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Abstract

ThestratlgraPhicdistributionandabundanceofmolluscsandplanktomicfbraminiferawithin

Sixth－Order（41－k．y．）depositionalsequencesoftheearbTPleistoceneOInmaFormationatHokuriku

SedimentaryBasinprovidesprecioushistoryoftheSeaofJapansince2．5Ma．Theresultshowsthat

Paleoceanographichistoryoftheseaisdividedintothreesld）StageS．Duringsld）StageI（2．5－1．71Ma

（Stage60／59）），COldsurfacewaterprevailedintheseawhichisduetotheclosureofthesouthemChannel．

DuringsubstageII（1．71－1．52Ma（Stage51）），thewarmTsushimaCurrentflOwedintotheseaatevery

interglacialhighstands．DuringsubstageIII（1．52－OMa），isolationoftheSeaofJapanwasreinforcedby

narrowlngand／orshallowlngOfnorthemChannel．Thesetransitionswerecausedbylocaltectomicsaround

SO血hemandnorthemChannels，reSPeCtivebT．TheonsetofinflowoftheTsushimaCurrentcaused

intruSionofwarm－WaterOrgmismsintotheSeaofJapanduringlnterglacialstagesandbarrierto

mlgrationoflandorgmismsbetweenEastAsiaandJapan．

Keywords：SeaofJapan，TsushimaCurrent，Pleistocene，Pliocene，PlanktomiCforamimifera，mOlluscs，

depositionalsequence

1．Introduction

TheSeaofJapanisasemi－enClosedmarglnalseawithanareaofapproximatebTl，000，000km2andan

averagedepthof1350m．TheseaisconnectedtotheEastChinaSeathroughtheTsushimaStrait，tOthe

PacificOceanthroughtheTsugaruStrait，andtotheSeaofOkhotskthroughtheSoyaandMaInlyaStraits．



Thesestraitsarenarrowandshallowerthan130mdeep（Fig．1）．Atpresent，theonlycurrentfl0wingintothe

SeaofJapanistheTsushimaCurrent．Thecurrent，abranchofthewarmKuroshioCurrent，enterStheSeaof

JapanthroughTsushimaStraitandmakesitswaynorthwardalongthewestemCOaStOfHonshuIsland（Fig．1）．

ThecurrentsuppliesalargequantityofheatandalsotransportsmarineorgamismsintotheSeaofJapan．

Moreover，theinflowoftheTsushimaCurrentiInPliesthatlandorgmismsofJapanwereisolatedfromthose

OfeastemAsia．Therefbre，thecurrentlikebThadaprofbundinfluenceontheQuatemaryPaleoenvironment，

ecosystemsandevolutionoforgmismswithinandaroundtheSeaofJapan（e．g．，Yasuda，1982；Obaeta1．，

1991；Duhbereta1．，1992；Tada，1994；KitaInuraeta1．，1994，1997，2000b；Ishiwatarieta1．，1999，Tadaeta1．，

1999）．

ThehistoryoftheTsushimaCurrentisexaminedbythestratlgraPhicdistributionofwarm－Water

SPeCieslivlnginthewatermassinfluencedbythewarmKuroshio．Warm－WaterSPeCiesintrudedintotheSea

OfJapanwiththeTsushimaCurrentandwerelocallyexterminatedbythesucceedingglacialperiod．KitaInura

（1995，1997）examinedthestratigraphicdistributionofwarm－WatermOlluscanspeciesfromtheeady

PleistoceneOmmaFormation．TheformationisexposedaroundKanazawaCityOntheSeaofJapancoastof

CentralJapan．Itsmiddleandupperpartsatitstypesection（Okuwasection）arecoInPOSedofsixth－Order（41

k．y．）depositionalsequences（Figs．1＆2）（KitaInuraeta1．，1994）．Thesesequencesdepositedininnertoouter

ShelfandaccuInulatedduringoxygenisotopestages50to26（Fig．2）．ThestratigraphicpattemOfwarm－Water

SPeCiesduringthelastl．5MaisexaminedbasedoncoInPiledfbssilrecordsfromtheOInmaFormation，and

upperQuatemarysedimentsatODPSite797intheSeaofJapan（Koizumi，1992）．Theresultsuggestedthat

theTsushimaCurrentinflowedatallinterglacialstagesfromlto49，eXCePtfbrstage23．Howeverthehistory

Ofthecurrentbefbrethattimewasnotclearbecauseoflackofstudy．RecentbT，Araietal．（1998）andTakada

（2000）analyzedstratigraphyandplankticfbraminiferalasseInblagesfromthelatestlatePlioceneandearly

Pleistocenebefbrestage49intheHokurikuSedimentaryBasin．Araietal．（1998）examinedplanktic

fbramimiferalasseInblagesintwosedimentarycyclesofthelatePlioceneJumichoFormation，Toyama

Prefecture．Thesecyclothemsdepositedinoutershelfandwerecausedbyglaci0－euStaticsea－levelchanges

duringtheOlduvaiSubchron（Araieta1．，1991）．Theyfoundoneindh，idualofplanktomicfbramimifera

Warm－WaterSPeCiesGlob短erinoidesruberfromeachtwohorizonsintheupperportionofthelowercycle．

Whereas，Takada（2000）studiedplankticfbramimiferalasseInblagesinfivesixth－Order（41－k．y．）depositional

SequenCeSintheearlyPleistoceneOmmaFormation，ToyamaPrefecture（Oyabesection）（Fig．3）．These
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SequenCeSarenuInberedsuccessh，ebTfromlto5．ThefirstappearancedatumsofGqu句ノrOCCPSaOCeanicaand

Gqu句ノrOC（pSa（large）areplacedatmiddleportionofCycle2andthebaseofCycle5，reSPeCth，ebT（Fig．3）．

Warm－WaterPlanktomicfbramimiferGdk．ruberwasrecogmizedfromCyclesl，2and3．Usingthefirst

appearancedatumofG．（large）asdatumplane，theOmmaFormationatOyabesectioncanbecorrelatedtothe

lowerpartofthefbrmationatOkuwasection．Asaresult，HokurikuSedimentaryBasincontainsthemost

COInPleteandundefbrmedshallowmarinelatePliocene－eadyPleistocenerecordsintheSeaofJapan．

Therefbre，fbssilfhunasinPlio－PleistoceneprovideanexcellentrecordoftheSeaofJapan，eSPeCiallythe

TsushimaCurrent．Inthispaper，WeeXaminedlithofaciesandfbssilrecordofthelowerandmiddlepartsofthe

OInmaFormationanddiscussedprecioushistoryoftheTsushimaCurrentbasedonrecentpublisheddataas

wellastheresultofourstudies．

2．GeologicalsettingofdepositionalsequencesoftheOmmaFormation

TheOInmaFormationatOkuwasectionhasbeendh，idedintolower，middleandupperparts

basedonitslitho－andbiofacies（KitaInura＆Kondo，1990）．ItsmiddlepartiscoInPOSedofeleven

Sixth－Order（41－k．y．）depositionalsequencesthatweredepositedininnertooutershelfdepthsduring

OXygenisotopestages50to28（Figs．2＆4）（KitaInuraeta1．，1994）．ThesesequencesarenuInbered

SuCCeSSh，ebTfromltoll．ThreedepositionalsequencesofthemiddlepartcanbeidentifiedatYuhidera

area，Whichis4kmnortheastofOkuwa（Figs．1＆5）．Thesequencesincludethefbllowingarchitectural

elementsinascendingstratigraphicorder：（1）abasalsequenceboundarythatissupelPOSedonthe

ravinementsurface；（2）aTST（2－5mthick）consistingofabasalshellbed（0．3mthick）（acondensed

Onlapshellbed）andoverlyingfine－tOVery－fine－grainedsandstone；（3）amaxiInumfl00dinghorizonthat

COincideswiththehorizonthathasthemaxiInumCOnCentrationofsand－Sizecatbonategrains；（4）anHST

（2－3mthick）consistingoffine一grainedsandstoneandsandysiltstone；and（5）anRST（＜1mthick）

COInPrisingfine－grainedsandstonewithacoarseming－uPWardtrend（KitaInuraeta1．，2000a）．They

definedtheboundarybetweentheHSTandRSTasthelastappearancedatumofwarm－WaterPlanktomiC

foramimifera．Onthebasisofrecentdistributionofmolluscanspecies，thesequenceatYuhiderawas

depositedinwaterafewtensofmetersdeeperthanatOkuwa（KitaInuraeta1．，1997）．Thusthe

PreSerVationofdepositionalsequencesofYuhideraisbetterthanthatofOkuwa．Withindepositional

SequenCeSinOkuwa，RSTandevenHSTsedimentsareobliteratedbyshorefaceerosionatthe



SuPedacentsequenceboundary岬igs4＆5）（KitaInuraeta1．，2000a；inpress）．

The25m－thicklowerpartoftheOInmaFormationconsistsmainlyofbluish－grayfine－tOVery

nne－grainedsandstonewithabundantwell－PreServedmolluscanfbssils．Recently，thelowerunconfbmity

andmolluscanfbssilsrecordofthebasalpartofthefbrmationwererecogmizedfromnewoutcropsat

Okuwasection（KitaInura，1997）（Fig．4）．PaleobathymetricchangeisestimatedbetweenOmandlOOm

basedondistributionaldataoflivingmolluscanspecies（KitaInura，1991a，1997）．Althoughtwohorizons

yieldingwarm－WatermOlluscanfbssilswererecogmizedinthelowerpart，SyStematicchangesof

lithofaciesandmolluscanfbssilasseInblagesinthemiddleandupperpartsoftheOmmaFormationwere

notdevelopedinthelower（KitaInura，1991a）．

3．Stratigraphicdistributionofwarm－WatermOlluscsandplanktonicforaminiferawithin

depositionalsequencesintheOmmaFormation

TheinflowoftheTsushimaCurrentwasthepnncipalfactoraffectlngthestratlgraPhic

distributionofwarm－WatermOlluscswithindepositionalsequencesoftheOInmaFormation，although

WaterdepthanderosionalonganuppersequenceboundaryalsoinfluencethestratlgraPhicdistributionof

thewarm－WatermOlluscs（KitaInuraeta1．，2000a）．AccordingtoKitaInuraetal．（1999），therateof

increaseindepthoftheTsushimaCurrentattheimitiationofflowwas17m土9mperl，000years．This

meansthatthegreaterthewaterdepthonthecontinentalSheltthelaterwastheInlgrationofwarm－Water

molluscs．Inaddition，themaxiInumdepthoftheTsushimaCurrentduringthefbrmationofdepositional

SequenCe2（OXygenisotopestage47）wasestimatedtobelOOm（KitaInuraeta1．，1997）．Thisisbecause

SmallvolumeoftransPOrtOfthecurrentduetothenarrowandshallowTsushimaStrait．Thusthe

StratlgraPhicdistributionofwarm－WatermOlluscsconstitutesawedgewithinanindh，idualdepositional

SequenCePriortoanyshorefaceerosion，Whichoccursduringthesubsequenttransgression（KitaInuraet

a1．，2000a）．InsuInmary，eVenattimeswhentheTsushimaCurrentflowedintotheSeaofJapan，itis

POSSibleforwarm－WatermOlluscstobemisslngfromaglVendepositionalsequenceonthecontinental

Shelもbecauseofthethinnessofthecurrentanderosionatthesupeqacentboundary．

Ontheotherhand，Planktomicfbraminiferaarestronglycontrolledbysurfaceseawater

teInPerature．Moreovertheyareshort－livedandrespondrapidlytoenvironmentalchanges，incoInParison
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withadultmolluscsthatarerelath，ebTlong－livedandmaylagbehindchanges．Butcoastalwaterprevents

Planktomicfbraminiferafromlivlng．FurthermOremicrofbssilscannotbeexaminedwiththeunaidedeye

intheoutcrop．ThuscoInbimingplanktomicandmolluscanfbssilanalysesnecessarytoelucidatethe

detailedhistoryoftheTsushimaCurrentfromshallowmarinerecord．

4．MetllOdsofstudy

ThestratlgraPhicdistributionandabundanceofmolluscanfbssilintheOInmaFormationatboth

OkuwaandYuhiderasectionshavealreadybeenanabTZed（KitaInura，1991a，b，1997；KitaInuraeta1．，

1994，1997）．Inaddition，thestratigraphicdistributionandabundanceofplanktomicfbraminiferain

depositionalsequence2atbothsectionshavepreviouslybeenstudied（KitaInuraeta1．，1997；2000a）．In

thecaseofdepositionalsequenceIIandIIIoftheupperpartoftheOInmaFormation，Calcareousfbssils

OCCurPartlyintheformeranddonotinthelatter．Thusplanktomicfbraminiferastudiedhereoccurin69

SaInPlestakenfromintervalsotherthantheabovethreedepositionalsequences（Fig．2）．ThesesaInPles

WereSOakedinhotwaterfbronehourandwasheduslngaSievewith125－□m－diameteropenlngS．The

SaInPlesweresubsequentlysplitintoaliquotscontainlngabout200specimens．AllplanktomiC

foramimiferalSpecimenswerepickedandidentified．Ourdenmitionofwarm－WaterSPeCiesfbllowsthatof

TakemotoandOda（1997）．Inaddition，Were－eXaminedlithofaciesofthelowerpartoftheOInma

FormationatOkuwa．

5．Result

Planktomicfbraminiferswererecoveredinallexceptfbrfh，eOf69saInPles．Dominant

PlanktomicfbramimiferalspeciesareGlob短erinabulloides，Gna．quinquelobaandA厄ogloboquadrina

PaC句ノderma（Appendixl）．Warm－WatertaXaaredominatedbyGlob短erinoidesruberalongwithafew

indh，idualsofGdk．sacculifbr，OrbulinauniversaandPulleniattnaobliquiloculata．Gdk．ruberseemsto

betheshallowestdwellingspeciesandstayinsurfacewatersduringitslifecycle（Failbankseta1．，1982）．

Inaddition，amOngthreespeciesGdk．ruber，Gdk．saccul蜂randO．universawhichteInPerature

tolerancesareknown，thelowerlimitofGdk．ruber（19℃）ishighest（G（お．∫aCCul蜂randO．universaare

14℃and12℃，reSPeCth，ebT）（e．g．，Hemlebeneta1．，1989）．ThismeansthatGdk．ruberismostsuitable



forindexofthewarmTsushimaCurrent．

WithinalldepositionalsequenceofthemiddlepartoftheOmmaFormation，WarmGdk．ruber

OCCurSfromthehorizonsyieldingwarm－WatermOlluscsandupperpartofTSTdepositandHSTdeposit

岬igs．4＆5）．PlanktomicfbraminiferalabundancerangesbetweenOand200／g，andchanges

SyStematicalbTwithindepositionalsequenceinthemiddlepart．Abundancemimimaareplacedatthe

nne一grainedsandstonejustabovethebasalshellbed（itsbasecorrespondssequenceboundary），Whereas

abundancepeakhorizonscoInmOnlyareplacedatorclosebTnearthemaxiInumfl00dinghorizonwhich

isdefinedasthehorizonofthemaxiInumCOnCentrationofsand－Sizebiogemicgrains（Figs．4＆5）．Such

StratlgraPhicpattemOfplanktomicfbraminiferalabundanceiscommonindepositionalsequencecaused

byQuatemaryglacio－euStaSyinteInPerateregions（e．g．，ArmentrOut，1996）．

LargenuInbersofGloborotaliaiWataoccurfromsaInPlesyieldingwarm－WaterSPeCiesin

depositionalsequences2，3and5atOkuwaandindepositionalsequences2，3and4atYuhidera，

respecth，ebT（Figs．4＆5）．Onthebasisofecostratigraphicdatumsandbiogemicgrains，KitaInura（1998）

Showsthattheupperportionofdepositionalsequence4atOkuwawasmisslngbytrunCationatanupper

SequenCeboundary．Thus，Wethinkthatthismisslnglntervalcausesthedifferencebetweentwosections

inthestratigraphicdistributionofG．iWata．InsuInmary，thespeciesappearedateveryinterglacial

StageSfromstage47to41．FurthermOrethereisapositivecorrelationinabundanceofbetweenG．iWata

andGdk．ruberatthehorizonyieldingG．iWata（R＝0．74，Fk28．三三，d．f．＝1，23，P＜0．01）（Fig．6）．This

meansthatthespeciesiInmlgratedthroughtheTsushimaStraitatinterglacialhighstandofsea－levelwith

Gds．ruber．ButthisspecieshasnotbeenreportedfromrecentSeaofJapan（Ichikura＆Ujiie，1976；Pa止

＆Shin，1998）．Itlivesbeneaththetransitionalzonefbrmedbytheconvergenceofthewarm，

high－SalimityKuroshioCurrentandthecold，low－SalimitySubarcticwatermassinthewestemNorth

Pacific（Thompson，1981；Xu＆Oda，1995）andmigrates200mwaterdepthduringlifecycle（Hemleben

eta1．，1989）．Thus，WethinkthatabsenceofG．iWataintheSeaofJapaniscausedbynotwater

teInPeraturebutshallowdepthoftheTsushimaStrait（130m）．IfthisintelPretationiscorrect，G．iWata

CanbeusedasanindicatorofexistenceoftheTsushimaStraitthathaswaterdepthmorethanthatof

recent．

Asaresultofre－eXamination，threecyclothemsareidentifiedfromthelowerpartoftheOInma

FormationandnuInberedsuccessh，elyfromL－1toL－3（Figs．2＆4）．Thebasesofcyclothemsrepresent
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eitherunconfbrmityorshellbedswitherosionalbase．ThesedimentsincyclothemsL－1and－3change

upwardfromfine－grainedsandstonethroughveryfine－grainedsandstoneorsiltstonetofine－grained

Sandstone．WhereascyclothemL－2lackstheupperfine－grainedsandstonemit．Therearetwohorizons

yieldingwarm－WatermOlluscanspecieswithincyclothemL－1．ThelowerhorizonisO．2mthickand

COntainsmanyarticulatedshellsofwarm－WaterSPeCiesqノCladtcamacumi7qi（KitaInura，1997），While

ma町Warm－WaterSPeCies（e．g．，Aciladtvaricata，Limqpsiscrenata，Pcphiaschnelliana）arefbundfrom

2m－thickupperhorizon（KitaInura，1991）（Fig．4）．WithincyclothemL－3，Warm－WatermOlluscanspecies

C7ementtavaihelettandOlivella甲retOidesarerecogmizedfromthe25－cmthickhorizonat5mabovethe

base（KitaInura，1991）．Thisstudyfbundoneindividualofwarm－WaterOnustusexutumfromthe

uppermOStPartOfcyclothemL－2．

InthelowerpartplanktomicfbramimiferalabundancerangefromOto75／g．Abundancepeak

horizonswithincyclothemsL－2and－3correspondtothehorizonwithwarm－WatermOlluscs（Fig．4）．

Warm－WaterPlanktomicfbramGdk．ruberisrecogmiZedinallhorizonsyieldingwarm－WatermOlluscs

岬ig．4）．G．iWataisnotobservedinthelowerpartoftheOInmaFormation（Fig．4）．

6．Discussion

Astheresultofthisstudy，SyStematicchangesinlithofaciesandmolluscanandplanktomic

fbramimiferalasseInblagesofcyclothemsL－2and－3inthelowerpartareverysimilartothoseof

depositionalsequencesinthemiddlepartoftheOmmaFormation．AccordingtoTakayamaetal．（1988），

thefirstappearancedatumofGqu句γOC（pSa（large）whichcoincideswithoxygenisotopestage51

（1515土25ka；Bergereta1．，1994）isplacedjustabovethebasalshellbedofcyclothemsL－3（Fig．2）．

FurthermOre，theageofcyclothemsL－1and－2isyoungerthanthefirstappearancedatumofG．oceanica

（1664土25ka；Bergereta1．，1994）（Takayamaeta1．，1988）．Thesemeanthatthedepositionalageof

CyClothemL－3correlatestooxygenisotopestage51to50andthedurationofdepositionofthelowertwo

CyClothemsislessthan150，000yrs．Thus，itiscertainthatthecyclothemL－3isasixth－Order（41－k．y．）

depositionalsequence．WealsointelPretedthatcyclothemL－2issameorderdepositionalsequence，

Whichitsupperpart（theallmosthorizonyieldingwarm－WatermOlluscs）wasobliteratedbyshoreface
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erosionatthesupedacentsequenceboundary（Figs．2＆4）．

ItisnotewonhythatcyclothemsL－1hastwohorizonsyieldingwarm－WatermOlluscsand

Planktomicfbramimiferalspecies．Sincetherearenotanyslgmificantchangesinsedimentand

foramimiferalabundancebetweentwohorizons，Wethinkthatsedimentaryratewasnotdifferentduring

thedepositionofbetweentwohorizons．Ifso，durationofwarmPeriodoftheupperhorizonwastentimes

asInuChasthatoflowerhorizon．Fromthese，WeregardcyclothemL－1assixth－Orderdepositional

SequenCeandbelievethatrelativebTShortwarInlngPhasemaybecausedbymillemialscaleclimatic

ChangeduringtheearlyPleistocene（Raymoeta1．，1998）．IfthisintelPretationiscorrect，thelowest

CyClothemsofthelowerpartarecorrelatedtooxygenisotopestages56to54（Fig．2）．

Asmentionedabove，fh，eSixth－Order（41－k．y．）depositionalsequencesarerecogmizedinthe

eadyPleistoceneOInmaFormationatOyabesection（Fig．3）．Theupperpartofcycle5consistsof

browmishfine一grainedsandstoneanddoesnotyieldanycalcareousmaterialssuchasmolluscsandothers．

Warm－WaterPlanktomicfbramimiferGdk．ruberandG．iWatawererecogmizedfromCyclesl，2and3，

andCycles，reSPeCth，ebT（Appendix2）（Fig．3）．ThefirstappearancedatumsofG．oceanicaandG．

（large）areplacedatthemiddleportionofCycle2andthebaseofCycle5，reSPeCth，ebT岬ig．3）．Thus，

threecyclothemsofthelowerpartoftheOInmaFormationatOkuwacorrelatewithCycle3to5at

Oyabearea（Fig．3）．Fromthis，theabsenceofwarm－WaterPlanktomicfbraminiferainCycles4and5at

Oyabeisexplainedbymissinghorizonsthatwouldhaveyieldedthemduetoerosion．Ourresultshows

thatwarm－WaterOrgmismsappearedatinterglacialperiodssincethefirstappearancedatumofG．

OCeanic（OXygenisotopestage59）．

Manywo止Shavedealtwithmolluscsandplanktomicfbraminiferofsediment（OuterShelfto911

m）betweenl．66and2．5Ma（e．g．，Hasegawa，1979；Morizumi＆Ishigaki，1981；Takayamaeta1．，1988；

Satoeta1．，1988；Kheradyar，1992；Koizumi，1992；Cromineta1．，1994；Araieta1．，1991，1997，1998；

Takada，2000）．ThereareonbTtWOreCOrdsofoccurrenceofwarm－WaterdiatomandplanktomiC

foramimifera．Twoindh，idualsofGdk．ruberarefbundfromO．5m－thickhorizonduringOlduvai

SubchronintheJumichoFormationthathavebeendepositedontheoutershelf（Araieta1．，1998）．Onthe

Otherhand，Warm－Waterdiatomwasrecogmizedfromatleastthreehorizons（Koizumi，1992）．However，

thereisaseriousproblemaboutwarm－WaterdiatomasanindicatoroftheTsushimaCurrent，becauseit

WaSidentinedfromthesedimentduringthelaterpartofstage2（Tadaeta1．，1999）．Accordingto
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Ishiwatarietal．（1999），thealkenone－basedsea－SurfaceteInPeraturemeaSuredinsedimentcoresfromthe

OkiRidgeshows18℃at17．5ka．ThisteInPeratureWaSSimilartothatofrecent（19℃）andmighthave

beencausedbyastablestratificationofthewatercoluInnduetolnPutOffreshwater．Wethinkthatsuch

WarInlngOfsurfacewaterledproliferationofwarm－Waterdiatomthatwasrelictofthepreviouswarm

interglacialperiods．Bycontrast，Warm－WaterPlanktonicfbraminiferandmolluscswerenotreportedfrom

Sedimentsduringlastglacialperiods（e．g．，Habe＆Kosuge，1970；Emeryeta1．，1971；Obaeta1．，1991）．

Fromthese，Webelievethatwarm－WaterPlanktomiCforaminiferandmollusksarebetterproxiesfbrthe

TsushimaCurrentthandiatom．InsuInmary，thecurrentflowedepisodicalbTbefbrestage60，andthenat

everylnterglacialstage．

ThereisnotslgmificantdifEerencein□180valuesofinterglacialstagesbetweenbefbreandafter

Stage59（Ruddimaneta1．，1989；Shackletoneta1．，1990；Bergereta1．，1994）．Whenoxygenisotope

recordisregardedasaproxyofglacialeustaticsealevelrecord（e．g．，Chappelleta1．，1996），thereisnota

Slgmificantdifferenceinsea－levelatinterglacialstagesbetweenbothperiods．Thuswethinkthat

deepenlngand／orwidemingoftheTsushimaStraitduetolocaltectomismcausedtheonsetofcyclic

inflowoftheTsushimaCurrent．AccordingtoKamataandKodama（1999），CruStalstretchinghas

OCCurredinthenorthemOkinawaTroughsince2Ma．Thiseventwascausedbyachangeinthe

COnVergenCedirectionofthePhilipplneSeaplate．OnthebasisoftiInlngandnature，WeaSSumethatthis

eventledtodeepenlngand／orwidemingoftheTsushimaStrait．TheonsetofinflowoftheTsushima

CurrentindicatesthatlandorgmismsofJapanwereisolatedfromthoseofAsiaduringatleast

interglacialsea－levelhighstandssinceoxygenisotopestage59（ca．1．7Ma）．Thisincreaseofgeographical

heterogeneitymighthavecontributedhighspeciesdh，erSityofteInPeratePlantsineastemAsia（Qian＆

Ricklefs，2000）．

Duhberetal．（1992）presentedthatincreasingtectomicisolationoftheSeaofJapantookplaceat

l．3MabasedonvariationinbiogemicopalcontentofsedimentfromODPSite798（911mdeep）．This

agewasestimatedbyusingofthelastappearancedatumsofHelico甲haerasellii（1．20Ma）andtopof

Olduvaievent（1．66Ma）．AIsoTada（1994）notedthatitstartedoscillatingbetweenoxicandanoxicfrom

2．5tol．2MaandbetweenhighlyoxicandeuximiCfroml．2Matopresentofbottomwaterconditionof

theSeaofJapan．Hisestimation（1．2Ma）isbasedonthefirstappearancedatumsofG．oceanica（1．35

Ma）andbaseofJaramilloevent（0．98Ma）inODPSite797（2862mdeep）．IntermSOfagesof
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StratigraphicdatumspresentedbyBergeretal．（1994），theaboveagesarecalculatedasl．52Ma（1．3Ma；

DuI血ereta1．，1992）andl．42Ma（1．2Ma；Tada，1994），reSPeCtively．Thedifferenceinagesmaybe

CauSedbyunCertaintyofstratigraphicdistributionofdatumplains，becausemanydissoIvedzonesof

CalcareousfbssilsarerecogmiZedinPleistocenesedimentsfrombothsites（Kheradyar，1992；Tadaeta1．，

1992）．ThisiscausedbyfluctuationoftheCCDrelatedtoglacial－euStaticsea－levelchanges（Obaeta1．，

1991；Tada，1994）．Thegreaterthewaterdepth，thelargerwastheinfluenceoffluctuationoftheCCD．

Thus，WethinlireinfbrcementofisolationoftheSeaofJapantookplacearoundl．52Ma（Stage51）

PreSentedbyDuhberetal．（1992）．Tada（1994）iInPliedthatthisevent（StePuPOfisolatioO）probablywas

relatedwithnarrowlngand／orshallowlngOfnorthemchannel．OurresultstrongbTSuPPOrtSthis

intelPretation，becauseGloborotaliaiWatacouldintrudeintotheSeaofJapanfromoxygenisotopestage

47to41（Figs．4＆5）．

Tada（1994）concludedthatpaleoceanographicevolutionoftheSeaofJapansince18Mawasit

dividedintofh，eStageS．DuringtheyoungestStage5（2．5－OMa），Surfacewaterconditionswithinthesea

fluctuatedbetweenwarmandcold，thebottomwateroxygenationlevelfluctuatedbetweenhyperoxicand

euximiC．OurresultsshowthatStage5issubdividedintothreesubstages．Duringsld）StageI（2．5－1．71Ma

（Stage60／59）），COldsurfacewaterprevailedintheSeaofJapanwhichisduetotheclosureofthesouthem

Channel（Fig．7）．Cold－WaterOrgmismslivedinthesea，Whereaslandorgmismscameandwentbetween

AsiaandJapan．ThisoceamicconditionwasexactlysameasStage4presentedbyTada（1994），eXCePtfbr

effectofglaci0－euStaticsealeveloscillationwhichstartedapproximatelyat2．5Ma．DuringsubstageII

（1．71－1．52Ma（Stage51）），theTsushimaCurrentflowedintotheseaattheinterglacialhighstands（Fig．

7）．ThiswascausedbyopemingoftheTsushimaStraitduetocruStalstretchinginthenorthemOkinawa

Trough．SincethenorthemChannelwaswideand／ordeepduringthissubstage，thealmostallofthe

CurrentPrObabbTflowedoutthroughthenorthemChanneltotheNorthwestemPacificOcean．

Warm－WaterOrgamismsintrudedintotheseaduringlnterglacialperiOdsandwereextllPatedatthe

fbllowlngglacialperiod．TheopenlngOftheTsushimaStraltPrOducedgeographicisolationandprovided

moreabundantopportumitiesfbrdiversincationoflandorgmismsofJapanese．DuringsubstageIII

（1．52－OMa），theTsushimaCurrentcontiIluOuSlyflowedintotheseaattheinterglacialhighstands，While

narrowingand／orshallowingofnorthemChannelreinfbrcedisolationoftheSeaofJapan（Fig．7）．The

decreaseofoutflowoftheTsushimaCurrenttoPacificprobablyincreasedtheproductionoftheJapan
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SeaProperWaterthatventilatedthedeeperpartofthesea．ConsequentbT，theoxidationlevelofdeepsea

atinterglacialstagesduringthesubstageIIIwashigherthanthoseduringtheoldersubstages．Fromthe

StratigraphicdistributionofG．iWata，thedepthoftheTsushimaStraitshoaledafteroxygenisotopestage

41（1．3Ma）．

KawaInura（1998）intelPretedthatthelandbridgeemergedaroundl．2－1．OMafromthe

appearanceofelephantspeciesMammuihussh短ensisinJapan．ConsideringlnCOInPletenessoffbssil

recordoflandmaInmalS，thefbrmationofthelandbridgewellsynchromizedwiththeshoalingofthe

TsushimaCurrentinferredfromstratigraphicdistributionofG．iWata．Configurationoflandaround

eastemAsiaandJapanduring2．0－1．2MaishoQTdebated．KawaInura（1998）notedthatlandbridgedid

notexistbasedonelephantfbssils，WhileKoizumi（2000）presentedthatthelandbridgewasfbrmed

aroundPlio－Pleistoceneboundarybasedoncaminefbssils．Ourresultsprovideinsightsintoexplainthis

COntradiction．Thedh，erSificationsandextinctionsoflandorgamismsofJapaneseIslandswerestrongbT

influencedbyfbrmationandshoalingoftheTsushimaStraitatl．7andl．3Ma，reSPeCth，ely．

Conclusions

High－reSOlutionanalysesoflithofacies，mOlluscanfbssilsandplanktomiCforamimiferaofthe

Plio－PleistoceneinHokurikuSedimentaryBasinsplitpaleoceanographichistoryoftheSeaofJapansince

2．5Ma（StagelpresentedbyTada（1994））intothreesubstages．DuringsubstageI（2．5－1．71Ma（Stage

60／59）），COldsurfacewaterprevailedintheSeaofJapanwhichisduetotheclosureofthesouthem

Channel．Duringsld）StageII（1．71－1．52Ma（Stage51）），theTsushimaCurrentflOwedintotheseaatevery

interglacialhighstand．DuringsubstageIII（1．52－OMa），isolationoftheSeaofJapanwasreinfbrcedby

narrowlngand／OrshallowlngOfnorthemChannel．Thesetransitionswereduetolocaltectomicsaround

SO血hemandnorthemChannelsandbroughtgeographicalheterogeneityofeastemAsia．Theepisodes

CauSedsigmificantchangesinnotonbTPaleoenvironmentbutalsogeographicdistributionandbiodh，erSity

OfbothlandandmarineorgmismswithinandaroundSeaofJapan．
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Fig．1MapoftheSeaofJapanandgeologicmapoftheOInmaFormationaroundKanazawaCity，

CentralJapan，mOdifiedfromImai（1959）．

Fig．2　ColuInnarSeCtionoftheOmmaFormationatitstypesection．Biostratigraphicdatumhorizons

areafterTakayamaetal．（1988）andSatoandTakayama（1992）；magnetOStratigraphicdatafrom

KitaInuraetal．（1994）；timescalefbrtheoxygenisotoperecordatDSDPSite607andagesof

biostratigraphicdatumhorizonsandmagneticpolaritychangesarebasedonchronologyofBergeretal．

（1994）．SB：Sequenceboundary．L－1to3，1－11，I－III：depositionalsequencenuInbers．

Fig．3ColuInnarSeCtionoftheOInmaFormationatOyabesection，Showingstratigraphicdistributionof

Planktomicfbraminiferawarm－WaterSPeCiesGlobigerinoidesruberandGloborotaliaiWataand

COrrelationwithlowerpartoftheOmmaFormationatOkuwasection．GeologlCmaPOftheOInma

FormationaroundOyabeismodifiedfromSumietal．（1989）．

Fig．4　StratlgraPhicdistributionofplanktomicfbraminiferawarm－WaterSPeCiesGlobigerinoidesruber，

GlobolotariaiWatabiogemicgrainsandInudcontentoftheOInmaFormationatOkuwasection．

Fig．5　StratlgraPhicdistributionofplanktomicfbraminiferawarm－WaterSPeCiesGlobigerinoidesruber，

GlobolotariaiWata，biogenicgrainsandInudcontentoftheOInmaFormationatYuhiderasection．

Fig．6　CorrelationofabundanceofGlobolotariaiWatawithabundanceofGlob短erinoidesruberat

thehorizonyieldingG．iWata．R＝PearsonsIscorrelationcoemcient．

Fig．7　PaleoceanographichistoryoftheSeaofJapansince2．5Ma．

AppendixIPlankticfbramimiferaidentifiedatstudiedsectionofearlyPleistoceneOInmaFormation．
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Appendixl

Sam ple num ber 1 2 3 4 5 6 7 8 9 10 1 1 12 13 14 15 16 17 18 19★ 20★ 2 1★ 22★ 23★ 2」

Locality O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuv＼

Part 10W e「 10W e 「 10W e「 10W e「 10W e 「 10W e「 10W e「 10W e 「 10W e「 10W e「 10W e 「 10W e「 10W e「 10W e 「 10 W e「m iddle m id dle m idd le m iddle m id dle m idd le m iddle m id dle m idd

Cycle 1 1 1 1 1 1 1 1 1 2 2 3 3 3 3 1 1 1 2 2 2 2 2

m ud content（％） 27．1 30．9 41．7 44．0 51．4 37．3 28．6 24．6 7．3 11．7 17．8 23．1 17．4 15．5 10．7 27．3 30．4 12．5 6．0 16．0 16．0 30．0 30．0 14

G ／ob喝er／na bu／／0／de5 2 46 28 2 2 35 3 15 13 3 2 9 43 13 7 8 3 25 95 76 1 0 48 60 6 6 42 ∈

G ／ob喝er／na W OO（ゴ／ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G ／ob喝er／na qUJ叩Ue／oba 0 0 0 0 0 0 0 0 0 1 2 1 2 0 0 18 63 0 0 65 106 6 1 72

G ／ob喝er／na 9山伽afa 0 0 0 0 0 0 0 0 0 0 1 1 2 0 0 1 1 0 0 5 21 3 4 14

G ／ob喝er／〃0／de5 rUber 0 1 0 3 0 0 0 2 0 2 2 0 3 0 2 0 5 0 0 9 14 2 7 33

G ／ob喝er／〃0／de5 58cc山鹿r 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 2 0

G lobigerinoides tenellus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G lobigerinoides sp ． 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

N eo⊆〟oboquaか／na paC／7y（Jerm a 0 5 9 8 8 7 15 17 2 0 4 2 8 0 1 5 59 0 0 0 0 0 0

N eo⊆〟oboquaか／na paC／7y（Jerm a （S．） 0 5 6 7 6 7 11 14 2 0 1 0 1 0 0 4 34 0 0 0 0 0 0

N eo⊆〟oboquaか／na paC／7y（Jerm a （d．） 0 0 3 1 2 0 4 3 0 0 3 2 7 0 1 1 25 0 0 0 0 0 0

N eo⊆〟oboquaか／na C山fe舟e／ 0 0 1 0 0 0 1 1 0 0 3 1 2 0 1 2 0 0 0 5 4 4 2

N eo⊆〟oboquaか／na ／nCOJTp fa 0 0 0 0 0 0 2 0 0 0 1 0 3 1 0 0 0 0 0 4 14 4 9

O rbu／／na Unルe r58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G ／oborofa／由血鮎庖 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 36

P u胎〃由伽a Ob噌山／ocu由fa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Others 0 13 23 18 16 9 32 40 1 4 27 3 3 6 8 33 64 136 0 0 1 1 10 12 14

Total 2 65 61 5 1 59 20 65 73 6 3 6 85 21 13 4 12 62 185 340 1 0 147 2 29 2 10 222 2〔

N um berofplanktonic foram inifera （N．／g） 1 15 19 12．4 9 4 12 12 6 2 1 75 5 44．7 7 13 19 57．6 0．4 0 3 1 43．2 18 6 64 C

NumberofGds．ruber（N．／g） 0．0 0．2 0．0 0．7 0．0 0．0 0．0 0．3 0．0 1．2 1．8 0．0 1．0 0．0 0．4 0．0 0．8 0．0 0．0 1．9 2．6 23．9 9．5 21

NumberofG．innata（N．／g） 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 0．0 10．4 11

Sam ple num ber 3 1 32 33 3 4 35 36 37 38 39 4 0 4 1 42 4 3 44 45 46 47 48 4 9 50 51 5 2 53

Locality O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuv＼

Part m iddle m iddle m idd le m idd le m id dle m idd le m iddle m iddle m idd le m iddle m iddle m idd le m idd le m id dle m idd le m iddle m id dle m idd le m iddle m iddle m idd le m iddle m id dle m idd

Cycle 4 4 4 5 5 5 5 5 6 6 6 6 6 6 7 7 8 8 8 8 8 8 10

m ud content（％） 13．9 25．6 45．6 7．9 8．2 24．2 28．7 19．0 7．5 21．2 21．8 25．4 15．0 19．1 20．7 25．6 23．7 26．5 67．8 25．7 29．0 35．1 12．0 13

G ／ob喝er／na bu／／0／de5 7 97 66 2 7 136 75 123 5 9 9 127 88 10 5 95 0 5 12 9 93 65 33 2 1 7 4

G ／ob喝er／na W OO（ゴ／ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4

G ／ob喝er／na qUJ叩Ue／oba 2 1 18 0 2 27 26 14 0 15 23 28 12 16 0 0 2 5 13 6 18 8 5

G ／ob喝er／na 9山伽afa 0 3 4 0 0 6 9 0 0 18 8 27 2 0 0 0 0 0 6 0 0 0 0

G ／ob喝er／〃0／de5 rUber 0 4 4 0 0 10 11 10 0 7 7 9 0 1 0 6 1 4 18 10 9 4 0

G ／ob喝er／〃0／de5 58cc山鹿r 1 0 0 0 0 1 1 2 0 0 2 0 0 0 0 0 0 0 1 1 0 0 0

G lobigerinoides tenellus 0 0 0 0 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0

G lobigerinoides sp ． 0 0 1 0 0 1 0 3 0 0 4 0 0 0 0 0 0 0 1 0 1 1 0

N eo⊆〟oboquaか／na paC／7y（Jerm a 1 16 15 2 1 11 10 26 3 14 24 29 3 9 27 0 19 1 1 19 3 7 34 57 4 4 1

N eo⊆〟oboquaか／na paC／7y（Jerm a （S．） 0 8 0 0 1 5 8 14 3 10 15 20 3 1 13 0 16 9 18 2 9 26 44 3 8 1

N eo⊆〟oboquaか／na paC／7y（Jerm a （d．） 1 8 0 2 0 6 2 12 0 4 9 9 8 14 0 3 2 1 8 8 13 6 0

N eo⊆〟oboquaか／na C山fe舟e／ 0 0 1 0 0 0 4 2 0 1 2 0 0 2 0 4 0 0 7 10 0 2 0

N eo⊆〟oboquaか／na ／nCOJTp fa 0 1 4 0 1 1 1 2 0 0 0 1 0 2 0 0 0 0 2 5 0 0 2 （

O rbu／／na Unルe r58 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0

G ／oborofa／由血鮎庖 0 0 0 0 0 11 2 12 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0

P u胎〃由伽a Ob噌山／ocu由fa 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Others 2 46 78 0 2 79 107 4 1 2 4 9 135 97 9 8 69 0 16 23 35 12 3 11 1 99 8 2 3

Total 13 168 191 4 13 283 248 235 10 20 3 333 2 79 25 6 2 12 0 50 49 24 30 4 244 2 17 16 2 22 1∈

N um berofplanktonic foram inifera （N．／g） 2 15 12 2 2 126 108 144 4 6 8 152 47 4 5 36 0 19 1 5 20 0 195 174 13 0 4

NumberofGds．ruber（N．／g） 0．0 0．4 0．3 0．0 0．0 4．4 4．8 6．1 0．0 2．3 3．2 1．5 0．0 0．2 0．0 2．3 0．0 0．8 11．8 8．0 7．2 3．2 0．0 0

NumberofG．innata（N．／g） 0．0 0．0 0．0 0．0 0．0 4．9 0．9 7．4 0．0 0．0 0．5 0．0 0．0 0．0 0．0 0．0 0．0 0．2 0．0 0．0 0．0 0．0 0．0 0



Appendixl

Sa m ple num ber 6 1 62 6 3 64 65 66 67 68 ★★ 69★★ 70★★ 7 1★★ 72★★ 7 3★★ 74 ★★ 75★★ 7 6★★ 77 7 8 79 80 8 1 82 83

Loca lity O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a O kuw a Yuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨYuhlde「∈ヨ

Pa 「t m iddle m idd le m idd le m id dle uPPer u PPer uPPe r m idd le m iddle m iddle m idd le m idd le m id dle m idd le m iddle m id dle m idd le m iddle m iddle m idd le m iddle m id dle m idd le

C ycle 11 11 11 11 2 2 2 2 2 2 2 2 2 3 3 3 3 3 4 4

m ud co nte nt （％） 32．9 28．8 14．3 21．4 23．5 15．0 18．3 12．0 28．0 24．0 23．0 16．0 15．0 34．0 16．0 11．0 7．0 14．0 16．0 14．0 11．0 9．0 21．2

G ノOb㊥em a 加 〟0／des 9 0 0 1 10 2 4 1 0 7 3 69 65 6 8 79 140 149 200 55 7 2 4 1 78 7 15 62

G ノOb㊥em a W O Od／ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G ノOb㊥em a q〟／叩〟e ノOba 5 2 1 0 5 17 1 0 5 8 77 53 12 0 126 71 77 4 1 6 5 9 7 0 1 2

G ノOb㊥em a 9／〟加∂ね 3 0 0 0 0 1 0 0 0 24 0 2 2 1 1 0 2 1 7 0 0 2 2

G ノOb㊥em 0／des r〟ber 1 1 0 0 5 8 0 0 3 2 24 61 13 16 0 0 2 0 4 0 1 0 3 0

G ノOb㊥em 0／des saCC〟〟飴r 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G ノOb㊥em 0／des お〃e仙S 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G Job㊥em Oides sp． 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

〃e o∈7／Ob oq〟adm a p aC／7yde／Tna 14 4 1 2 10 19 2 0 0 0 1 0 0 0 0 0 5 6 2 17 25 0 6 6

〃e o∈7／Ob oq〟adm a p aC／7yde／Tna （S．） 9 3 1 2 7 10 0 0 0 0 0 0 0 3 10 2 2 4 5 4 10 0 3 2

〃e o∈7／Ob oq〟adm a p aC／7yde／Tna （d．） 5 1 0 0 3 9 2 0 0 1 1 0 4 5 22 5 3 17 13 15 0 3 4

〃e o∈7／Ob oq〟adm a 血お／加∋／ 1 1 0 1 3 1 0 0 0 48 0 8 38 72 284 32 0 1 0 0 0 2 0

〃e o∈7／Ob oq〟adm a 血CO／叩 由 0 0 1 1 1 14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

○／わ〟伽∂〟〃ルe／3 ∂ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

G ノObo／℃fa／由血伯fa 22 2 0 1 0 0 0 0 0 3 16 16 26 1 0 0 2 15 10 4 0 0 0

P 〟〟e〃由加a O b呵〟〟oc 〟庖由 0 0 0 0 0 0 0 0 0 0 2 1 0 0 0 0 0 0 0 0 0 0 0

Othe rs 7 1 12 1 4 64 113 3 0 13 1 18 114 3 2 46 18 66 19 29 4 9 50 67 1 2 1 38

T otal 126 22 4 10 118 198 7 0 29 4 263 3 12 26 0 333 303 577 294 75 20 9 134 182 8 5 1 110

N um berof plan kton ic foram inifera （N ．／g） 25 4 3 8 49 8．8 1 0 3 9 72 58 4 0 33 17 140 60．7 10 9 0 164 132 2 10 27

Num berofGds．ruber（N．／g） 0．2 0．2 0．0 0．0 2．1 0．4 0．0 0．0 4．2 6．6 11．3 2．0 1．6 0．0 0．0 0．4 0．0 1．7 0．0 0．7 0．0 0．6 0．0

Num be rofG．in〝ata（N．／g） 4．4 0．4 0．0 0．8 0．0 0．0 0．0 0．0 0．0 0．8 3．0 2．5 2．6 0．1 0．0 0．0 0．3 6．4 12．2 2．9 0．0 0．0 0．0
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