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Massive corals have been widely used as proxies for past changes in sea surface tempera-
ture (SST) of the tropical and subtropical oceans because the oxygen isotopic (6'°0) and stron-
tium/calcium (Sr/Ca) ratios of their aragonitic skeletons are believed to vary quantitatively as a
function of the temperature of the ambient sea water. However, recent microanalytical studies
using secondary ion mass spectrometry (SIMS) have revealed large chemical heterogeneities for
Sr/Ca and oxygen isotopic ratios in coral skeleton, which cannot be explained by temperature
variation. The newly developed NanoSIMS has a potential to determine chemical variations
within the two basic building blocks of the coral skeleton; centres of calcification and fibers.
Such data can provide important new information about the biomineralization process and help
constrain the degree to which temperature and/or biological processes affect the composition of
skeleton in corals, as well as in biogenetic carbonates formed by other marine organisms.

Key words: Coral skeletons, oxygen isotope, Strontium/calcium ratio, centres of calcification,
fibres, secondary Ion Mass Spectrometry (SIMS), palaecothermometer
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1. U & (&

e, WEEATHICIA AR A v T EEIE

FRELHNAGZPOREAERICE-> THEEZHRITSH D
T, BEOBRBEEHRICZ L VBT, WANIROLEREE
PEMEETETTAZ L DTELHL L WE DR
BELTEREINRTE, g, VY ITEROEER
fifktt, Sr/Ca lOKEMANEZH W TAEDKIEE
BT 5 &) FEEE, BB BT 5 KIRA B ENT
DEFMENDL, ThFE TIRKL 2ERORHFHEAERIL
ARRIZISH ST &7 (Gagan et al., 2000), Zh
LOFERIZ, INETARRL TV RICBIT 5K
BEBZEEICH - THEITL, TIVo—= aEHRE
(El Nifio-Southern Oscillation) 7% E#4EEEH T
DBEIND KRB L KREGEEEN, EOL VL
WBWTED L) BEFNSY — Y ERoTWicOh%
MB7DOETRERE LTSN TS, — )
T, THRBOBEOR LR~ 70 7)) v 7k
MOBBELR LI X HEHEE, BRMRESTIER, F
72, KEe REEERER O Y THEICB 5 RO
VPHELEIICRBE, ThH0 " IKER O
ik, “FLAAEHTERL, HeRBESRBS R
559 hoTET,

WA, £ F v~ rnra—T7% Rl tESH
O TERIIBHEND LR B E, ThETHS
SLDOTERD oA 7O R T — VORFALFEGH
WHREE oo HAET T, MUMEBIZBITS Z b
O v F 7 ARERAMARL R EOKIBIREE 2 5L
RHZ, A BROKIRENTIZHAS DT S nig
DOREGARYEEPHFET LI L MESNTETSH
0, HrIEREHCERBEECONEICEEY S
ZTWh,

WAL, 79 v AD Cameca fLTHEINTZF /¥
AL, F/ A= PVAT—VTORHBMIZBITS
HESH ZWEEICT 5 ZRA + Y EE5HTEP (Secon-
dary Ion Mass Spectrometry; SIMS) TH 5, i
X, EYERBEOOKICBROERENTHLT 7
THA P OREHLRVTOTE, WK % i
WCT5HDTHY, TNFEFTRBRTH 72V TE
MORKIED X = XL E2HLPIZL, Lok &
HMII—EORRE G ZBL M A D TS, K
FTiE, ool KREHCE D 2 HEME L MERIC
B LFEGHHRREMATH L], F/RAT—V
TOEBEEALEDIIC L B IO ORMBEOMIRES

B5,
2. BOHKEBEIORE EHMER

HIEREHCTHEDOKEEZEITT 2 AIE,
¥, BRERRAARIL 2 W20 5e05 64T L7ze AR
O R BRIE o O B 3 W) ALK F 0 AIRARTE P 4319474 12
Urey (1947) I2X o THEA SN, H T, 197242
Knutson et al. (1972) 25Xk o CTH v TEEKD
FRPBRTELIL2RTE, U Y ITEBO
R NAREL 2 w72 Kim st O ZED # 5 7z,
RERIEBAE OB R FEIARIE, KR & K OBERFE N
RIitom OB %L TB Y, WAROBREFRNMA
WAidh £ O Bb L i, 721, F0%E/ sy —
YHFRTE D ERICB VY CEBERMAILREENIA
WTH Do ¥ TEWOEREFMMARLLIZ, HKE DR
MM OEPS AV AL L2 (EWIEA ; vital
effect) 2SI LN TV 378, KBBEX OB X L ERE
FREINLDHDLFETHY, HAEOY Y TEKEH
Wiy 7= g Y ETo RIS, BEIONET
5LV HET, HAKEFE LTHWSRTE 2,

W TEKD Sr/Ca fhid, 19794FE1Z Smith et ol
(1979) 12 & o TEDOEFH DIREERIFEI DD 5
N7z%H3, Sr/Ca lDKImMKAF T ERDLEE DR E &
DRIS—L Y M THY, UREOFEFRINS I T
WEBRESKE CERWTER L, KWL KRET
DOWFFEIL, 19924F 12 Beck et al. (1992) %% TIMS
(Thermal Ionization Mass Spectrometry) % >
TeEABEEDT 2 Y TERIER LU R 5, B
FIRAARIEE K IRFT AR DM EB I N A DT
AT, Sr/Ca lidilERT DA b1 > F v 4 O B R
MR <, Sr/Ca lbDEAL DR\ 72012, KD HD
EEZLHL w5 L &h, BERMAELKREHIR
brANEKEENE LTEHEBZBD . $/2, 202
DOKIMET OB E AL, Kili & K OBER R &
WomEOEB) ik L TV 2 BERMALOZEH
5 Sr/Ca LOEE» O FHEN L KIRELE 72 EL
FIKZ &L o T, KOBERMAKRLOLEE) % 1EHT
FTHLRALITONDL L IR o7 B2, Gaganet
al., 1998), Z® X9 HEERMAMAIL R Sr/Ca DK
AR & H W 7KIRIETTERIL, K, 4~ B,
B ) THETR ER A R BT B BFEY  THAR(L
AR S, BREE S OKIEZEE) K %
EBEREDRERIICBITAKEZHLNMILTE 2,

o TEE AV KRBT ORI EAI %o
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TLBE, —=HT, ¥y IKEFEZEIC—EDERIT
HBwaZePEETHALI LD DN o TE
Fig. 1iCChFTHEI N FE LY v IKEETOH
HRXERT. Thbody ITRBHRERICIE, BER
ikl (Fig. 1(a), Sr/Caltk (Fig. 1(b) iz, @
EOMEBZ L > TREGHENHLZ LD 5,
I HDY ¥ IKRETOAR—EIL, FrTEEEHV
THETLENTZBEOKED, OTaF v —2ETY
YIDOFREREL ERDLZE Bl KO KRE
f87C L7z Guilderson et al., 1994 & CLIMAP project
members, 1976) 7 L& [WARIZ, V¥ TEHKIEFOR
YR CTZEOBEICEL T, WRABFEUFEEE RN
Wt KELGERE LT TRHOY Y IXKIRHE
BHRICBIBNT YV FOERFERE LT, ¥ THEA
DIFAKBMBEOEEIE L FRIN T RnZ L L,
EYR RO EERRAMARL, Sr/Ca tbic5 2z 2B

-
m
——

Syntetic Aragonite
w Tarutani et al. (1969}

Syntetic Calcite
O'Neit et al, (1969}

tMcConnaughey {1989)
23 Wallington ef a/, {1936)
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sQuinn et al, (1996]
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Fig. 1 Diagrams showing the disagreement be-
tween different calibrations of SST vs. (a)
the oxygen isotopic composition and (b) the
Sr/Ca ratio in coralline aragonites. Each
calibration has been calculated from sam-
ples collected along main growth axis, by
comparing the geochemical measurement

with the SST variability.

FBATC—ETRENWIENBITOND, BIEIIOW
T, Vv TEROBBERMARLDS, #HROMK O
BT AHZ EIXBEIE A, mETIE, #BAKD Sr/
Calb DM b B A M, EEAr—VTELT S
TR DD T 0B IN T3 (de Villiers,
1999; Stoll and Schrag, 1998). Z OREIL, ELFED
VE— My Yy I REBEBRUEM ORI L ) LB
GIERVEDONDODOH Y, S8, T ITERNDHEK
OMBEOEALDIFH L Z & S TE 5, BHIC
DWW, VY T EHOBEERMARL, Sr/Ca it
2, BERAEKSNITSITFAL bOFREFROMHEE K
R BD (Fig. 1), €0FERENE LT, £9
TER»EZ 6 Twb (B]Z21F, Land et al, 1975;
McConnaughey, 1989; de Villiers et al., 1995), L
L, ZORYIEREROILFRBI RITTREIZD
WL, FEAHZENS V. VY IKIEF SR L
LEHRKERETE LTHWLRTW 2 E ) 2,
COAEMERNY v IXKEFHI S 2 5 8% IEREITH
BCEDIPPELRDLTHD ), ZTD2DHITIE, 4
BFOEBIAIKILIZES Z 28R 7 7 T4 MER
HIZED L) BRIZELEPWY AT NWFEL TS
nE, INFTRMHATH 729 TEEROAIKILA
BEHS2IILTWLLERD S,

3. HUOBRICH T HILEEBRDOAFIEM

Barnes © (Barnes and Lough, 1993; Barnes et al.,
1995) 13, ¥ IEHOBMZEBEEL T TR
DBREH IR EREDENE, ¥V TEROESH
BBALF R P SEIC I N B RBEEE S 7 FVICK
ERBES 25T RNV HIEEERHL, 1
WS B Y IEE R TE R ESEE O ER
ILFHEDEZEE, BRI IIIBIT BERN, FH
ZALE D WA OEBEB R K, WIOTALRE
DARY FE—FHLTWEDT, v ITEEITIEFIC
MPrVRBELBLZLEHEL DLV DOT (FlX
iX, Gagan et al., 1994), AKALBEOBEHIC F CTH
ARRAATZDDTIE ol

HE, HEBEFTICHVLNE Y Y TEKIE, WwL
DHOH Y TMEPEF > T 1208 %E LITHAEDOE
RELoTWwbh, HLADOFyIEBIZE SIS, i b
RO BB SR I N TS, T/, 2ho0
HERMHBREER TS 77354 MR, K&xd
WIRORLZ 2 00 E» OB INTBY, oI
BHIEIRLZLZEBMA 7 —VTHEMRBEEZHL T
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b RETI, TNEFTITHLN IR TWBEHL L
A =V TOEMB DA A Z, ZHAr—VD
RE LB SMEIZHERT WL,

3.1 ¥ /7OXRTF—ILOFRYEM

TV TEROBERAMARL, Sr/Ca HKEEHI,
KROMBITHEINLDT, Y IEDINL DK
MBEOEAZIELFHMETE RITNE, #Igick-T
R KRBEXLEIRLTCLE) THEEXHZ
LIIRIETER, 512, HLERTH-THHW
B3 TEBERLENE, FOEYWIEROBENDS,
%4 DRRRNIB LD LD, T TOMEFHNIS
AEINTWS (Gagan et al., 2000; Marshall and
McCulloch, 2002; Watanabe et al., 2002; 2003), &
52, MUMBBICBI AR Y Y ITHOMTD, K
ORI BEITTHE, FMVAKRLSR25HE, %5
EENRY — R THEVRH L ERHFEIN TS
(Allison, 1996; Wellintong et al., 1996; Linsley et
al., 1999; Watanabe et al., 2003), 215 DFEFED W
KoPE, BREENRL DI LI 2E/MEOHHE
REDBE VR ENDOB/NMRIEOENTHATE 5, L
Lans, Y358 EHCTHEOKEZEITT S
Bz, FUY > THEOR CEATHREES h 7z KiRiRE

)

o

o

>

S

"]

i)

®

x

@

Q

]

o

2
10 5
Distance (mm)

Fig. 2

KEHA VS ENTELRVES, HXKRICHERE
TEHHAOTELVBRELZAE LI WREELSH S L)
ZEEBKRLTCWA,

RIZ, FCEAERNORBEHEEH OB, S, 3
Y A= FVAT =V TOEMBDOAR B EZE 2T
H & 9o Watanabe & (Watanabe et al., 2002; 2003)
i, BREERLCWAY v IEEISTERAE L,
FHBE L CAMTERY Y ITEERA VT, 3
YA—=PMVAF = VTORHEMEZMH T ¥
TR OZFEMEIL, HHREE (theca wall), Hif:
(columella), 7% (septa), J@EKMEL (disse-
piment) 2°5%% (Fig. 2(@), TNEFNDORIRKT
FEEFRRE, ThEhoY  THEICLYRL 2785 @
HEE L EERL, BAOREKRMICEREIZ, oF 0, KHE
BiZin- TEER L TWL,, —7, ok, mhz
EESEZFHICKES 2D QaiRRER, %
(calice) DTEIRIZHE> THREISH L TRDIME
T5 (7 7). Tho DM RZEERFFIZR
AT BE, BhosBIICER SN, {b2EEORL
LEBEREBICHHMLTCLE) 2 LIRS (Fig. 2
(b)o ¥#IZ, 1 ¥ F, KRFHEIZACERL, ThET
Oy IEREHCTHREERT TRLS HWLR

Montastrea
B s AT 2 AN 2 LD

e theca-wall
--- mixture

~o 5 10 15
Distance (mm)

(a) Morphology of coral skeletal structures and (b) milli-

meter scale heterogeneity in isotopic compositions for
different skeletal elements in Diploastrea and Montas-
trea (Watanabe et al., 2002; 2003).
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T & 7= Porites B 1%, ¥~ TR $%.5~ 1 mm &
ENEL, TERDERBRAR 2 H VAL FEoH T
3, SHABECOHLCHET A2 LRHEETH -
720

3.2 ¥4 7AXT—IVOFRHEMH

1990 ERDBEICAB L, LAY — - 7TL—V 3
v-ICP £t =0 (LA ICP-MS) % SIMS # H
WM EBIZ BT AMETEO ST FENY  TF
BIZHIEHENS X 9512 » 72 (Allison, 1996; Hart
and Cohen, 1996; Sinclair et al., 1998; Fallon et al.,
1999), TN HDOW%IE, Sr/Ca tbie X OKIRIERE &
LHMBILREAVIZYA 7 0 Ry — )V TOBERE
BERBERTZBRLLZIOTH 7288, ZThbngy
FERICHBET 20, F—FOKELNFTVFT
Holze BENX, Th 6 DRNE THW S N AE M
X, WEBBRORZEMISERNT S /4 XTho LR
REIN Tz, 19974E1C Greegor et al. (1997) 7%,
X AR EE AT (X-ray absorption near-edge
BN, X
RS LT (extended x-ray absorption fine struc-
ture spectroscopy; EXAFS) # H\W<C, ¥ v I F#&h
WKCAMOYFTLADAEEL D, AbarF 754k

(SrCOy) L LTHAEL TR EHETLHE, v 12
UAT =V TOA M YF 7 AOAREEEICTOWTH
WMARBELICRY, OV ITERPOX v F
T A MDDV T Sr/fCa L KIRETD /Y5 7 F
DEREFEIZE>TWEETEEZFPETNTE
ZOAMNBYFTFA FOFELIIONTIE, 2D
&, AkoOFEEZ AT, HREFTICHVONS
A Oy TERCTHMRED 2 SNz, v TEEH
DALY F I ADHFERORT, A buarF7FrA4
FELTOFERIE, 7I9T54 MIZHVI I L%
B L THEELTWAEEIIRTHED TKL, +v
TBEROYA 70— VDA O v F 7 ADOLRY
B, ©La, ¥ IEROBMEEDOENICLS
bDTHAHLEEZONS LI o7z (Allison et al.,
2001; Finch et al., 2003; Finch and Allison, 2003) .

FUTBRERRT ST T I A4 MERIIE, Wik
R LIESHROFE R L, FOMMEREROBIAF
T ANROBRIEISR LI EFMONTEY, #
#iZ, i { 25 “Centres of calcification (CC)” & i3
T 7z (Ogilvie, 1896) (Fig. 3).Cuif and Dauphin

(1998) i3, Porites B% &L 15BOY v THHKICE
W, Centres of calcification & &iHERA RO,

structure spectroscopy; XANES),

Fig. 3 Microstructure of coral skeleton of Porites
lutea (a-b; Rollion-Bard et al., 2003) and

Montastrea curta (c-d; Cuif et al., 2003)
showing different sizes and shapes of the
centres of calcification (cc) and fibers.

WMEINE (A O UYyF7h, TAYI L, ) O
AEEMDH BT &% R L7z Cohenetal. (2001)
209 b, WHERERIZERIC, BURERIARIZ
ERENEbDELEZ, Porites BOFNEFN DR
D Sr/Ca lt % SIMS # iV CTHIE L 720 Z DK E,
R HE S 5 RIRAS & @ Sr/Ca b & KiR & @ B4R
E, EREHRLb0LEEAN S KIREIE L { Glsk
LTWwaH, BRICERS LT IR X, &
BOXAREOEE 2 L OF @%ﬁ{ ZFTwhH EL
720 %72, Cohen et al. (2002) &, LAFREOEE
THRMAEE LR WEARD Sr/Ca H % SIMS # Fi v
RﬁL,Ai%ﬁ#w&wﬁwwmmmﬁrim%A
BENTITFA FOLDOIEWE LT, HAEE

DIEEYHY > T Sr/Ca JLAKRENZ S 2 B BB KX
v EfEER L7z

—7, SIMS %M\ 7-MRFEFRMALOMED, 2003
SE1Z Rollion-Bard 512 X o T Lo THE S 1L
(Rollion-Bard et al., 2003a, b). 5%, 7,
Porites BO B %, EROBERMALOHEES
BAWTHREB Y VTR S, RERVIKLE
BOMETCHREFAICK 1mm BB THEL, v
T, ZDH L0 6 » A4S % SIMS % JH v T30X
50um D ARy b A XTHEZRIT o720 FOHRE,
RERBICE DIV A= VAT — VORERSERETIE
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ZOEBENKBRESH CHHATEXLDITH LT,
SIMS # W/~ A 72X — VORIEREIZFDI0
DD OEHEEZ R L (Fig. 4a), ZOKE %
BERRMVAROZEIZ, ThIToroKERERE
BTy, K, KREOEEH T TEHEBAIOIT SR
Tve oL, FROBERMEKLOKRE LEEH,
A B OFTE L R W iIRIEY ¥ T Lophelia J|& D6
THHBEINLI LD H, ThEOBERMKLEOK
ELEEZ, HAEREOFHICLIHETERL, A
RALBRIZBIT S pH OZEENZ L 2D TH % L HEH
L7z thinidE/, pHOEBHZEHE LTS LED
Na Ry HEEAMKL?S, AKILERIZBT S pH D
BEERD, TNENOLML T CHEL D 5 ixBfE
(H.CO:, HCO", CO¢") Lk OFEHEA
W, INSOEEHHETESL L Lz, ZOFHEI
X0, WHoid, AXKILARICEIT S, pH OLENE

Tm%ﬂﬁT,ERmkET%ﬁﬁilﬁﬁ#%m%
BThae L, TRHODEZHIL, v ITEROB

(a) 6 months of growth

morgamc aragomte equmbnum

mlllxmetre scale

8180 (%)

5000 6000 7000
Rolion-Bard ef al. (2003)

0 1000 2000 3000 4000
Distance (um})

(b)

T 9t

E

S 9.0f

g

E g5}

<

€ sof

A

0 1 2 3 4 5 6 7
Meibom ef al. (2003
Distance (mm) elbom eral G009

Fig. 4 Micro-scale heterogeneity observed in §*O

(a; Rollion-Bard et al., 2003) and in Sr/Ca
(b; Meibom et al., 2003) measured by ion
microprobe.

KRR 3B1F 2 W3R % 38§ 5 b THBREW
bOT, 5%, ¥ ITERAKEERICBITS pH R
BRBEOHEGHE 2 EO#EFR (Furla et al., 2000;
Al-Horani et al., 2003) & € 7-#GEVSHfFE I N5,
Meibom et al. (2003) &, Porites BOKIT7~9 »
ASOEKERA %, SIMS 2 H W CTHEBBEDRIZR
Ry b2YTHILICEY Sr/ICalkZPEL 720 &
ZT%, Sr/Calbicidlda~16% b DEBHFEE SN
(Fig. 4b)o ThiE, ThF TORRBEEXZH W
% £14~19°C DARMEB 5712 S4 L, B D3.5°C
DOEBTEHAPTELV, o3I 0EH%Z, HD
FEREENAE S B TOAY ) AADOBIIC L HEE
LEZ T, ST THHICHEKRIEVOIX, Sr/Call b FE
FMR & V) L Bl o ALEREIZBWT, <42
T2 —VCHEM L KELEHIBRERINLEZ LT
b Fig.4)e ThiF, Y ITEKROAL 70X
=V CTOLFRBEOAEN R, H5REDTREE
BICERTLIOTIE R, Ihoili@TsY I8
HOEBEMTORKIL IO AICHET L HDTH
LI LETFREES,

4. F/ 25— IOMEEE ST/ VLR
Yoy

4.1 F/ 25— IOEHEE

MHERERICHIN, MREROETIPLLER S
centres of calcification DTFFE, B4 REOY I
HICIHE L CHER SN SH, #O centres of calcifica-
tion D FHBHRKE 3L, FIZX o TRER B, WHRE
ENTICIA S v 6TV % Porites JBIZB T, cen-
tres of calcification D 5 5 K& 21310~15um TH
% (Fig. 3a, b)o —F, ThETHwWLRTEL
SHRIMP % Cameca IMS-12707% & @tk @ SIMS
1320~50 um BEDOE — A ARy FHFBRRATH Y,
centres of calcification DA ARy P &4 TTHAS
ZEIRHEEETH ST,

T/, BREERLTWS 22007 534 Mk
i3, Porites BIZBW Tk, TREFhE~ A 70—
MV GHAEIREES) &8t/ A—Fv kiR
FELHEZIN TS (Cohen et al., 2001), FEXHH
&, fft, T JIBEMER (Atomic Force Microscope;
AFM) #HWBE2IC L ), MHERESIZBVWTY,
e oW v THICBWTC, 7/ AT — VOYIBE GRS
ZHeFR L7z, Fig. 512, Porites J& % U Favia & DHf
EHz Ly F 7 L7282, AFM 2w TBig L
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Nano scale microstructure of coral skeleton
of Porites australiensis (a-b) and Favia stel-
ligera (c-d) imaged with Atomic Force Mi-
croscopy (AFM). Pictures in the left column
(a, c) represent topography and those in
theright column (b, d) phase contrast, re-
spectively (Field view 500 nm).

Fig. 5

A A=V ERT, 94 7 TR — IV CIEMHERICR 2
HEEEHEED, X5ICHWT S R — L ORIIRKE
PHRY, T, IhHORIROEEFEELHEICL -
TRESHRLLZEDPHONI R -TE, Th
3, Y TOREREETICAEYRBICL > THRR S
n, £, Hr0OERILIZF  AFr— L TRIsTY
BIERERLTVS, ZhE5DY Y IBROK R
BREZHEL DI, ChETULEOEEMEEES
THMEHMALEL SNTE

Cuif et al. (2003) %, XANES Z#wTH v IF
BHROWMBEO~ A 70 27—V TOFER & 4
ErfiNiz, ZOME, MEBEIXECEREREED
BETT T4 MERHNICHEELTWA I b ho
oo E72, 2O0BREOI L, HRERSLIEW
RETIHEL, T, MHERERPRENNY -2
L TWABES TR, ZORENY — V2o THE
BMEIEOZEH RSN, i, ¥ IB5Kko
TIRAGBRE O FHEAAIZB VT, Ay O L >R Es
REVWIEWRBEEND, ZDOI L, HIETHN
fin LOVIZ BT 5 pH OERFRITOBALIAIKALIC
KT T#% (Al-Horani et al., 2003) &f¥T, &
%, v IEROAIKIEREHPL TV ETEE

Thbo

4.2 F/ULAQEFBEEY L IEEADICH
75 Y A® Cameca t: THFE S, 20034 4 A 12
R R R REmstt ¥ —ICEA S h
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