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ABSTRACT

Thereisacontinuousrecordofplanktonicforaminifbrsforoxygenisotopestages50

to26（ca．1．5－1．OMa）in血eearlyPleistoceneOmmaFormationnearKanazawaCity，Central

Japan，OntheSeaofJapancoast．Thewarm－WaterSPeCiesGk）b密erblOidesruber飢tered血e

SeaofJapanwith the T岳ushimaCurrent duringallinterglacialperiods and wentlocally

extinctinthesucceedingglacialperiods．Thisimplies血atthemarineclimateoftheSeaof

Japanvariedpredominantb，Wihthe41，000－yearPeriodofEardllsorbitalobliquity．However，

therelativeabundancesofG太．ruberinmarineisotopestages47，43and31areslgnificandy

higher dlan thosein0血erinterglacialstages．These stages correspond to periods when

eccen廿icib，－mOdulated precession extremes were aligned with obliquib，maXima．The

TsushimaCurrentisabranchofdleWarmKu∬OShioCurrentwhichisthes廿OngnOr血western

COmPOnent Of the subtropICalNor仇Pacific Ocean gyre．Our dataimpb，dlat dle early

PleistoceneclimateinthenorthwestemPacificwasinfluencednotonlybyobliquitycycles

but also by eccentricitycycles．This study also supports dle Climate model regarding

eccen廿icib，’srolein仇eoriginoflow－frequencyclimatechangesbefore血eLatePleistocene

iceages．

Keywords；marineclimate；SeaofJapan；earb，Pleistocene；eCCentricity
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1．Introduction

ItiswidelyknOwnthatear血’sclimatepredominantb，VariedwiththelOO－kyrperiod

OfeccentricityafterO．9－0．8Ma（ShackletonandOpdyke，1973）．Therelativelyweaksignal

OfthelOO－kyr cycleis even detectablein benthic oxygenisotope records ofdle early

Pleistocene，WhenEar仇’sclimatepredominantb，Variedwiththe41－kyrperiodofobliquity

（ShackletonandOpdyke，1976；PisiasandMoore，1981；Ruddimaneta1．，1986a，b；Raymo

and Nisancioglu，2003）．According to Clemens and Tiedαnann（1997），a CrOSS－SPeCtral

comparisonofSite659bendlic8180（eastemsub廿OPicalAdantic）and仙ncatedinsolation

（July650N）fbrl．2－5．2Ma shows significantcoherenceforthe124－and95－kyrperiods．

They suggested that　血elow－frequency oxygenisotope cycles originate through　an

asymmetricalresponse mechanismthatpreferentialb，lntrOduced varianceinto the climate

SyStemfromthewarmerpor血onsoftheeccentricity－mOdulatedprecessioncycle．Basedon

theirwork，theEarth’sclimateduringtheearlyPleistocene，eSPeCiallyininterglacialperiods，

WaSinfluencedby血eeccen廿icity－mOdulatedprecessioncycle．

Changesin血esizeoftheLaurentideicesheetcausedvariationsinS廿eng血ofPacific

Subtropicalhigh－PreSSureOffdleWeStCOaStOfNorthAmerica（COHMAPMembers，1988）．

Theintensificationofsubtropicalhigh－PreSSuremayhavestrenghenedthesub廿OPicalNorth

Pacific Ocean gyre（Sawada and Handa，1998）．Consequen触the nordlWeStern Pacific’s

earlyPleistoceneclimatemighthavebeeninfluencedbylOO－kyrcycles．However，thereare

fewdataforcyclesin血isreg10n，because血erearenolongdeep－SeaSedimentcoreswith

high－reSOlutionPlio－Pleistocenerecords，OWngtO greatWaterdepths andpoor carbonate

PreSerVation．However，血ereis acontinuousrecordofplanktonicforaminifbrsintheearly

PleistoceneOmmaFormationnearKanazawaCib，，Cen廿alJapan，OntheSeaofJapancoast．

Themiddlepartandthelowestportionof血eupperpartoftheformationarecomposedof
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twelvedepositionalsequencesthatcorrelatewihmarineoxygenisotopestages（MIS）50to

26（ca．1．5－1．O Ma）（Kitamura etal．，1994）．Percentages of血e warm－Water Planktonic

fbraminiferGk）bigerinoidbsruberdlangeSyStematicalb，Within血is depositionalsequence，

Wih valuesincreasingupwardwithinthe廿ansgresshTe SyStemS廿acts（TST）and ranging

from16to22％withinthehighstand systems廿acts（HST）（Kitamuraeta1．，2001）．This

SPeCiesisnotfoundin血eregressivesystems廿actsdeposits（Kitamuraeta1．，2000）．Since

thesedepositionalsequencesarederivedfrom血e41，000－yearSObliquitycycle（Kitamuraet

a1．，1994），血erelativeabundanceofGdi．rubervariedwidlthe41，000－yearPeriodofEar血Is

Ofbitalobliquib，．

The relabve abundances of（完ね．ruberininterglacial stages47，43and31are

Slgnificantly higher than thosein o血erinterglacial stages．In order tounderstand this

differmce，WeeXamined血erelationshipbetweentherela血veabundanceofGdi．ruberand

theEarth’sthreeorbitalcomponents：PreCeSSion，Obliquityandeccentricity．Ourresultsshow

that thereis good alignment among precession，Obliquib，and∝Cen廿icityfor仇e three

interglacialstages，WhichsuggeststhattheearlyPleistoceneclimateintheNor血westPacific

WaSinfluencedbyeccentricityaswellasobliquity．

2．Geologicalsetting

TheOmmaFormationatitsOkuwatypesectionhasbeendividedintolower，middle

andupperparts，basedonbothliho－andbiofacies（KitamuraandKondo，1990；Kitamuraet

a1．，1994）（Figs．1and2）．Its middle part and dlelowestportion ofits upper part are

COmPOSed oftwelvesixd1－Order（41－k．y．）deposi血onalsequences（numberedltollinthe

middlepart，inascendingorder，andUlintheupperpart）仇atweredepositedininner－tO

Outer－Shelfdq）ths duringMIS50to26（Fig．2）（Kitamura，1994；Kitamura eta1．，1994；
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KitamuraandKawagoe，2006）．Alldeposi血onalsequencesatthetypesection，eXCePtfor3，4

and7，includebo血TSTandHSTdq）OSits（Kitamura，1998）．Deposi血onalsequences3（MIS

46to44），4（MIS44to42）and7（MIS38to36）consistonlyofTSTdeposits，because血eir

HST deposits weretrunCated by shoreface erosion atthe supeqacentsequence boundary．

Sequences3and4arepresentintheⅥ血ideraarea，4kmnortheastofOkuwa，andconsistof

TSTandHSTdeposits（Kitamura，1998），eVidentlybecausetheyweredq）OSitedinwatera

fewtensofmetersdeeper血anatOkuwa（Kitamuraeta1．，1997）．TheYuhideraareadlerefore

PreSerVeSdlefossilrecordsofMIS45and43．

Although　血elast appearance datum of HelicD軍haera selliiis placed within

dq）OSitionalsequencelattheOkuwasection（Fig．2），血isspeciesisfbundfromsequence2

atYuhidera（Fig．3，arrOWA）．Kitamura et al．（1997）concluded hat血is discrq）anCyis

explainablebymisslnghorizonsatOkuwathatwouldhaveyieldedH．sellii，basedon血e

relatives廿atlgraPhicpositions ofthe appearanceanddisappearancedatums ofwarm－Water

molluscsintheOkuwaandYuhiderasections．Insummary，血ereisacompletefossilrecord

Ofdeglacia血on，eXCePtforMIS37，inthesetwooutcropareasoftheOmmaForma血on．

Kitamura（1998）used biostratigraphic and magnetos廿atigraphic criteria toinfer

averageratesofsedimentationatOkuwaofabout16cm／ka（Ohmuraeta1．，1988；Takayama

et a1．，1988；Sato and Thkayama，1992；Kitamura et a1．，1993），With no evidencefor

deepenlngOrShallowlngWater．Inaddition，ifoxygenisotoperecordsfromdeq）－SeaCOreS

（e．g．，Ruddimaneta1．，1989；Shackletoneta1．，1990；Bergereta1．，1994）areregardedasa

PrOXyfbrtheglacio－euStaticsea－levelrecord，nOSlgnificantchangesinaverageseal飢relare

evidencedindleOmmaFormation．Thisimplies thatthe sedimenta血Onrate matched the

Subsidence rate，SuggeStlng that there were no great water dep血s during any of the

interglacialsea－levelhighstands．
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3．Methods

Sea－SurfacetemperaturesareinfbrreduslngdletranSferfunctionme仇od，aSWellas

from血eoxygenisotopesandMg／Carabosofplanktonicforaminifbrs．Thompson（1981）and

Takemoto and Oda（1997）presented planktonicforaminifbraltransferfunctionsfor血e

northwestPacificOceanoffJapan．Unfbrtunateb，，dleSefunctionscannotbeusedtoinfer血e

earb，PleistoceneSeaofJapansea－Surfacetemperature，forthefollowlngtWOreaSOnS：First，

the mid－latitude species Globorotalia坤7a如isveryrareinthe modem soudlWeStSeaof

Japan（ParkandShin，1998；KuroyanagiandKawahata，2004；DomitsuandOda，2005），eVen

thoughitwas commonthereinallinterglacialstagesfromMIS47to41（1．45－1．30Ma）

（Kitamuraeta1．，2001）．ThismaybearesultoftheshallowingofT岳ushimaStraitafterMIS

41（1．3Ma）．Second，eCOlogicallymodmjWogloboquadlinapa吻ノdermasinistralevohTed

between1．1andl．OMa（Hubereta1．，2000；KuceraandKennett，2002），血erefore，although

thisspeciesisamqorclimateindicator，ltCannOtbeusedtoreconstruCtPaleoceanography

Pr10rtOthemiddlePleistocene．Sincemostmolluscsshellsin血eOmmaFormationcanbe

easily scored with aknifb，they are assumed to have been contaminated by secondary

Carbonate minerals．In fact，diagenetic calcitefrom血e warm－Water bivalve Gb）り椚eris

rotun血，Whichhasanaragoniticshell，WaSdetectedbyX－raydifh’aCtion．Itisverylikelythat

SuCh diagenetic alteration has also occurred　in　the planktonic　foraminifbrs，SO nO

geochemicalinvestlgationofOmmaFormationfossilwerepursued．

WeincorporateddlePlanktonicforaminiferalr∝OrdsfromKitamuraetal．（2001）and

Kitamura andKimoto（2004）into血e present study（Fig．3）．Wthin－habitat mixing of

Skeletal elements evidentb，WaS reStricted to a surfacelayer aboutlO cm血ick during

dq）OSitionin血einterglacialstages（Kitamura，1992）．Using an averagesedimentaryrate
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determinedfbrthemiddlepartof血eOmmaFormation，tlme－aNeraglnglSeS血matedatabout

600years．TheaveragesamplinglnterValisapproximatelylm，Whichcorrespondsto6kyr．

Wefocusedonthemaximumrelativeabundance（MRA）of血ewarm－WaterSPeCies

Gds．ruberineachdepositionalsequence（Thblel）．Thenumberofindividualspersample

rangesfrom126to340，WidlameanOf251．Ⅵ加m－WatertaXaaredominatedbyG太．ruber

（＞95％），alongwithafbwindividualsofGお．SacculiPr，OrbulinauniversaandPuHenk7tina

Obliquilocuk7ta（Kitamura et a1．，2001）．Gお．ruberis the shallowest－dwelling species，

remaininginsurfacewatersduringitslifecycle（Fairbankseta1．，1982）．OfthedlreeSPeCies

fbrwhichtemperaturetolerancesareknown，dlelowerlimitofG嘉．ruber（190C）ishighest

（Gdi．sacculikrandO．universaare140Cand120C，reSPeCtively）（Hemlebeneta1．，1989）．

Thisimplies血at Gdi．ruberis the most suitable warm－Waterindicatorfor the warm

TsushimaCurrent（Kitamuraeta1．，2001）．

DomitsuandOda（2005）investigateddlerelativeabundanceofG太．ruberinmodern

Surfacesedimentsof血eSeaofJapan．TherelativeabundancesofG太．ruberare0－0．5％and

O．6－4．1％0ff血e Matsumae Peninsula of Hokkaido and offNiigatain cen廿alJapan，

respec血vely（Fig．1），Whereas仇eyare28．2－39．3％and20．6％0ffYamaguchiandShimane，

respec血vely（Fig．1）．Bystatisticallyrelatingmonthb，meanSea－Surfacetemperatures（Japan

OceanographicDataCenter）totheabundanceofG太．ruber，WeSeeSignificantcorrelations

fbrDecember（乃＝4，r＝0．99，P＝0．01），MarchandApril（n＝4，r＝0．96，P＜0．05）andSeptember

（n＝4，r＝0．95，P＜0．05）．Thisimpliesthat血erelativeabundanceofGお．ruberisanindexfor

SSTindle S飽OfJapan．However，this relationship cannot be directly applied to血e

recons廿uctionofearly Pleistocene SSTinthe SeaofJapan，because，aS nOted，dle early

Pleistocene hydrographic andbiotic conditionsofthis marglnalsea differed significantly

fr0mmodemones．
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In血is study we correlate the MRA of（完永．ruber widl marine climates of血e

WarmeStinterglacialperiods．AnalysISOfmarinemolluscanassemblagesuggestsdlat血eSea

OfJapancoastwaswarmestbetween8kaand6kaduringtheHolocene（Kitoeta1．，1998）．

ThisperiodisnearlycoincidentwithdletimlngOf血epeakofJub，650NinsolationatlOka．

Thus，Weinfbr that the MRA of G太．ruber correspond to the times of the Nordlern

Hemisphere650summerinsolationmaximaforeadldeglaciation（Fig．3）．

We focus on thelarger MRA datafrom the Okuwa and Yuhidera areas　for

dq）OSitionalsequences3and4．As noted above，Sincethefossilrecord ofdq）OSitional

SequenCe7isunSuitable，WedidnotexamineMIS37．Indepositionalsequence8，血eMRA

Of Gdi．ruber occurs wihin the horizon yielding血e molluscan OnustusTPcphiaII

Associa血on；thissequencecorrelateswithMIS35（Fig．2），Whichhasbeenassignedtotwo

Obliquitycycles（Shackletoneta1．，1990）．Thisassignmentisconsistentwiththeobservation

that血e血icknessofdlissequenceiscoI叩arabletothatofdletWOSequenCeSaboveorbelow

it．Since the warm－Water mOlluscan Onustus－P呼フhiaIIAssociationlieswithin thelower

POrtionof血esequence（Fig．2），We仇inkthattheageofdleMRAofG太．rubercoincides

WithJub，650Ninsolationmaximawithintheearlierobliquib，CyCle（Fig．3）．Shellsofboth

micro－andmacrofossilsindleuPPerPOrbonofdepositionalsequence8havebeendissohTed

（Fig．2）．

Wewereunableto obtainplanktonicfbraminiferalrecords oftheglacialperiodsin

OmmaFormationdeposits，OWlngtOdlelackofsuitablesedimentsduetoshorefaceerosion，

SOWeWereunabletoperformspectralanab，SIStOaCCOmPanyOurPlanklonicforaminifbral

data．Asanalternative，WeeXaminedcorrelationcoe仔icientsbetween血eMRAofGお．ruber

and three orbital parameters（eccentricity，Obliquib，and precession）for theJuly650N

insolationmaximumineachdeglaciation．
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4．Resu址s

Thereis apositive correla血on between血e MRA of（完永．ruber andJuly650N

insolation（r＝0．81，P＜0．01）（Fig．4a）．ThecorrelationbetweendleMRAofais．ruberand

eccen廿icib，is r＝0．81，Whichis statistically significant at the99％level（Fig．4b）．Itis

Self－eVident血at dlereis a slgnincant correlation between dle MRA of（完永．ruber and

PreCeSSion（r＝－0．84，P＜0．01）（Fig．4C），becauseeccentricityChangesmodulatetheamplitude

Oftheprecessionalslgnals．Thereis no slgnificantcorrelabon betweenthe MRAofG太．

ruberandobliquity匝＞0．05）（Fig．4d）．Therearefivepeaksofeccentricitycyclesbetween

l．5andl．OMa（Fig．3）．Wedidnotexamine仇erelationshipbetween血etwoeccen廿icity

Peaks anddleMRAofGds．ruber，OWlngtO血elackofplanktonicforaminiferalrecords，

fbrmdepositionalsequence7anddleuPPerPOrtionofdepositionalsequence8．However，the

O血erdlreePeaks are aligned withobliquitymaximaandcorrespond to the MRAofGdg．

ruberinMIS47，43and31，Whicharesignincantb，larger血aninodlerStageS（Fig．3）．

5．Discussbn

The warm－Water SPeCies Gdg．ruber entered the Sea ofJapan with the Tbushima

Current．This currentis abrandl Of血e warm KurOShio Current whichis the vlgOrOuS

northwestem component of血e subtropICal North Pacific Ocean gyre．Based on the

alkenone－derivedsea－Surface temperaturerecord overdlePaSt25kyr，Sawada andHanda

（1998）infTred血atthesub廿OPicalNor血PacificOceangyremayhavereachedamaximum

from8107ka．Asnotedabove，themarineclimateoftheSeaofJapancoastwaswarmest

between8kaand6ka．Itisthereforelikelythat血estrengdlOf仇egyreresultedinwarming

Of血emarineclimateof血eSeaofJapan．
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ThesubtropicalNor仇PacincOceangyrewascontrolledbyvariationsintheintensity

Oftrade winds associated with subtropICalhigh－PreSSure Offthe westem coast ofNorth

America．COHMAPMembers（1988）demonstrateddlatthe subtropicalhighpressurewas

displaced to the sou血andweakenedfrom about18to12ka，becauseofthewidespread

Laurentideice sheetin Nor血America．Itthenintensified gradually during melting and

reduction ofthe Laurentideice sheet，due toinCreased solarradiationin summer during

deglaciation．Borealsummerinsolationreached amaximumduringdle middleHolocene，

Whensub廿OPICalhigh－PreSSuremuStalsohavepeaked．Ourdataimply血atreductionofthe

LaurentideicesheetoverNorthAmericaatMIS47，43and31wasgreaterdlanduring血e

o血erinterglacialstages・Thisconclusionissupportedbyfact血atthe8180valuesofdleSe

StageSWererelativelylightfroml．5tol．OMaatDSDP607（Ruddimaneta1．，1989），677

（Shackletoneta1．，1990），806（Bergereta1．，1994）andlO90（VenzandHodell，2002）．

Ruddiman（2003）recentlysuggesteddlatthelOO－kyrcycleduringthelastO．9Myr

resultedfrom血e eccentricitypacing of fbrced processes embedded　inobliquity　and

PreCeSSioncycles．Theincreasedmodula血onofprecessionduetoeccentricityeverylOO，000

yearsproduces23，000－yeargreenhouse－gaSeS（CO2andCHi）maximathatenhanceablation

CauSedbysummerinSolationanddriveclimatedeeperintoaninterglacialstate．Moreover，he

noteddlatthisprocessworksmostefEbctivelywhenaprecessionpeakiscloselyalignedwith

anearbyobliquib，maXimum．Thisisconsistentwiththeinterpretation血atthelow－frequency

OXygenisotopecyclesduringearlyPleistoceneoriginatedhroughanasymmetricalresponse

mechanismthatpreferentiallylnb’Oducedvarianceintotheclimatesystemfromthewamler

POrtionsofthe∝Cen廿icity－mOdulatedprecessioncycleofClemensandTiedemann（1997）．

Asnotedabove，MIS47，43and31correspondedtoperiodswheneccen廿icity－mOdulated

PreCeSSion extremes were alignedwith obliquitymaxima．Therefore，We believe血atthe
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Slgnificantlyhigh MRAofG太．ruberintheseinterglacialstages areslgnalsofawamler

Climatelinked tolOO－kyr cycles．If血isinterpretabonis correct，hen eccentricityCycles

enhancedthestrengthofdleSubtropicalNor血PacificOceangyre血roughm如orice－Sheet

melting，and consequentlyinfluenced the Northwestem Pacific reg10n’s earb，Pleistocene

climate．
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Figurecapt10nS

Fig．1The Sea ofJapan and surrounding reg10n，Showlnglocation of the Omma

FormationnearKanazawaCity，CentralJapan，mOdinedfromImai（1959）．

Fig．2　Columnarsectionof血eOmmaFormationatitstypesection．Biostratigraphic

datumhorizons are aRer Takayamaetal．（1988）and Salo andThkayama（1992）；

magnetostratigraphic datafromOhmuraetal．（1989）andKitamuraetal．（1994）；

time scale for　血e oxygenisotope record at DSDP Site　607　and ages of

biostratigraphic datum horizons and magne血c polarity　changes are based on

ChronologyofBergeretal．（1994）．SB：Sequenceboundary．L－1to3，1－11，U1－U5：

depositionalsequencenumbers．

Fig．3　StratlgraPhicdis廿ibutionofthewarm－WaterPlanktonicforaminiferspecies

Globiger椚OidesruberfromtheOmmaFormationin血eOkuwaandYuhideraareas，

ShowingNorthem Hemisphere650summerinsolation，PreCeSSion，Obliquityand

eccen廿icityduring仇e timeintervalofoxygenisotope stages50to26（Berger，

1992）．

Fig．4　Relationship between maximumrelativeabundanceofGk）bLgerinodesruber and

each ofbital parameter of eccen廿icib，，Obliquity　and precession atJuly　650N

insola血on maximafor each deglaciation period．（a）July650Ninsolation．（b）

eccen廿icity．（C）precession．（d）obliquity．

Tablel Planktonicforaminiferaidentified at the horizon having the maximum relative

abundance（MRA）of dle Warm－Water SPeCies Gお．ruberin each deposi血onal

SequenCe・
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Figure3
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Tablel

Locality O kuw a

Part m iddle

Cycle 1 2 3 4 5 6 8 9 10 11 11

M arine isotope stage 49 47 45 4 3 41 39 35 33 31 29 27

G ／0的 e／m a bu〟0／des 76 83 133 97 75 99 93 35 52 9 24

G ／0的 e／m a 〝00d／ 0 0 0 0 0 0 0 0 34 0 0

G ／0的 e／m a qUm qUe／oba 63 37 11 1 26 15 13 59 27 5 17

G ／0的 e／m a g／U伽ab 1 4 1 3 9 18 6 0 8 3 1

G ／obigelm Oides ruber 5 57 8 4 11 7 18 3 45 1 8

G ／0的 e／Ⅵ0／des saCCU〟ねr 0 0 0 0 1 0 1 0 1 0 1

G ／obigelm Oides teneNus 0 0 0 0 2 0 0 0 0 0 0

G ／obigelm Oides sp． 0 0 0 0 0 0 1 0 0 0 0

〃eog／oboquad m a paC／1yde／Tna （S．） 34 0 13 8 8 10 29 27 8 9 10

〃eog／oboquad m a paC／1yde／Tna （d．） 25 0 11 8 2 4 8 5 1 5 9

〃eog／oboquad m a dufe／イ帽／ 0 6 4 0 4 1 7 9 8 1 1

〃eog／Oboquad m a 血co叩舶 0 22 2 1 1 0 2 55 94 0 14

○／カリ〟na Unルe／3∂ 0 0 0 0 0 0 3 0 0 0 0

G／obomfa／∂血　aa 0 31 9 0 2 0 0 0 0 22 0

P u〟e／つ／∂伽a Ob〟qu〟ocu／ab 0 0 0 0 0 0 0 0 0 0 0

Othe rs 136 2 1 73 46 107 49 123 18 27 71 113

T otal 340 26 1 265 168 248 203 304 2 11 305 126 198

RelativeabundanceofGds．ruber（％） 1．5 21．8 3．0 2．4 4．4 3．4 5．9 1．4 14．8 0．8 4．0

Yuhidera

m iddle

2 3 4

47 45 43

65 72 88

0 0 0

53 5 19

0 1 3

6 1 4 38

0 0 1

0 0 0

0 0 0

0 45 7

1 17 16

0 1 3

0 0 0

0 0 0

16 15 43

2 0 0

115 49 99

313 209 317

19．5 1．9 12．0


