isotopic patterns in various organisms. Iso-
topic equilibrium (E) for calcite or arago-
nite was estimated using the best available
data for seawater temperature and isotopic
composition. From McConnaughey (1989a).
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Fig.11 A stalagmite showing its weakly laminated internal structure
and the locations and results of four ‘Hendy tests’, labeled F-I.
Note slightly different range of stable isotope diagrams. ‘Hendy
tests’ for isotopic equilibrium reveal a general tendency for 60
values to increase from the axial zone down the flank of the sta-
lagmite, although no clear trend is apparent within 20 mm of the
apex (dotted lines in middle pannels). Reprinted from Spétl and
Mangini (2002) with permission from Elsevier.
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