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23　　Abstract

24　　　A sedimentlayer（43cm thick）and surface sediments（5cm thick）in a

25　submarinelimestonecave（31mwaterdepth）onthefbre－reefslopeofIeIsland，0ff

26　0kinawa mainland，Japan，Were eXamined by visual，mineraloglCal and

27　geochemicalmeans．OxygenisotopeanalysISWaSPerfbrmedonthecavernicolous

28　micro－bivalve Cbftktelkliqiimensis　from both cored sediments and surface

29　sediments，andthewatertemperaturewithinthecavewasrecordedfbrnearlyone

30　year．Thesedatashowthat：（1）Watertemperaturewithinthecaveisequaltothatat

31　30mdeepintheopensea；（2）thebioticandnon－bioticenvironmentswithinthe

32　cavehavepersistedfbrthepast2，000years；（3）mud－Sizecarbonatedetritusisa

33　mqorconstituentofthesubmarine－CaVedeposlt，andmayhavecomemainlyfrom

34　thesuspendedcafbonatemudproducedontheemergentHolocenereefflatoverthe

35　pasttwo millennia；（4）the8180－derived temperature（Ib18。）ofC．iqiimensis

36　suggests that the species grows between April andJuly；（5）the7も1800f C．

37　iqiimensisfromcoredsedimentsimpliesthatthereweretwowarmerintervals，at

38　AD340±40andADlOOO±40，WhichcorrespondtotheRomanWarmPeriodand

39　MedievalWarmPeriod，reSPeCtively．Thesesuggestthatsubmarine－CaVeSediments

40　provideunlqueinfbrmation fbrHolocene reefdevelopment．In addition，OXygen

41isotope records ofcavemicolous C．iqiimensis are a useful toolto reconstruct

42　century－SCaleclimaticvariabilityfbrtheOkinawaIslandsduringtheHolocene．

43

44　Kq，WOrds：Submarine－CaVe Sediments；OkinawaIslands；1ateIIolocene；

45　Palaeoclimatology；micro－bivalve

46　1．Introduction

47　　In recent years there has been anincreased attention oflate Holocene climate

48　changes，includingtheMedievalWarmPeriod（800－1300AD）andtheLittleIceAge
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49　（1400－1900AD），becausetheyhavesignincantlyinfluencedhumanactivitiesandthe

50　geographicdistributionofmanyorganisms（e．g．，DeMenocal，2001；Mayewskieta1．，

51　2004）．Intropicaland subtropicalseas，hermatypic coralswith annualgrowthbands

52　haveprovedtobeexcellentarchivesfbrthepaleoclimateandenvironment（e．g．，Druf托1，

53　1982，Dunbareta1．，1994；Linsleyeta1．，1994，2000；Abrameta1．，2001）．Asaresult，

54　Severalregions have climate records covering the past400yr（Gagan et a1．，2000；

55　Hendyeta1．，2002）．

56　　　Sheltered submarinecavesnearcoralreefsareamongthemostvaluable sitesfbr

57　studyingcryptlCanddeep－SeaOrganisms，andanumberofworkershaveexaminedtheir

58　evolutionary signincance（Jacksoneta1．，1971；Jackson andWinston，1982；Kobluk，

59　1988，KaseandHayami，1992；ReitnerandGautret，1996；W6rheide，1998；Kanoeta1．，

60　2002）．Recently，the oxygenisotopic composition ofcoralline sponges and serpulid

61　tubeswithinsubmarinecaveshasbeenstudiedasaproxyfbrpalaeotemperature（B6hm

62　et a1．，2000；Antonioli et a1．，2001；Haase－Schramm et a1．，2003）．Although

63　submarine－CaVe Sediments havebeen reportedfrom many caves（HayamiandKase，

64　1993；Vaceleteta1．，1994），thereisnopublishedstudyofcavesediments，eXCePtfbr

65　infralittoralcaves（DiGeronimoeta1．，1997）．Submarine－CaVeSedimentsmayconstitute

66　acontinuousdepositionalrecord，becausetheyarelargelyshelteredfromthephysica1

67　mixlng and erosionfromfluid motionthat occursinthe open sea．Therefbre，these

68　depositsmayprovideaHolocenerecordoftheenvironmentalvariationsaroundcora1

69　reefS．Furthermore，the oxygenisotopIC COmPOSition of cavernicolous bivalves

70　preservedinthecavedepositsmayhavethepotentialtoreconstructpaleoclimatetrends．

71　　Themaingoalsinthisstudyareto：（1）describethelithologicalfeaturesofsediments

72　in a submarine cave onthe slope ofafringlng COralreefnortheastofIeIsland，0ff

3
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73　0kinawaIsland，Japan，（2）document the stratigraphic distribution ofcavernicolous

74　bivalvesin the cored sediments，and（3）evaluate the potential of oxygenisotope

75　analysISOfthecavemicolousbivalve（力ftktelkliqiimensisasatoolfbrreconstructlng

76　thelateHolocenepaleoclimate．

77

78　　2．SubmarinecaveonIeIsland

79　　　Thenorthward－flowlng，trOPICalKuroshioCurrentallowscoralreeffbrmationin

80　the RyukyuIslands of southwesternJapan（Fig．1），Where alarge number of

81　submarinelimestonecavesexist（HayamiandKase，1993）．Weexaminedsediment

82　samples　from a submarine cave named Daidokutsu（”large cave”）on the

83　northeasterncoastofIeIsland（Fig．1）．Theislandisapproximately23km2inarea

84　andcoveredbytheQuaternaryRyukyuLimestone，Withafringingreefclosetothe

85　PleistocenelimestoneseacliffS，Whichhavebeenundercutatmeanhigh－Waterlevel．

86　Thesurfaceofthefringingreefismostlyflatandexposedatebbtide（meantida1

87　rangeisl．8m）．MacNeil（1950）inferredthatthereefflatatIeIslandhasbeen

88　planed downfrom areefthatin comparatively recenttimeswas atleastl．8m

89　higher．ThesealevelatOkinawaIslandbetween3，500andl，700yrBPwasstable

90　andalsowasthehighestoftheHolocene（Kobaeta1．，1982），atlessthanonemeter

91　abovethepresentsealevel．Thiswouldhavebeencausedbyerosionandsolutionof

92　the orlglnalreefafter a subsequentfallofsealevelafter ca．1，700yrBP．The

93　loweringofsealevelisduetoupliftwiththerateofO．7mmperyear（Kobaeta1．，

94　1982）．

95　　　Thereefcrestisabout200mfromtheshoreline，andlOOmfromDaidokutsu

96　cave．Thecave’sentranceliesabout20mdeeponthefbre－reefslope，andisone

97　meterhighandtwometerswide（Fig．2）．Thecavedeepensabruptlyinwardand

98　thereareflat，Widecavernsinitsmiddleandinnermostparts（TabukiandHanai，

4
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99　1999）；themaximumdepthofthecaveis31m．Tracesofbiogenicactivityarenot

lOO evidentinthe cave’sbottom sediments．Based onthe sea－levelcurve ofFairbanks

lOl　（1989），Bard et al．（1996）and Toscano and Macintyre（2003），the cave was

lO2　submergedatca9，000yrBP，andeventheentrancemighthavebeencompletely

lO3　submergedatabout8，000yrBP．

104

105　　3．Methods

lO6

107　　3．J．昂eん才worん

108

109　　　WemeasuredwatertemperaturehourlyintheinnermostpartofDaidokutsucave，

110　WithaNichiyuGikenKogyoNWTJSNself－reglStenngthermometer，from26July

111　2003to6July2004．Cavesedimentwascollectedbyhandwithacorlngtube5cm

112　indiameter，anda43－cmCOreWaSreCOVeredwithoutreachingbasement（Fig．2）．In

113　addition，WeCOllectedsurfacesediments（5cmthick）nearthecoringsiteinorderto

114　0btainabundantindividualsofthecavernicolousbivalve（力fatelkliqiimensis．

115

116　3．2．滋d椚e〃α〃αか由

117

118　　　Thesedimentcorewassplitanddescribed，andX－rayradiographsweretakenof

119　slabsamples（6cmwideX20cmlongXIcmthick）fromthesplitcore．Thirty－Six

120　1．2－cm－thicksamplesweretakenalongthecoretomeasuregrainsize，Carbonate

121　contentandgraincomposition．GrainsizesweredetermineduslngStandardsieves

122　（classinterva11¢）．Thecafbonatecontentofbothsand－Size（1g）andmud－Size（200

123　mg）particlesweredeterminedbygentleremovalinlO％aceticacid．Toanalyze
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124　graincompositionsofsand－andmud－Sizeparticles，WePreParedtwosmearslides

125　from one samples．Sand－Size particles were examined on the smear slide by

126　point－COunting（200counts per slide）．For disarticulated shells ofbivalve and

127　0StraCOds，aSeParateValvewascountedasoneindividual．WeusedtheComparison

128　Chart fbr Visual Percentage Estimation of Terry and Chilingar（1955）fbr a

129　seml－quantitativevisualassessmentofmud－Sizecomponents，eXCePtfbrcoccoliths，

130　withthepercentagescorrectedtocompensatefbrthedegreeofgraindispersalon

131　the smearslides．Sincethe coccoliths arevery smallandmaskedbythecoarser

132　grains，theirevaluationisdifncultuslngaSeml－quantitativevisualassessment．In

133　this study，WeeXaminedwhetherornotthesedimentsamplesyieldedcoccoliths．

134　Weanalyzedthirteensamplesfbrmqorminerals．Theirmineralcompositionwas

135　analyzedbypowderX－raydifn－aCtOmetry（ⅩRD）usingaRigakuRINT2500Vand

136　JDX3536．

137　　　0Xygen and carbonisotope analyses were perfbrmed on nine samples of

138　mud－Size cafbonate，Since grain－Size analysIS Showed that mud－Size grains

139　predominantinthesubmarine－CaVedeposits（seebelow）．Powderedsampleswere

140　analyzedonaFinnlganMAT251massspectrometeratHokkaidoUniverslty，Japan．

141IsotopICValues areexpressedrelativetotheisotopICratio ofcarbondioxidegas

142　derivedfromthePeeDeeBelemnite（PDB）inconventionaldeltanotationusingthe

143　NBS－20standard・AnalytlCalprecisionfbr8180and813CvaluesisO・08％oand

144　0．05％0，reSPeCtively，basedonmultipleanalysisofalaboratorystandard．

145

川；．して‥I／／（J亘、ハ・イ〃机・／い－／り…／、い

147
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148　　　All micro－bivalves were picked and countedfrom the＞0．5mmfraction of

149　thirty－Sixl．2－cm－thick samples．Taxonomicidentincations are based onHayami

150　andKase（1993）．Fordisarticulated shells，a SeParateValvewas counted as one

151individual．Basedonsedimentdensity（heresettol．25g／cm30fgraindensityfbr

152　allsamples）andsedimentationrate，theaccumulationrateofthedominantspecies

153isexpressedasthenumberofspecimenspercm2／yr・

154

1∴∴　．り‥I／／（小、ハ・イ／，（Jh小一／川〝，JnJ／／J／●し・

156

157　　　As noted below，the micro－bivalvia Cbftktelkliqiimensisis suitable fbr

158　reconstructlng Palaeotemperature uslng OXygenisotope analysIS．There are no

159　Published studies of the oxygenisotope composition of C．iqiimensis，SO We

160　analyzed30individuals（articulatedandsinglevalves）fromsurfacesediments（5

161　cmthick）．Thedelicateprodissoconchofallindividualsispresent，althoughthey

162　lacksoftparts．Inaddition，WereCOVered13individualsofC．iqiimensisfromthe

163　　core．

164　　　0xygenisotope data　from bivalve mollusc shells are valid fbr climate

165　reconstruction，becausethey reflectboth surface temperature andthe81800f

166　ambientwater．Therefbremanyworkershaveanalyzedanumberofshallow－Water

167　species（e．g．，Chinzei，eta1．，1987；Sch6neeta1．，2003，2004，2005；Mueller－Lupp

168　eta1．，2004；Watanabe et a1．，2004；Jones eta1．，2005）．These studies estimated

169　seasonaltemperaturevariationfromintra－annualoxygenisotopevalues．Suchhigh

170　temporalresolutionrequlreSbivalvespecimensthatareseveralcentimetersinsize．

171Incontrast，theadultshellsizeofC．iqiimensisislessthan4mm，SOthatweused
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172　thewholeshellfbroxygenisotopeanalysis．X－raydifn－aCtionanalysesshowthatC．

173　iqiimensis consists of100％aragonite．Sampleswere notpretreatedby roastlng．

174　IsotopIC determinations were made at CEA／CNRS，France，and Hokkaido

175　Universlty．IsotopICValues are expressedrelativetotheisotopIC ratio ofcarbon

176　dioxide gas derivedfrom the PDBin a conventional delta notation uslng the

177　NBS－20standard，WithprecisionbetterthanO．05％0．

178

179　3．5．月αdocdrろ0〃（加わ材

180　　　Theradiocafbonagesofeightwell－PreServedmolluscshellswereconductedbyBeta

181　AnalyticInc．，uSlng aCCeleratormass spectrometry．Three sampleswere mixtures of

182　severalspecies，inordertoprovideenoughvolumefbrdating（Tablel）．Inaddition，the

183　radiocafbon ages ofthree carbonate一mud samples containlng dated molluscs were

184　0btainedfromthe samemethod．We submittedO．5gofcarbonatemudtoeachdate．

185　CalibratedagerangeswerecalculatedaccordingtoMethodAofStuiveretal．（1998），

186　afterapplyingalocalcorrectionfbrthenorthwesternPacincof355years（AR＝35±

187　25）（Hideshimaeta1．，2001）．

188

189　　4．Results

190

191　才．J．A承）くねr〃CO仇加わ〃∫

192

193　　　Watertemperatureswithinthecaverangebetween29．60C（31August，2003）

194　and20．30C（29February，2004）．The pattem Ofthe seasonal changein water

195　temperatureswithinthecaveissimilartothemeanmonthlytemperaturesat30m

8
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196　deep（T30m）around Okinawafbr1874－2001（Japan OceanographicData Center；

197　J－DOSS）（Fig．3a）．Patternsofdailychangesintemperaturearesynchronouswith

198　thetidalcycle（Fig．3b）．Thisimpliesthatthealternationofwatermasseswithinthe

199　caveiscausedbythetidalcycle．

200

二日l J．ご∴VL・（〟／肛〃／り／・甘川／（八川叩い、／／／川／

202

203　　　Traces ofbiogenic activlty arelackingln the cave’s bottom sediment，and

204　burrowlng maCrObenthos such as polychaetes are absentfromthe core samples．

205　Sedimentary structures such aslaminae and trace fbssils are absent．The mud

206　contentofthesedimentis70±5％，Whileparticleslargerthanl¢rangefromO．2to

207　6．1％，Withanaverageofabout2％byweight（Fig．4）．Thecarbonatecontentof

208　sand－Size sedimentranges between78and96％，While the content ofmud－Size

209　sediment rangesfrom90to97％．In both sand－and mud－Size sediments，the

210　carbonatecontentissignincantlylowinthelowerportion（Fig．4）．

211　　ⅩRD analysIS Shows that bulk samples consist of50－58％high－Mg calcite，

212　30－37％aragoniteand9－19％calcite（Fig．4），Withrelativepercentagesdetermined

213　by peak－intensity analysis（Neumann，1965）．The magnesium concentrations

214　determinedbyX－raydifn－aCtion（Goldsmitheta1．，1961）were13．9±1．6mole％

215　Mginhigh－Mgcalcite．Asnotedbelow，benthicfbraminiferaareabundantinthe

216　cavesediments・Itislikelythattheirshellscontributehigh－Mgcalcite・The8180

217　and813cofcafbonatemudare一日9±0・08％oandl・32±0・11％oPDB，reSPeCtively

218　（Fig．4）．There are no signincant changesin the stratigraphic distribution of

219　minerals，OrOfoxygenandcafbonisotoperatios．

220　　　Bothsand－andmud－SizeparticlesaredominatedbycafbonatedebriS（Figs．4

221　and5）．In sand－Size particles，theidentined component consists dominantly of
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222　spongespicules，benthicfbraminifera，OStraCOdsandfragmentsofechinoids（Fig．4）．

223　In addition，many Pumice grains occurin thelower part，Where the cafbonate

224　contentisrelativelylow（Fig．4）．Inmud－Sizeparticles，theidentinedcomponent

225　consistsdominantlyofspiculesofbothspongesanddidemnids（Fig．5）．Coccoliths

226　arecommoninallsamples．Therearenosystematicchangesinthe stratlgraPhic

227　distributionofgraincomponents，eXCePtfbrthepumicegrains．The stratlgraPhic

228　distribution ofpumicegrains exhibits apattern similartothatfbrnon－Carbonate

229　grains（Fig．4）．Fromthis，Wethinkthatthedepositionofpumicegrainscausedthe

230　relativelylow carbonate content of thelowermost part．We estimate that the

231　contribution ofpumice grains to the total sedimentation wasless than20％by

232　weight．ThepumicegrainsweretransportedtothisareabytheKuroshioCurrent，

233　　sincetherearenoactivevoIcanoesaroundIeIslandorOkinawamainland．

234

235　4．3．月αdocαrろ0〃聯（加わ材

236

237　　　Radiocarbon－datedmolluscshellsandcarbonatemudareshowninTablel．The

238　gastropod Nbritcpsis radJkl（2　cmin shelllength）and bivalves Bentharca

二∴い　／／●／●し・．印山／●ハ．ハJ／川川JJ／ハ、／／J／JJl・／：り仙・／J／JJ．亘lイ・ヅVl・／川／：川へHJ川、ハ．l’りハ山しイ山

240　iqiimensisandCoralli（phagajv）alinalivein submarinecavesorcryptichabitats

241（HayamiandKase，1993）．Allbivalvesareverysmallinadultsize，atlessthan5

242　mminlengthandheightandareepifaunalorsemi－infaunal．Thesmallgastropods

二日　・＼ン…八・／（Jり、、しイ／しイ人目／－川J／：ど叫ど／／（J〝．／．／JJ川：印／／JんlLnハ、／…、／（J／（JmhH／／申／●ハ／叛・l・／山

244　alsooccurintheintertidalzoneandbeachdriftandareepifaunalorsemi－infaunal．

245　Incontrast，花nago血S（花nago血S）cumi頑OCCurSaSClustersburiedin sponges

246　attachedtocavewalls，andits14Cagemaybeolderthanthatofothermolluscsin

247　thesamestratigraphichorizon（Kitamuraeta1．，2003）．

248　　Theresultsof14cdatingareplottedinFig・6・Inthedepthintervalfrom35cm

10
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249　to6cm，allagesfallnicelyalonganage－depthline，lmPlyingcontinuousdeposition

250　and a constant sedimentation rate of20．0　cm／kyr．Although pumice grains

251　accumulatedduringthedepositionofthelowerpart（43to35cmindepth），the

252　relativeincreasein sedimentation rate wasless than　20％，based on their

253　above－nOtedcontributiontototalsedimentation．Therefbre，WeuSe20．0cm／kyras

254　thesedimentationratebelow35cmdepth．Usingthisvalue，theageofthelowest

255　sampledsedimentsisestimatedasADlOO，Whichagreescloselywiththe14cage

256　0fADOofthelowestsampleincludingTcumi頑（Fig．6）．Thesedimentationrate

257　0fthesesubmarinecavedepositsissimilartothatofpostglacialdeep－Seadeposits

258　（400－2，500　m depth）in the Okinawa Trough and Ryukyu Trench slope

259　（Ujii6andt力ii6，1999；XuandOda，1999；Jianeta1．，2000）．

260　　　Two samples abovethe6－cmlevelcontainlOO．5±0．4pMC（percentmodern

261　carbon）and111．5±0．4pMC（Tablel）．AccordingtoStuiverandPolach（1977），

262　thesevaluesapproximatetheA14cvaluesof4・5±3・8％oandlll・5±4・2％0・Such

263　highA14cvaluesarederivedfrom14co2thatwascreatedbyatmosphericweapons

264　testlngln the1950s and early1960S．Based on coral records fbr the period

265　1913－1979fromOkinawa，A14cvaluesincreasedfrom－42to＋175％obetween

266　1954－1956and1970，andthenremainedstableunti11979（Konishieta1．，1982）．

267　This valueis higher than80％00fthe ocean，eXCePt fbr areasinfluenced by

268　upwelling（Guildersoneta1．，2000）．Thus，theagesoftheupperandlowersamples

269　（0－2．2cmand3．4－5．8cm，reSPeCtively）correspondtoca．1960andthelatterhalfof

270　the1960S，reSPeCtively（Fig．6）．The dated mollusc species are epifaunal or

271　semi－infaunal suspension feeders（Hayamiand Kase，1993）．Based on this，the

272　reversedagerelationshipofthetwosampleswascausedbybioturbation．Therefbre，

273　Wethinkthatthe thickness ofthe mixed surfacelayerrangesfrom2to6cm．

11
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274　Becauseofsurfacemixlng，thetemporalresolutionofcoredataiscalculatedaslOO

275　to300yearsuslngaValueof20．0cm／kyrfbrthesedimentationrate．

276　　　Theradiocafbonagesofthedatedcarbonatemudare1－2kyrolderthanthoseof

277　mollusc samples・Consideringthepresence ofbiogenicgrainswithhighA14C

278　values，thetrue age differencesintheupper6cm ofsediment are slgnincantly

279　1argerthanthenumericalages．Thereisnodoubtthattheagedifferencesbetween

280　themtendtoincreasewithtime（Fig．6）．

281

282　　4．才．A須Cれフ一朗Vαルビ∫

283

284　　　Weidentined a total of25　bivalves（Table　2），Which exhibit excellent

285　preservation desplte being mostly disarticulated．The prodissoconch can be

286　0bservedinmanyindividuals．Thesefactorsimplythatthefbssilsrepresentalife

287　assemblage．Themicro－bivalviaParvamussiumcf”ticum，Cosaki頑Oi，（力ftktelk1

288　iqiimensis and qノCkpectenfyub）uenSispredominate and are suspensionfeeders．

289　They areendemictocavernicolousenvironments（HayamiandKase，1993）．The

290　StratlgraPhicdistributionoftheiraccumulationratesisshowninFigure7；therange

291fbraglVenSPeCiesislessthanO・03／cm2／yr・Thereisnoslgnincanttemporalchange

292　inspeciescompositionorintheaccumulationrateofthedominantspecies．

293　　　Pcf”ticum，C．ki頑OiandC．fyub）uenSisarenotsuitablefbrthereconstruction

294　0fpalaeotemperaturefromoxygenisotopecomposition．ThisisbecauseC．ki頑Oi

295　andC．fyub）uenSisaretoosmall（＜100mg）fbrsuchanalysis，WhileP cf”ticum

296　consists ofa mixture of calcite and aragonite．Theisotope composition ofC．

297　1ylmenSis，WhichconsistsoflOO％aragonite，lSaloneusefulfbrthereconstruction

298　0fpalaeotemperature．

12
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299

：日日　J．さ．り＼：lrr〃ハり／・ヅりl・川／（J亘、ハ・イlbハ山しイ山／り／／肛〃、ハ’

301

302　　　McConnaughey（1989a）hasshownthatcalcifyingorganismswithafastgrowth

303　rate may havelower813c and8180values than would be expected based on

304　equilibrium criteria alone．This depletion ofthe heavier stableisotopes ofboth

305　elementsiscausedbykineticisotopefractionationduringtheCO2hydrationand

306　hydroxylation，With rapid calcincation favonng strong kinetic effects

307　（McConnaughey，1989b；McConnaughey and Whelan，1997；Zeebe and

308　Wolf－Gladrow，2001）．Sincekineticeffectsresultinsimultaneousdepletionof180

309　and13C，therelationshipbetweenthemcanbeusedtocheckwhetherkineticisotope

310　effectinfluences180valueofC．iqiimensis・Thereisnoslgnincantcorrelation

311　between813cand8180ratiosofthespecimensfromsurfacesediment（Fig．8）．We

312　thinkthatkineticeffectsarenotslgnincantfbrtheoxygenisotopecompositionofC．

313　iqiimensis．ThecompositioniscontrolledbyboththetemperatureandtheisotopIC

314　COmPOSitionoftheambientseawaterinwhichtheanimalslive．

315　　　Asnotedabove，OurtemPeraturereCOrdindicatesthatthemeanmonthlywater

316　temPeratureWithinthecaveisalmostthesameasthewatertemperatureat30m

317　depth（T30m）0ffthe southwestern OkinawaIsland（Fig．2）．We didnotmeasure

318　Salinlty WithinDaidokutsu cave．However，ltS Valueislikely equalwiththat of

319　0CeanSurfacewater，SincewaterhasflOwedcontinuouslylntOandoutofthecave

320　fbrthepast2，000years，aSnOtedbelow．

321　Al18180valueswerecalculatedusingthefbllowlngequationofGoodwinetal・

322　（2001）：

13
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323　　7も18。＝20．6－4．34［8180a，ag。nite－（8180wate，－0．2）］，Where8180a，ag。niteis

324　measuredrelativetothePDBscaleand8180wate，lSrelativetotheSMOWscale・

325　　　0ba（1988）reportedthefbllowinglinearrelationshipbetweenwatersalinity（5）

326　and81800fseawaterinthereglOnfromtheEastChinaSeatotheKuroshioCurrent

327　0ffthesouthemJapaneseIsland：

328　　8180W雨。r＝－6．76＋0．2035－

329　　　Instrumentalrecordsfrom Sesoko Marine Science Center，10kmfrom our

330　SamPlingpolnt，ShowthatthesalinltyOfthesurfacewatersrangesfrom34．5p．S．u．

331in summerto35．1p．S．u．inwinter（NakanoandNakamura，1993a，b）．Basedon

332　thesedata，WeinfbrthesalinltytObe34・8p・S・u・Changesin8180waterderivedfrom

333　Seasonalvariation of salinlty are eStimated at O．12％o and correspond to smal1

334　dif托renceinestimatedtemperatureofO．40C．

335　　　Theresultsofradiocarbondatingsuggestthatthedurationofsamplesfromthe

336　Surfacesedimentsisapproximatelythelast50yrs・ForspecimensofC．iqiimensis

337　fromsurfacesediment，thereexistsastatisticallyslgnincantcorrelationbetweenthe

338　shellsizesand8180values（r＝－0．55，n＝30，P＜0．01）（Fig．9）．Their7も18。rangeS

339　between22．4and26．60C（Fig．10）．Forthesamesizedindividuals，thedif托renceof

340　7も180is20C．The7も180rangeSbetween23．5and26．50Cinsamplesofthecored

341　sediments（Fig．10）．

342

343　　5．Discussion

344

∴1∴　さ．／．ハJ／JHU〃川川／／肛〃／（J八・／J川坤・、l川／J／／／／／J八川・し・

346

14
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347　　　Theoccurrences ofcoccoliths andpumiceindicatethat seawaterhasflowed

348　continuouslylntO Daidokutsu cave．Thisis supported by occurrences of the

349　cavernicolousbivalvespecies（Fig．7）．Sincethelevelofpredationpressureislow

350　in a submarine cave，thebiomass ofsuspensionfeeders approachesthe carrylng

351　capacity（HayamiandKase，1993）．Inthecaseofmicro－bivalves，fbodsupplyisa

352　moreimportantfactorfbrthecarrylngCaPaCltythaniscompetitionfbrspace．Thus，

353　theconstantaccumulationrateofthedominantbivalvesimpliesthatanamountof

354　nutrition，Whichhasbeenbroughtfromoutsidethecave，WaSnOtVariedoverthe

355　past2，000years．It seems probable that thisinflux ofwateris related to the

356　fluctuationofwatermasseswithinthecaverelatedtothetidalcycle．Thecurrent

357　veloclty WaS nOt meaSured within the cave，althoughitis verylow，because

358　mud－Sizeparticleshavedepositedcontinuouslyoverthepast2，000yrs．Insummary，

359　itseemsthatthecavehasremainedsheltered，Withlowhydrodynamicenergy，and

360　webelievethatthesedimentsconstituteacontinuousdepositionalrecord．

361

：化　さ．ご∴＼川J／・l・ハ・小川・／－川／仙・（人イり・ハ’

363

364　　　0uranalysesofgraindistributionandgraincompositionsshowthatmud－Size

365　Carbonate debris predominatesin the submarine－CaVe deposits（mean of67．4±

366　5．5％andrangeof55．2to76．5％）．Boththe8180and813cratiosofmud－Size

367　carbonateinthesubmarinecavedepositarenearlyO％oPDB（Fig．4）．Thisindicates

368　thatthemainsourceofcarbonatemudwasmarinecarbonate，ratherthancarbonate

369　precipitated on the surface ofthe cave walls and ceiling（e．g．，Stalactites and

370　stalagmites）befbrethecavewassubmerged．Becausethelatterhassignincantlow

371valuesfbrboththe8180and813cratios（AllanandMatthews，1982）．Asnoted

372　above，theradiocafbonagesofthecarbonatemudsedimentsare1－2kyrolderthan

373　thoseofthemolluscsamples（Fig．6）．Consideringthepresenceofcalcareousshells

15
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374　suchascoccolithsandthespICulesofdidemnids，theagesofunidentinedgrainsare

375　01derthanthedatedcarbonate－mudsediments．Thesefactorsimplythatthesegrains

376　aredetritusfromtheemergentreefflatthathasbeenreducedtoitsmodemlevelby

377　erosion（MacNeil，1950）．This process also explains the expansion of age

378　dif托rencesbetweentheunidentinedmud－Sizeparticlesandthemollusc samples．

379　Thewatermovementhastransportedsuspendedcarbonatedetritusintothecave，

380　andthesennegrains（includingcoccoliths）Settledinthecaveandwereaggregated

381into pellets by suspension feeders such as coralline sponges，bivalves and

382　brachiopods．Ourresultsimplythattherewerenoslgnincantchangesincondition

383　0fthehinterlandduringthepast2，000years，eXCePtfbrthedriftofpumicegrains．

384　In summary，the submarine cave deposits provide high－reSOlutionrecords ofthe

385　development ofcoralreefand voIcanic activlty arOund Ryukyu and Philipplne

386　Islands．

387

388

∴HH j‥寸．PH／川／／（J／・イ「．／り／／JJ川、ハ（ハ川／川●l・／J／け・イ／／り／HlV〃り，（J山川／川〃，JnJ／／J八・

390

391　　　Forspecimens ofC．iqiimensisfrom surface sediment，thereis aslgnincant

392　correlationbetween8180valuesandtheshellsizes（Fig．9）．Wecalculatedthe7も18。

393　duringtheprecIPltationoftheoutershellportion，Whichis3．0mmormorefrom

394　theumbo，basedontherelationshipbetweenthesizeandweightofC．iqiimensis

395　（Fig．11）andtheequationoftheregressionline．Thecalculatedvalueis26．80Cand

396　corresponds to T30m duringJuly（27．0±1．40C）．The average value of7も180fbr

397　smallshellsisbetween T30mduringMay（23．6±1．00C）andJune（24．8±1．10C）．

398　Fromthesedata，WebelievethatshelldepositionbeganinearlyAprilandended

399　inJuly．Shell growth of bivalvesis generallyinfluenced by a number of
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400　environmentalfactorssuchaswatertemperature，Salinlty，andfbodavailability．As

401　notedabove，therearenotslgnincantseasonalchangesinsalinitywithinthecave．

402　AroundOkinawaIsland，thephytoplanktonbecomesmostabundantinwinterand

403　remainsatlowlevelsintheotherseasons（Imaieta1．，1988；Xuetal，2005）．From

404　these，thegrowthpatternofC．iqiimensisismainlycontrolledbytemperature．

405　　　　Asnotedabove，theenvironmentwithinthecavehasbeenmaintainedoverthe

406　pasttwomillennia・Therefbreweinfbrthatthe8180valuesofseawaterandthe

407　temperaturesbothwithinandoutsideofthecavewerethesamefbrthepast2，000

408　yrs．BasedonthisassumptlOn，WeCOmParethe7も180Valuesoffbssilandrecent

409　shells ofC．iqiimensis（Fig．10）．Exceptfbrtwo shells，thevalues derivedfrom

410　fbssilfallwithintherangefbrrecentspecimens．Incontrast，tWOShellshavevalues

411　thatare20Chigherthantheestimatedtemperaturederivedfromtheequationofthe

412　regressionline．TheagesofthesehorizonsareestimatedtobeAD340±40（26．2±

413　0．10C）andADlOOO±40（26．1±0．20C），reSPeCtively．AccordingtotheJ－DOSS

414　database，thisvaluecorrespondstoaMayandJuneT30mOf26．20CatKumeIsland，

415　whichislocatedbetweenthestudysite（100kmtothewest）andthemainpathof

416　theKuroshioCurrent（Fig．1）．

417　　　AccordingtoYangetal．（2002），WarmCOnditionsprevailedineasternChinaat

418　AD0－300andAD800－1100．ThesetwointervalscorrespondtotheRomanWarm

419　PeriodandMedievalWarmPeriod，reSPeCtively．However，Wedetectednoevidence

420inthe8180recordofC．iqiimensisofthecooIconditionsintheLittleIceAge（LIA；

421　AD1400－1900）．Glacialadvancesinbothhemispheres（Grove，1988）andenhanced

422　polaratmosphericcirculation（Kreutzeta1．，1997）suggestthattheLIAwasagloba1

423　event．Unfbrtunately，there are no proxy climate data，Or historical documents，
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424　　which allowed these workers to reconstruct the climatic conditions of Okinawa

425　duringtheLIA．ThereisabundantevidenceofLIAcooIconditionsintheterrestria1

426　recordsofChina（QianandZhu，2002；Yangeta1．，2002）．However，Rind（1998，

427　2000）hassuggestedthatcoolerLIAconditionswerepossiblyrestrictedtohigher

428　latitudes．NoneofthefbwLIAreconstructionsofthetropICSidentifycoldperiods

429　synchronouswiththoseinNorthemHemispherecompositereconstructions（Hendy

430　et a1．，2002；Gagan et a1．，2004）．Itis therefbre probable thatthe shallow seas

431　aroundOkinawaIslanddidnotexperiencecooIconditionsfromAD1400to1900．

432　　In summary，Paleoclimatic records based on oxygenisotope analyses ofC．

433　1ylmenSis are notinconsistent with other proxy series　from the Northern

434　Hemisphere，lnCluding China，eXCePtfbrthe LIA・We thusbelievethat8180

435　analysIS OfC．iqiimensisis areliable source ofinfbrmation aboutpaleoclimatic

436　fluctuationsin the Okinawa area．Reconstructlng additional paleoclimate data

437　Wouldrequlreimprovedsamplingfbrmillimeter－SizeshellsofC．iqiimensis．

438
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depth
（cm ）

laboratory

num ber
Sam Ple

m easured
14c age

（B P）

8 13C
conventiona l
14c age＊

（B P ）

C alib rated age

intercept＊＊ age ranges
（calB P） （calB P）

0－2．2 B eta－185831

m ix of jb r竺 77uSSl m orw bbum （one ind ividual），

C∂rOW e伯 ／針m enS／S （one indiv id ual）and

h7jb ／克 p oeojb （one indiv id ual）

106±0．4

PM C
＋1．4
100．5±0．4

PM C

3．4－5．8 B eta－185832

m ix of jb rtG m uSSjtJm Or㌍ tjbum （one individual），

C vc伽 eoten 励 ノenS／S （o ne individua l）， 118±0．4
＋2．5
111．5±0．4

C ∂rOW e伯 也か7enSjb （one indiv id ual）and

C ora m bphaga h岬hha （o ne individual）

PM C PM C

13 B eta－167418 N 占／東叩 Sjb ra OtJb （one indiv id ual） 220 ±40 ＋1．5 650 ±40 320　　　 300－250

19．6 B eta－180894 A oar sp．aff．A ．p hbata （one individual） 590 ±40 ＋2．7 1040 ±40 6 10　　　 630－540

25 B eta－167416 S tosjb血 （b seh白腹）b ourgud a〟（one ind ividual） 10 80 ±40 ＋2．9 1540 ±40 1100　　 1172－1056

34 B eta－185221 S ept虎r sp．（one indiv idual） 1530 ±40 ＋2．8 1530 ±40 1520　　 1560－1460

35．5 B eta－167415 M bTe伯 sp．（o ne individua l） 1570 ±40 ＋1．7 2010 ±40 1580　 1640－1540

43 B eta－167414
mixofBentharca．jhTegubrjs（oneindividual），
占77a励 7u血 ora SS／00Sta ta （one individ ual）and

7t？nagO d ノS （7t？nagO d ノS ）oum h7g／（o ne individua l）

1920 ±40 ＋3．2 2380 ±40 2000　　 2050－1940

0－0．8 B eta－19474 3 C arbonate m ud 20 90 ±40 ＋0．5 2510 ±40 2150　　 2250－2120

19．0－20．2 B eta－19474 2 C arbonate m ud 2160 ±40 ＋0．9 2580 ±40 2290　　 23 10－2200

41．8－43．0 B eta－19474 1 C arbonate m ud 2960 ±40 ＋0．8 3380 ±40 3250　　 33 10－3200

＊reservoircorrectionwas notapplied．

＊＊interceptsbetween theconventional14cageandthecalibrationcurveofStuivereta／．（1998）．

Allerrors arelo・．

PMC：PerCentmOdern carbon
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C a畑作e／／∂／q m e ／15／S L 2 R 4 ／L l L3 R l Ll R l／L l Ll R l／L l A l L l L l R l／L l R l R l／L l R l R l Ll R 2 R 2 L3 R 2 A l／L l

S a／a p U仙 m Lm 血um L l L l

K e／／／e ／／∂ノap O／1／ca L l L l Ll A l

P er／9少b c ／1e m ／1／fz／ L l

G a かam 〝n pe C狛1∂如m R l

C o／召／〟op a9∂ル∂仙∂ R l

H ia tella sp ．aff．H ．orien ta lis Ll

P orom yda e SP ． R l Ll R l R l R l

H a／○／1y m p a aS由かca L l L l

D epth （cm ）
43．0－ 41．8－ 40．6－ 39．4－

38．2－37．0
37．0－ 35．8－ 34．6－ 33．4－ 32．2－ 31．0－ 29．8－ 28．6－ 27．4－ 26．2－ 25．0－ 23．8－ 22．6－ 21．4－ 20．2－ 19．0－ 17．8－ 16．6－ 15．4－ 14．2－ 13．0－ 11．8－ 10．6－ 9．4－ 8．2－

7．0－5．8
5．8－ 4．6－ 3．4－ 2．2－

1．1－0
41．8 40．6 39．4 38．2 35．8 34．6 33．4 32．2 31．0 29．8 28．6 27．4 26．2 25．0 23．8 22．6 21．4 20．2 19．0 17．8 16．6 15．4 14．2 13．0 11．8 10．6 9．4 8．2 7．0 4．6 3．4 2．2 1．1

Kitamura et alTable2


