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ABSTRACT

Basedontheexcellentsedimentaryrecord，WehaveidentinedRvedepositional

SequenCeSintheupperpartoftheOmmaFormation，eXPOSedalongtheJapanSeacoast

OfcentralJapan．ThebaseofthisstratlgraPhicsectionisplacedjustbelowthetopofthe

Jaramillo Subchron，and the topISlocated belowthe Brunhes－Matuyamaboundary．

BiostratlgraPhysupportstheinterpretationthatthelowerthreesequencescorrelatewith

marine oxygenisotope stages（MIS）28－26，26－24and24－22，reSPeCtively．We have

reconstructed a eustatic sea－level curvefrom analyses ofsedimentary facies，fbssil

molluscs，basin subsidenceand sedimentaccumulation．Theresultingsea－levelcurve

Shows that mean eustatic sea－level dropped between1．O Ma and O．9Ma，and that

sea－levelwaslowestatMIS22，Whichhastheheaviest8180valuebetweenMIS28and

22．Thetotalfallinmeansea－levelisinfbrredtobe20－30m．Thisindependentsea－level

record demonstrates thatice－Sheet volume rapidlylnCreaSed at the Mid－Pleistocene

ClimateTransition（MPT）andculminatedinMIS22，aSinfbrredfromthe8180record．

Theuppertwodepositionalsequencesimplythecontributionofprecessiontochanges

inicesheetvolumewouldhaveariseninMIS21，justaftertheMid－PleistoceneClimate

Transition．

Key words：Mid－Pleistocene Climate Transition（MPT），depositional sequences，



molluscanfbssils，lithofacies，Sealevelcurve，0mmaFormation，Japan



1．Introduction

Theswitchfrompredominant41－katopredominantlOO－kaglaciationcyclesat

aroundl．0－0．9　Ma（the Mid－Pleistocene Climate Transition）occurred without a

COrreSPOndingchangeinorbitalfbrcing（e．g．，PisiasandMoore，1981）．High－reSOlution

oxygenisotoperecordsimplythatanicevolume－relatedincreaseinmean8180took

PlacenearthetopoftheJaramilloSubchron，WithavalueofO．36％00rO．18％0（Prell，

1982；Maasch，1988）．AccordingtoMudelseeandSchulz（1997），theMPTwascentered

at922±12kaandlastedabout40±9ka，buttheamplitudeofthe100－kacycleabruptly

increasedmuchlateron，at641±9ka．TheMPTconsistedofa8180increaseofO．29±

0．05％0，Whichwas causedby an expandinglCemaSS andminortemperature effects．

Raymo et al．（1997）discovered that this transition was accompanied by a O．3％0

decreaseinmeanocean813CattheMPTandsuggestedthatthisone－timeadditionof

isotopICallydepletedterrestrialcarbonmaypossiblyhavebeenrelatedtoanincreasein

global aridity．Internal climatic mechanisms such asice－bedrockinteraction，

atmosphericCO2levels，teCtOnicprocesses，andanonlinearresponsetoprecessionhave

beenamongthehypothesizedcauses（Raymoeta1．，1988；RaymoandRuddiman，1992；

DeBlondeandPeltier，1991；Clarketa1．，1999；ElkibbiandRial，2001）．TosoIvethis

PrOblemrequlreSPreCiseinfbrmationaboutchangesinglobalicevolumeattheMPT．



Althoughthehistoryofcontinentalicevolumecomesfromoxygenisotoperecordsof

fbraminifbraindeep－marine sediments，theserecords arealsoinfluencedbyreglOnal

Climate changes．In fact，there are dif托rencesin the pattern and amplitude of

fluctuations among studies ofthe MPT（e．g．，Mudelsee and Schulz，1997）．Direct

Calibration oftheice－VOlume component ofthe deep一marine oxygenisotope records

With actual eustatic sea－level changes has been accomplishedin studies oflate

Pleistocene coral－terraCe SequenCeS（e．g．，Chappell et a1．，1996）and submerged

SPeleothems（e．g．，Richardseta1．，1994）．Whetherthesamecalibrationisvalidfbrthe

MPTisotopICreCOrdsisunknown，becauseanindependentcalibrationoftheicevolume

doesnotexist．Shelfalandnearshoresedimentaryrecordsareanindependentarchiveof

eustatic sea－level changes（Kamp and Naish，1998；Naish，1997）．Exposures of

mid－Pleistoceneshallow－WaterSedimentareknownfromtheWanganuiBasininNew

Zealand（AbbottandCarter，1994），theCrotonBasininsouthernItaly（Rioeta1．，1996；

Massariaeta1．，1999），andtheSanFranciscoPeninsulainnorthemCalifbrnia（Carteret

a1．，2002）．However，these authors didnotidentifyoxygenisotope stage23intheir

lithostratlgraPhicschemes．

TheOmmaFormationisexposedinthevicinityofKanazawaCityontheSea

OfJapan coast ofcentralJapan and consists mainly ofshallow－marine deposits．Its



upperpart occupleStheintervalbetweenthe top oftheJaramillo Subchron andthe

Matuyama侶runhestransition（Kitamura，1994）．Onthebasisoflitho－andbiofacies，the

upper part of the Omma Formation atits type section（the Okuwa section）was

depositedin a varietyof coastal plain，Shoreface，and marine－Shelf environments．

Althoughthreedepositionalsequenceshavebeenrecognizedintheupperpartofthe

0mma Formation，and correlated with oxygenisotope stages28to22，thereis a

discrepancy between these correlations and biostratigraphic data（Kitamura，1994）．

However，We have gainedimportantinsightsintothe sequence stratlgraPhy ofthese

bedsbyexaminlngneWeXPOSureSandevaluatlngdrillingdataassociatedwithhighway

COnStruCtion．Asaresult，WedennetheupperpartoftheOmmaFormationtocontain

Rvedepositionalsequencesand，aSnOtedbelow，reSOIvethediscrepancylnCOrrelation

betweenbiostratlgraPhic and oxygenisotopeages．Further，by companng asea－level

Curveinferredfrom this revised sequence stratlgraPhicinterpretation with deep－Sea

OXygenisotoperecords，WePrOVideconstraintsonglobalsea－levelchangesattheMPT．

2．GeologicalsettingofOmmaFormationdepositionalsequences

The sedimentary basinin which the Omma Formation was depositedis a

back－arCbasinwithrespecttothesubductlngPlateboundariesofthePacinc，Philipplne



andEurasiaplates（Fig．1）．TheOmmaFormationunconfbrmablyoverliestheMiddle

Miocene Saikawa Formation that consists ofmassive siltstone（Ogasawara，1977）．

Becausetheunconfbrmityispenetratedbythemarinerock－boringbivalveZ7ゆeasp．，

theSaikawaFormationsedimentsmusthavelithinedpriortodepositionoftheOmma

Formation（Kitamura，1997）．The sediments of the Omma Formation are poorly

unconsolidated and can be easily scored with a knife．The210－m thick Omma

Formationhasbeendividedintolower，middleandupperparts，basedonitslitho－and

biofacies（KitamuraandKondo，1990）．Itslowerandmiddleparts are composed of

fburteen sixth－Order（41－ka）depositional sequences thatwere depositedininner－tO

Outer－Shelfdepthsduringoxygenisotopestages56to28（Fig．2）（Kitamuraeta1．，1994；

2001）．These depositionalsequencesincludethefbllowing architecturalelements，in

ascendingstratigraphicorder：（1）abasalsequenceboundarythatissuperposedonthe

ravinementsurface；（2）atransgressivesystemstracts（TST）（2－5mthick）consistingof

abasalshellbed（0．3mthick）（acondensedonlap shellbed）andoverlyingnne－tO

Very－nne－grained sandstone；（3）amaximumfl00dinghorizonthatcoincideswiththe

horizon that has the maximum concentration of sand－Size carbonate grains；（4）a

highstandsystemstracts（HST）（2－3mthick）consistingofnne－grainedsandstoneand

Sandy siltstone；and（5）aregressive systemstracts（RST）（＜1mthick）comprising



nne一grainedsandstonewithacoarsening－uPWardtrend（Kitamuraeta1．，2000）．These

PartSOftheOmmaFormationshownoprogressiveshiftinlitho－andbiofaciestoward

deeperorshallowerdeposits．Inaddition，ifoxygenisotoperecords（e．g．，Ruddimanet

a1．，1989；Shackletoneta1．，1990；Bergereta1．，1994）areregardedasaproxyofthe

glacio－euStaticsea－levelrecord，therewerenoslgnincantchangesinaveragesea－level

duringdepositionofthisfbrmation．Thesecharacteristicsimplythatthesedimentation

ratematchedthesubsidencerate．

TheupperpartoftheOmmaFormationisllOmthick，hasanE－Wstrikeand

dipslOO north．Based on the stack ofseven sedimentary facies，this upper partis

thoughttoconsistofthreedepositionalsequences（Kitamura，1994），numberedfromDS

ItoDSIII（Fig．3）．DepositionalsequenceI（DSI）waspartially coveredbyfluvial

deposit（Fig．2）．Thenrst－aPPearanCedatumofGqpjv）rOCqPSaParallekl（1045±25ka；

Bergereta1．，1994）andthelast－aPPearanCedatumofReticuわ行nestraasanoi（889±25

ka；Berger et a1．，1994）have been placed within DSI（Takayama et a1．，1988）．A

magnetostratigraphicstudybyOhmuraetal．（1989）inferredthattheOmmaFormation

is asslgnable to the Matuyama Reversed Polarity Chron．The top oftheJaramillo

Subchronis placed65cm±15cm above thelower sequence boundary ofDSI

（Kitamuraeta1．，1994）．Kitamura（1994）infbrredthatthedepositionalagesofDSI，II



andIIIcorrespondwithoxygenisotope stages28－26，26－24and24－22，reSPeCtively．

However，basedonthenewinfbrmationhereln，thispreliminary correlationisnotin

agreement with the stratlgraPhic position of thelast－aPPearanCe datum of

勉〟C〟わ行〃e∫かαα∫α〃0～（Fig．3）．

3．Sedimentaryfacies

AnewoutcropoftheupperpartoftheOmmaFormationwasexposedatits

type section during construction ofbridge piers，and allows us to observe all of

depositionalsequenceI．Alargetunnel（663minlength）connectedtoabridgewasdug

intoaterraceontherightbankoftheSaikawaRiverinaE－Wdirection（Fig．1）．Priorto

COnStruCtionofthetunnel，eightcoresweredrilledathorizontalintervalsof50tolOOm

alongtheproposedpathofthetunnel（Fig．1）．Thesecorescorrespondwiththeupper

POrtionofDSIandthelowerportionofDSII．Inaddition，Wedirectlyobservedthe

Semi－ellipticface ofthetunnel（7．8m heightand7．Omwide）ateachone－metre Of

drillingadvance．ThestratlgraPhicintervalwestudiedinthetunnelcorrespondswith

the upper portion ofDSI．By relying on a combination ofthese new sedimentary

records and published studies，We haveidentined seven sedimentary facies．The

StratlgraPhicdistributionofthesefaciesisillustratedinFigs．3and4．



3．／．／爪・／ハ／－／／／桃、／可／

Thisfaciesiscomposedofmassive，bluishgray，nne一grainedsandstonewith

abundantwell－PreServedfbssilmolluscs．MostofbivalvesarecoIt）Oined，butarenotin

lifepositions，andaremostlyalignedparalleltobedding．Thispreservationimpliesthat

thesedepositsdonotcontainspeciestransportedpost－mOrtemfromotherhabitats，and

SOeVidentlyareindigenous．ThesedepositsoccupythelowestportionofDSIandthe

middleportionofDSII（Fig．3）．

Wthinthe4－mthickfacieslofDSI，mOlluscanfbssilassociationschange，ln

ascendingorder，fromatransitionalassociationtoaClinocafaum－nJrritelklaSSOCiation

（Kitamuraeta1．，1994）．Thefbrmerischaracterizedbyamixofcold－WaterSPeCies（e．g．，

Aciklinsig77is，Clinocafaumhstosum andね届anotabilis）andwarm－Water SPeCies

（e．g．，StelklriaexutumandPqphiaschnelliana）（Fig．3）．Thisassociationprobablylived

atadepthof20－30to50－60minatransitionalenvironmentbetweencoldandwarm

WatermaSSeS（Kitamuraeta1．，1994）．TheClinocaftkum－nJrritelklaSSOCiationprobably

dwelledin the upper sublittoral zonefrom the tide mark to50－60m depthin a

COld－WaterenVironment（Kitamuraeta1．，1994）．

ThethicknessoffacieslinDSIIisabout16m（Fig．3），andthelowerpartof



thisfaciescontainsnumerouswell－PreServedfbssilmolluscs．Thisfbssilifbrousinterval

isabout7mthickandchangesupwardsintounfbssilifbroussandstone．Themolluscan

faunalassociationswithinthisfbssilifbrousintervalchange，lnaSCendingorder，froma

Raetell（pSrMdcomaassociation，tOaMdcoma－Jipiteriaassociation（Fig．3）（Kitamura

et a1．，1994）．The fbrmeris characterized by Raetell（pS PulchelhJS and A4bcoma

tob）OenSis，Whichcommonlyliveatdepthsshallowerthan20－30mininnerbaysaround

Japan（Matsushima，1984）．The characteristic species ofthelatter association are

RifqicuklわIiaris，M tob）OenSis，JipiteriacofdiISeandOlivamustelina，WhileConus

Siebokhi，Pectenalbicans，NitibtellinahokkaibensisandPan（peajqponicaarealso

PreSent．Basedonthemodernhabitatofthese species aroundJapan，this association

dwellsbetween30mand50mdeepinwarmwater（Kitamura，1994）．Moldsofthe

largebivalvesofMbrcenariastin甲SOni，Aciklinsig77isandA忽gafWhJS砂OnOenSisare

PreSentinagenerallyunfbssiliferous sandstonebed15mabovethebaseofthisunit

（Kitamura，1994）．These species are classined asA忽ga聯hJS aSSOCiation andlive

betweenthelow－tide mark and30m depthin cold－Water（Fig．3）（Kitamura et al．，

1994）．

JudgingfrOmmolluscanfbssilassociations andthenearabsenceofphysical

Sedimentarystructuressuchaslaminae，facieslisinfbrredtobeaninnershelfdeposit．



．寸．ユ／爪・／ハ二、川／く　り〃〃仙〟ハ／／州し、／J川項八・ト／／／桃、／可／／／川ハ／／／川／

Thisfaciesissubdividedintotwoparts．Facies2aischaracterizedbybrown，

Well－SOrted，maSSive，medium一grainedsandstonewithsporadicpebblesandichnotaxa

SuCh as Rosselia．Small－SCale troughlamination andlow－angle hummocky

CrOSS－Stratincation（HCS）arecommonfeatures．Fossilmolluscsarerare，andarenot

identinable due to dissolution ofthe shells．Facies2a deposits occupy the middle

POrtionofDSIandtheupperportionofDSII．Thethicknessesofthefbrmerandlatter

faciesareabout17mand35m，reSPeCtively（Figs．3and4）．Afewindividualsofthe

echinoidScqphechinussp．occurinthisfaciesinDSII．Acoarsenlng－uPWardtrendis

evidentinbothhorizons（Figs．3and4）．

Facies2bischaracterizedbyrhythmic40－cm－thickgradedsandstonebedswith

Sharp erosionalbases．Thelowerpart ofeachbed consists ofHCS orparallel－and

troughcross－laminated，COarSetOmediumsand．Symmetricalripplelaminaearepresent

butrare．TheupperpartofeachbedconsistsofmassivesandstonewithqフhiomofPha

andechinocardiumburrows．Facies2bis2mthick，isrecognizedintheuppermostpart

OfDSIIandoverliesfacies2a（Fig．3）．

According to Hamblin and Walker（1979），Parallel or swaley



CrOSS－Stratincation andwave rlPPle－laminated sands are storm－generated sand sheets

thatweredepositedbetweenmeanfair－Weatherwavebaseandmeanstormwavebase．

Facies　2isinterpreted as an open－OCean，Sand－dominated，Shoreface－inner shelf

transitiondeposit．Althoughstorm一generatedsandsheetsarepresentinbothfacies2a

and2b，theirpreservationinthelatterisverygoodcomparedwiththefbrmer．As a

result，Webelievethatthedepositionaldepthfbrfacies2awasgreaterthanfbrfacies2b．

．して．／爪・／ハ．マ／JJ／J（トJ〃〃〃八〟山／／州し、／J川叫八・ト／／／桃、／可／／／川ハ／／／川／

Thisunitiscomposedofintefbeddedsandstoneandmudstone．Thesandstone

beds，COmmOnly10－40cm thick，are graded and have sharp bases．They also are

COmmOnly paralle1－laminated and wave－rlPPlelaminated，and rarely show swaley

CrOSS－Stratincation（SCS）or minor planar cross－Stratincation．The thickness ofthe

massivemudstonebedsislessthanlOcm．Thesesedimentswerenotaffbctedbythe

burrowlngOfbenthicorganisms，andthisfaciesispresentintwohorizonswithinthe

upperpartoftheOmmaFormation．Theupperhorizonis2mthickandmakesupthe

lowerportionofDSIII（Fig．3）．Asseeninthetunnelexposures，thisfacieshasalower

horizonthatlieswithinthemiddleportionofDSI，anditpinchesoutwestward（＜3m

thick）Sothatitisnotpresentinthetypesection（Figs．3，4and5）．Coarsening－and



thickening－uPWardtrendareidentinedinthelowerhorizon（Fig．4）．

Itiswidelyacceptedthattheparallelorswaleycross－Stratincationandwave

npple－laminated sands are storm一generated sand sheets deposited between mean

fair－Weatherwavebaseandmeanstorm－WaVebase．Inmostcitedexamples，Sandsheets

areinterbeddedwithbioturbatedmudstone．However，inthepresentstudy，burrowsare

notpresentinmudstonesorattheupperboundariesofsandstonesheets．Thisimplies

that the recurrenceintervals of storm deposits were relatively short．Saito（1989）

examined modem StOrm depositsin the nearshore zone（20m depth）close to the

mouthsofriversnearSendaiBay，nOrtheastJapan，anddiscoveredthattheyconsistof

alternations of silt and sandlayers without burrowing．Saito（1989）estimated the

recurrenceintervalsofthesestormdepositsat20tolOOyears．Sincerecentsediments

Showthe same sedimentloglCalcharacteristicsasfacies3，Weinferthatfacies3was

depositedatashoreface－innershelftransitionoffarivermouthinabay．

．H．／爪・／ハイ／州し、／J川項八・し・

This faciesis characterized by amalgamated，SWaley cross－Stratined，

Well－SOrted，nnetOVerynne－grainedsandstone，andispresentinthemiddleportionof

DSI（13mthick）andtheupperpartofDSIII（2mthick）（Fig．3）．Thefaciesisinferred



torepresentalower－Shorefaceenvironment，andwasdepositedabovemeanfair－Weather

WaVebase（Bourgeois，1980；Walkerandplint，1992；MurakoshiandMasuda，1992）．

3．5．fbcね∫5御er∫力0頑ce

Facies5is characterized by composite sets ofhigh－angle，Planar ortrough

CrOSS－Stratined，Well－SOrted，mediumtoverycoarsesandstonebeds．Thethicknessofa

Setisless than one metre．Fossils were not fbund．The dips ofthe cross beds are

landward，SeaWardorparalleltotheshoreline（Fig．3）（Kitamura，1994）．Judgingfrom

thesefbatures，Kitamura（1994）interpretedthisfaciesasanuppershoreface．Thisfacies

OCCuPiestheuppermostpartofDSIandislessthan12mthick（Figs．3and4）．

3．6．fbcね∫6ろαCん椚αr∫力

This unitis composed of alternatlng maSSive mudstone beds and

COarSe一grainedsandstonebeds，WithindividualbedsranglngfromlOtolOOcmthick

（Fig．3）．The sandstone beds are graded，With erosional bases．Small－SCale trough

laminationisoftenrecognizedwithinthesandstonebeds．Althoughmostmudstonebeds

aremassive，Parallellaminationispresentinafewbeds．Plantdebrisiscommoninthe

mudstone，anderectstumpshavebeenfbundinthelowermost（KitamuraandKondo，



1990）andtheuppermost（Takayamaeta1．，1988）mudstonebeds（Fig．3）．Thetracksof

elephantsanddeershavebeenfbundonmudstonebeddingplanes（Matsuura，1996）．A

three－metre－thickconglomeratebedispresentatthebaseofback－marShdepositsonthe

eastsideofthestudysection（Fig．4），andconsistsofclast－imbricatedpebblegravels．

Thedipoftheimbricationindicatesthatdirectionofpaleo－flowwastothenorthwest

（presentseaward）．

The occurrence oferect stumps andland mammaltracksindicates thatthe

Sedimentofthisunitwassubaeriallyexposed．Thesandstonebedsarethinandgraded，

With sharp bases．These sedimentary features are simply the products of episodic

deceleratlngflows．In a continental context，the sedimentary environment of this

altemationmaybeinterpretedasbackmarshdeposits，Whereasthesandstonebedscan

beinterpretedasafl00ddepositincrevassesplays．Thisfaciesispresentinthelower

POrtionofDSIIandislOmthick．

．マ∴／爪・／ハ●／／川ハ．ど／・ハ、ハ・し・巾ど

Thefaciesischaracterizedby20－cm－thickshellbedswitherosionalsurfaces，

andanning－uPWardtrendinthematrix．Thisfaciesisfbundfromthebasesoffaciesl

and2a within DSI，reSPeCtively（Fig．3）．The upper shell bedis covered by a



30－cm－thickmassivesiltstone．

TheseshellbedsconsistofMbgafWhJSD）OnOenSis，Aciklinsig77is，Gb）q）meris

yessoensisandMzuh（peCtenyeSSOenSisyokqyamae（Kitamura，1994）．Theseshellsare

absentin sedimentimmediately belowthe shellbeds，SO are unlikely to have been

reworkedfromolderdeposits．Intheuppershellbed，theunderlyingamalgamatedand

SCSverynnesandstonedonotcontainfbssilsofmolluscsorothermacroinvertebrates．

These molluscsinhabitwell－SOrted sandy bottoms betweenthelow－tide mark and a

depthof30mincoldwater（Kitamuraeta1．，1994）．Mostmolluscsinthisfaciesdonot

Show abrasion，damage due to Cliona boring，Or enCruStation by calcareous algae，

bamaClesorbryozoans．Thesecharacteristicsarenotconsistentwithageneralmodelof

Shellaccumulationresultingfromlowsedimentationrates．Becausethemolluscanfbssil

associationschangefromacold－WateraSSOCiationinthelowershellbedtoatransitional

associationin overlyingfaciesl，this shellbedmayhavefbrmedduring adeglacial

Period．As noted below，the upper shell bed also exhibit evidence of a

deepenlng－uPWardtrend．Weconcludedthatthisfaciesistransgressivelagfbrmedby

coastalshorefaceerosion．

4．Depositionalsequences



Kitamura（1994）ShowedthattheupperpartoftheOmmaFormationconsists

Ofthree depositionalsequences．Inthepresent study，Wehave dividedthelowestof

these sequences（DSI）intothree depositionalsequences，based onnewinfbrmation

aboutlithofacies distribution（Fig．4）．As a result，the upper part of the Omma

FormationisnowinterpretedasconsistingofRvesequences（Fig．6）．

DepositionalsequenceUl（DSUl）is17mthickandconsistsofthefbllowing

facies，in ascending stratigraphic order：basalshellbed（Facies7，tranSgreSSivelag），

massivenne一grainedsandstonewithabundantmolluscanfbssils（Faciesl，innershelf）

andamalgamatedSCSnnetoverynne－grainedsandstone（Facies4，lowershoreface）

（Fig．6）．Theerosionalbaseofthebasalshellbedisalsothelowersequenceboundary

andcoincideswitharavinementsurfacefbrmedbycoastalshorefaceerosionduringa

transgression（Bruun，1962）．Warm－WatermOlluscsinthetransitionalassociationimply

that thelower part ofthe massive nne一grained sandstone was deposited during an

interglacialperiod．Thus，Weregardthemassivesandstonewiththisassociationandthe

underlying shell bed as a transgressive systems tract（TST）．Inner－Shelf二massive

Sandstoneisdirectlyoverlainbyalower－ShorefaceSCSsandstone．Thisindicatesthat

Sedimentsofthelowershoreface－innershelftransitionwereeliminated．Thebaseofthe

SCS sandstoneissharpandoverlainbya20－cm－thickgranule－graVelbed（Kitamura，



1994）．Such a sharp－based shoreface succession hasbeen reportedfrom many areas

（e．g．，Plint，1988，1991；Plint andNorris，1991）．The base ofthe SCS sandstoneis

believedtohavefbrmedbywavescourduringasea－levelfall（Posamentiereta1．，1992）．

Thesedimentabovetheerosinalbaseisdennedasafallingstagesystemstract（FSST）

（PlintandNummedal，2000）．Thus，WethinkthattheSCSsandstoneandtheunderlying

massivesandstonewiththecold－WaterClinocaftkum－nJrrite肋associationcorrespond

WithanFSSTandahighstandsystemstract（HST），reSPeCtively（Fig．6）．

DepositionalsequenceU2（DS U2）has amaximum thickness of17m and

COmmenCeSWitha20－cm－thickshellbed（Facies7，tranSgreSSive－lag）restingonasharp

erosionalsurface andbeing overlainby a20－cm－thickmudstone sheet（Fig．6）．The

PreSenCeOfmudstonesheetindicatesthatshellbeddepositedbelowfair－Weatherwave

base．Sincethe sedimentbelowthe shellbedislower－Shoreface SCS sandstone，the

Shellbedcanbeinterpretedastransgressivelagfbrmedbycoastalerosion．Itsbaseis

alsothelowersequenceboundaryandsuperposedtheravinementsurface．Awell－SOrted，

massive，medium一grained sandstonelies above the basal shell bed and exhibits a

COarSening－uPWard trend（Facies　2a，Sand－dominatedlower shoreface－inner shelf

transition）（Fig．4）．Therefbre，WeinferthatthesandstonecorrespondstoanHST．Inthe

CaSeOfallfburteendepositionalsequencesinthelowerandmiddlepartsoftheOmma



Formation，ltisnotpossibletoidentifyamaximumfl00dingsurfacewithoutexaminlng

the stratlgraPhic distribution of planktonic fbraminiferal abundance and／or fbssil

molluscs（Kitamura，1998；Kitamura et a1．，2001）．Shells of both micro－　and

macrofbssilsinDSU2havebeendissoIved，SOWeWereunabletoidentifytheHSTbase．

We regard the basal shell bed and the overlying deposits as the TST and HST，

respectively．

Thewell－PreServeddepositionalsequenceU3（DSU3）isexposedwithinthe

tunnel．Thesequenceis13mthick，andcompnsesinterbeddedsandstoneandmudstone

（Facies3，mud－dominatedlowershoreface－innershelftransition）andcross－Stratined，

Well－SOrted，mediumtoverycoarsesandstone（Facies5，uPPerShoreface）（Figs．4and

6）．Thestackingpatternfromthewell－SOrted，maSSivesandstone（HST）inDSU2tothe

PreSentinterbeddedsandstoneandmudstoneimpliesthatthedepositionalenvironment

drastically changedfrom a sand－dominated to a mud－dominated shelf Because this

StaCkingpatterncannotbeexplainedasaregressivesettlng，Webelievethatthesharp

erosionalbase oftheintefbedded sandstone and mudstoneis an unconfbrmlty and

SequenCe boundary．The Facies　3　sediment represents coarsenlng－　and

thickening－uPWardtrendsfbrthesandstonebeds，WhichweinterpretasaTSTandHST．

Thisunitis directly overlainby theupper－Shoreface sandstone．This means thatthe



lower－Shoreface zone has been eliminated，and that the upper－Shoreface sandstone

COrreSPOnds with the FSST，Whose base represents a regressive surface ofmarine

erosion（RSME，Plint，1988；HartandLong，1996）．Thus，thissequencemainlyconsists

Of an upward－Shoaling facies succession andis regarded as a parasequence．Our

Observations suggestthatthe degree oferosion during fbrmation oftheRSMEwas

grater to the westward（Fig．6），Where thelower shoreface－inner shelf transition

SedimentswerecompletelytruncatedatthebedalongSaikawaRiver．Thus，DSU3in

this section contains onlytheFSSTthat comprlSeS aPrOgradationalupper－Shoreface

facies（Fig．4）．ThiscausedthemisidentincationofdepositionalsequencesinDSIas

PreSentedbyKitamura（1994）．ThedegreeofpreservationinDSU3suggeststhatwater

depthincreased eastward．Thisis consistent with reconstructions based on fbssil

molluscsinthemiddlepartoftheOmmaFormation（Kitamuraeta1．，1997）．

DepositionalsequenceU4（DSU4）correspondswithdepositionalsequenceII

inKitamura（1994）．Inthis55－m－thicksequence，thelithofaciesare，inascendingorder，

analtemationofmassivemudstonebedsandcoarse一grainedsandstonebeds（Facies6，

back marsh），maSSive bluish gray nne－grained sandstone（Facies1－Inner shelf），

Well－SOrted，maSSive，medium－grainedsandstone（Facies2a，lowershoreface－innershelf

transition），andrhythmicgradedsandstonebeds（Facies2b，lowershoreface－innershelf



transition）（Fig．6）．Basedonrelativesea－levelchangeinferredfromthestackingpattern

Oftheselithofacies，Kitamura（1994）thought that the base and top ofback－marSh

deposits correspond with alower sequence boundary and a ravinement surface，

respectively．In such a case，back一marSh deposits areinterpreted to represent alow

SyStemtraCtandearlyTSTdeposits．Thechangesofmolluscanfbssilassociationsinthe

inner－Shelfdepositsindicatethatthemarineclimatebecamewarmandthencooled．In

glacial－euStatic terms，Sea－levelis relative high during warminterglacial periods．

Therefbre，Kitamura（1994）placed the maximumfl00ding surface，Whichis the

boundary between the TST and HST，at the midpoint of the horizon containlng

warm－WatermOlluscs．

DepositionalsequenceU5（DSU5）coincideswithdepositionalsequenceIIIof

Kitamura（1994），andiscomposedofinterbeddedsandstoneandmudstone（Facies3，

mud－dominatedlowershoreface－innershelftransition）andamalgamated SCS nneto

VerynneSandstone（Facies4，lowershoreface）（Fig．6）．Thisfaciessuccessionhasbeen

reportedfrom wave－dominated and gradationally based shoreface successions（e．g．，

Heward，1981；MuCubbin，1982）．Suchsuccessionstypicallybeginwithouter－middle

Shelf二bioturbatedmudstone．Therefbre，thestackingpattemfromthesandstoneinthe

uppermostpartofDSU4totheoverlyinglnterbeddedsandstoneandmudstonecannot



beexplainedbyaprogradationalinner－Shelftoshore－faciesassemblage．Weconclude

thatthesharpboundarybetweenthemcorrespondstoasequenceboundary．Kitamura

（1994）tentativelyplacedthebaseoftheHSTatthemidpointofinterbeddedsandstone

and mudstone，because these sediments do not exhibit systematic changes such as

nning－uPWardorthickening－uPWardtrends．

5．Discussion

We nrst correlated depositional sequencesin the upper part ofthe Omma

Formationwithoxygenisotoperecords（Fig．6）．Asnotedabove，thetopoftheJaramillo

SubchronisplacedjustabovethebasalshellbedinDSUl．Thus，theTSTsedimentin

thissequencewasdepositedduringadeglacialsea－levelriseinmarineoxygenisotope

StageS（MIS）28to27．AccordingtoTakayamaetal．（1988）and SatoandTakayama

（1992），Gqpjv）ft）CqPSaParalleklis only fbundfrominner－ShelfsandstoneinDS U4，

WhereasReticuわ行nestraasanoidoesnotoccurinthesandstoneinDSU4．Thisimplies

that the sea－level highstand during the deposition ofDS U4is younger than the

last－aPPearanCe datum ofR．asanoi（889±25ka）．Furthermore，thetop ofthe Omma

FormationisyoungerthantheMatuyama侶runhestransition（790±5ka；Bergeretal．，

1994）（Ohmura et al，1989）．From these observations，the depositional age ofthe



inner－ShelfsandstoneinDSU4correlateswitheitherMIS230r21・Deep－Sea8180

records fbr sites607，677and806（Ruddiman eta1．，1989；Shackleton et a1．，1990；

Bergereta1．，1994）showthatthevaluesfbrMIS22issignincantlyheavierthanthose

fbrMIS26and24．Inaddition，thedurationofMIS22－20seemstohavebeen70－78ka

（Shackleton eta1．，1990，Bergereta1．，1994，Bassinoteta1．，1994）．SinceDSU4is

anomalouslythickand onlylnCludesnon一marine sedimentsinitslowestportion，We

believethatthissequencecorrespondstoMIS22－20，andthatDSU2andU3Correlate

WithMIS26－24andMIS24－22，reSPeCtively（Fig．6）．Ifthiscorrelationiscorrect，then

DSU5mayrepresentHinterstadialHoscillationsinsealevelduringtheglaciationfrom

MIS21to20（seebelow）．

We evaluatedwater depthbased on facies successions and molluscan fbssil

associationsin the Rve depositional sequences within the upper part ofthe Omma

Formation．Becausefair－Weatherwavebaseliesatdepthsofabout5－15m（Walkerand

Plint，1992），themaximumdepthsoftheloweranduppershorefaceareinferredtobe15

m and　5　m，reSPeCtively．Based on the bathymetric ranges of molluscan fbssil

associations，theminimumwaterdepthfbrtheinner－Shelfdepositsisinfbrredtobe30

m．Awater－depthcurvePlottedagalnSttime，derivedfromtheabove－nOtedcorrelation

betweendepositionalsequencesandoxygenisotopestages，isshowninFig．6．



Kitamura et al．（1994）showed thatwater depth changedfrom20－30m to

100－120mduringdepositionalsequenceslOandll（MIS32－28）inthemiddlepartof

theOmmaFormation．Thesesequencesdonotincludesedimentsthatweredeposited

ShallowerthantheinnershelfHowever，theupperpartoftheOmmaFormationmainly

COnSistsofdepositsshallowerthan30m（96．4mof116．4minthickness，83％）．This

implies that mean water depth decreasedfroml．O Ma Oust above the top ofthe

JaramilloSubchron）toO．9Ma（MIS22）．Thetotaldecreaseinwaterdepthisinferredto

be20－30m．Thisvalueisaminimumestimate，becauseofremainlngunCertaintyabout

Sealevelduring the deposition ofback－marSh sedimentsin MIS22，and aboutthe

lowstandstratalostattheboundingunconfbrmities．

Water－depth changes wereinfluenced by basement subsidence，Sediment

SuPPlyandeustaticsea－levelchange．Theaggradationalstackingpatternofdepositsin

thelowerandmiddlepartsoftheOmmaFormation suggeststhatsedimentationkept

PaCeWithbasinsubsidenceat600ka（MIS56－28）．Therearenoreportsoflocaltectonic

movementinthestudyareaduringdepositionoftheOmmaFormation．Inaddition，We

Wereunabletoidentifydifferencesinthemineralcompositionorinrelativeabundances

Offbssilmolluscswithinthemassivesandstonethatliesbetweenthemiddleandupper

PartS Of this fbrmation（Faciesl）．Itis，therefbre，reaSOnable to think that the



Sedimentationratealsomatchedthesubsidencerateduringdepositionintheupperpart

OftheOmmaFormation．Inaddition，theef托ctsoflocalisostasymaynothavechanged．

Basedoncorrelationsbetweendepositionalsequenceswithoxygenisotopestages，the

SedimentaryratiosofdepositionalsequenceslOandllareestimatedtobe18．8cm／ka

and27．6cm／ka，reSPeCtively．On the other hand，the apparent rates of sediment

accumulationin depositionalsequencesUl，U2andU3are36to42cm／ka．Such a

dif托rencein sedimentation ratesbetweenthe middle andupperparts ofthe Omma

FormationresultedfromadroplnmeanWaterdepth．

Thewater－depthcurveCanalsobeaf托ctedbycompactionduetowaterand

Sedimentloading．The basement rock fbr the Omma Formation had already been

COnSOlidated priOr to deposition of this fbrmation（Kitamura，1997）．The Omma

Formationmainlyconsistsofverynnetonnegrainedsandstone，Withtheirmaximum

burialdepth equaltothethickness（210m）ofthe OmmaFormation．Based onthe

POrOSity－depthrelationship（SclaterandChristie，1980；Rammandpjiorlykke，1994），

Sandstoneporositydecreasesonly5％betweenthesurfaceandaburialdepthof250m．

Asaresult，thewater－depthcurveWaShardlyinfluencedbytheeffbctsofcompaction．

Thesumofthesefactorssuggeststhatadecreaseinmeanwaterdepthof20－30mwas

CauSedbyglobalsea－levelfall（Fig．6）．



Prell（1982）andMaasch（1988）documentedarapidincreaseinmean8180

COmPOSitionofO．36％00rO．18％onearthetopoftheJaramilloSubchron．Thesevalues

equatetoasea－levelfallofabout33mand16m，reSPeCtively．Morerecently，Mudelsee

andSchulz（1997）suggestedthattheMPTrepresentsa8180increaseofO．29±0．05％0

（＝23±5m，Sea－levelfall）andwascausedbyanexpandingicemass．Thesevaluesare

VeryClosetothechangeinmeanwaterdepthrecordedintheOmmaFormation．

Basedonacomparisonofmaximumwaterdepthineachdepositionalsequence，

Sea－levelduringMIS23waslowerthanduringMIS27，250r21（Fig．6），Whichis

consistentwithmanypublished8180records（Site607，Ruddimaneta1．，1988；Site677，

Shackletoneta1．，1990；Site806，Berrgereta1．，1994）．Ontheotherhand，thereisa

dif托renceinthe8180valuesbetweenstages25and27・Thevaluefbrstage25is

0・3－0・4％olowerthanfbrstage27in8180recordsfbrSites607and677，Whileboth

valuesarenearlythesameatsite806・Iftheentiredif托rencein8180valuescontribute

toice－VOlumechange，Sealevelduringstage25was27－36mhigherthanduringstage

27，basedonO・011％08180fbreachmetreofsea－levelchange・Thiswater－depthvalueis

not consistentwith our curve，Whichincorporates uncertainty aboutwater depth by

usinganalysesofsedimentaryfaciesandmolluscfbssils（Fig．6）．Inaddition，the8180

Valuefbrstage21isslightlyheavyrelativetostage25atSites607and677，Whilethe



fbrmerisO．1％OlighterthanthatofthelatterinSite806．0urreconstructedamaximum

Waterdepthineachdepositionalsequenceisconsistentwiththeoxygenisotoperecord

at Site806．We therefbre believe that oxygenisotope record of Globigerinoi鹿S

SaCCu解rfromtheOntongJavaPlateau（ODPSite806；Bergereta1．，1994）ismost

faithfulrecord ofsea－levelfluctuations at the MPT．However，Our generated curve

indicatesthattheamplitudeofsea－levelfluctuationfbreachdepositionalsequenceis

signincantlysmallerthanatSite806（calibrationof8180recordsusingO．011％。Per

metre）．There are atleasttwopossible causesfbrthis discordance．First，We donot

knOw what the sealevel was during deposition ofthe back－marSh sediments and

lowstandstratalostattheboundingunconfbrmities．Ourestimatesofwaterdepthsare

therefbreregardedasminimumvalues・Second，the8180recordatSite806wasalso

influenced by reglOnal climate change．Many studies have noted that average

Sea－Surfacetemperatureduringthelastglacialmaximumwasonly1－20Clowerthanin

themodernwesternPacinc（Broecker，1986；Trend－StaidandPrell，2002）．However，the

magnesium／Calcium ratio of Globdrinoihs ruber at Site806indicates a surface

temperaturewas30ccolderthanpresentduringthelastglacialmaximum（Leaetal．，

2000）．Inthislattercase，theglacial－interglacia18180amplitudeatthesitewouldbe

largerthanthatduetoice－VOlumechanges．



ItisnoteworthythatDSU5representsasea－leveloscillationinstage21（Fig．

6）．The DS U4horizon exhibiting maximum water depthis a massive，inner shelf

Sandstone，Whereasin DS U5this horizon consists oflower shoreface－inner shelf

transitionsediments．Thismeansthatthepeaksea－levelhighstandduringDSU5was

lowerthaninDS U4．AccordingtoBassinotetal．（1994），ahigh－reSOlutionoxygen

isotoperecordfromcoreMD900963，inwhichprecession－relatedoscillationsof8180

areparticularlywellexpressed，WaSCauSedby superpositionofalocalsalinity slgnal

OVer the globalice volume slgnal，and shows three precessional oscillations．The

ice－VOlumecurveOfBassinotetal．（1994）showsthaticevolumewasreducedinthe

latterinterstadialperiods．Thus，We COnCludethatthehorizonswithmaximumwater

depthinDSU4andU5correspondwithstages21．5and21．3，reSPeCtively．Thisimplies

thattheprecessioncontributiontosea－levelvariabilitywasstrongerMIS21．

6．Conclusions

WeidentinedRvedepositionalsequencesintheupperpartofthePleistocene

0mmaFormation，basedontheexcellentsedimentaryrecordatnewexposuresandin

drillingcoresassociatedwithhighwayconstruction．Whentheseresultsarecombined

With published biostratlgraPhic and magnetostratlgraPhic data，We COnClude thatthe



lowerthreedepositionalsequencescorrelatewithMIS28－22，Whichclearlyexperienced

Obliqulty－related climate cycles．On the other hand，the upper two depositional

SequenCeSintheOmmaFormationcorrespondwithMIS21．5and21．3，reSPeCtively．

Ourresultingeustaticsea－levelcurve，basedonanalysesoflithofacies，fbssilmolluscs

andsubsidence，indicatesthatafallineustatic sea－levelof20－30mtookplacefrom

MIS28to22（1．0－0．9Ma）．Thisresultisinexcellentagreementwiththesea－levelfall

infbrredfrom the8180record・Thus，the rapid growth ofice sheets at the

mid－Pleistocene transitionis connrmed by the shallow一marine recordin the Omma

Formation．Inaddition，theuppertwodepositionalsequencesintheOmmaFormation

implythattheprecessionalcontributiontothefbrmationanddemiseofcontinentalice

SheetswasalreadyinevidenceatMIS21，justaftermid－Pleistoceneclimatetransition．
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FigurecaptlOn

Fig．1Mapshowlngtunnel，locationsofcoresandtypesectionoftheOmmaFormation．

GeologicmapismodinedfromImai（1959）．

Fig．2ColumnarsectionoftheOmmaFormationatitstypesection．BiostratlgraPhic

datum horizons are after Takayama et al．（1988）and Sato and Takayama（1992）；

magnetostratigraphicdatafromOhmuraetal．（1989）andKitamuraetal．（1994）；time

SCalefbrtheoxygenisotoperecordatDSDPSite607andagesofbiostratlgraPhicdatum

horizonsandmagneticpolaritychangesarebasedonchronologyofBergeretal．（1994）．

SB：Sequenceboundary．L－1to3，1－11，I－III：depositionalsequencenumbers．

Fig．3ColumnarsectionfbrtheupperpartoftheOmmaFormation．Notethatthereisa

discrepancybetweenbiostratlgraPhicdataandoxygenisotopestagesfbrthecorrelation

Ofdepositionalsequences．

Fig．4Correlationpanelfbrdrillcores．SeelegendinFig．3andtext．

Fig．5Altemationofsandstoneandmudstone（Facies3）observedatthetunnelface．（a）



Overview ofalternation ofsandstone and mudstone．Arrows showtop ofmudstone

layers．（b）Closeviewshowingthealtemationofsandstoneandmudstone．

Fig．6SequencestratlgraPhicinterpretationandcomparisonofeustaticsea－levelcurve

derivedfromsedimentaryrecordintheupperpartoftheOmmaFormation，Withoxygen

isotoperecordsfromsites607，677and806（Ruddimaneta1．，1989；Shackletonetal．，

1990；Bergereta1．，1994）．SeelegendinFig．3．
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