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AbstractAdensenetworkofseismicstationshasbeendeployedacrossthenortheastJapanarc

toinvestlgatemantlewedge structures．Toattainindependentpetrophysicalconstraints，We

determinedtheseismicpropertiesofIchinomegatamantlexenolithsfromtheback－arCreglOn

that were brought to the surfacefrom the mantlelithosphere by voIcanic eruptlOnS．We

Calculatedtheseismicpropertiesofthexenolithsfromolivineandpyroxenecrystal－Preferred

Orientations and single crystalelasticconstants．The smallmagnitude ofmeasured S－WaVe

SPlitting（delaytimeofO．22sintheareawherethexenolithswereentrained）canbeexplained

by the average seismic properties ofmantle xenoliths fbr an approximately20－km thick

horizontalanisotropiclayer，indicatlngthatthemantlelithospherecouldbeoneofthedominant

SOurCeSOfseismicanisotropy；thislayerispossiblyrelatedtodefbrmationintheuppermost

mantlelithosphereduetoback－arCSPreadingalongthenortheastJapanarc．
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1．Introduction

SubductionzonesarereglOnSWherelargechemicalexchangesbetweentheinteriOr

andsurfaceoftheEarthdominantlyoccur．Tectonicplatemotioncauses solid－StatePlastic

COmerflOwbetweenthesubductlngSlabandtheoverridingplateandsubsequentlyleadstothe

developmentofcrystal－Preferredorientation（CPO）ofconstituentolivinecrystalswithinthe

mantle．The seismic anisotropy resultingfrom olivine CPOtendsto produce amaximum

SeismicwavevelocityparalleltothedirectionofplasticflOwwithintheuppermantlelNicoklS

川／（／l九・ハ／J〃、J〃．い情7」

Measurementsofshear－WaVeSPlittlngPlayacrucialroleinimaglngflowpatterns

Withinmantlewedgesle．g．，NdkcUimawldHasegmva，2004；Auくわineetal．，2004］；however，

Observed shear－WaVe SPlittlngfrom earthquakes ofintermediate depth may be affectedby

anisotropyinthemantlewedge，thecrust，andtheslab．Ifshear－WaVeSPlittlngOCCurSdueto

mineralCPO，itisnecessarytounderstandthestrengthofstraininthemantlewedgeandthe

elasticcoefncientsofmineralstoevaluatethedelaytlmealongraypaths．

ThenortheastJapanarcisatypICalsubductionzone，WherethePacincplatesubducts

beneaththelandareaatarateof～10cm／yearandisoneofthemostseismologlCallystudiedarcs．

Shear－WaVePOlarizationanisotropyhasbeensystematicallylnVeStlgatedinthemantlewedge

OfthenortheastJapanarc；Fastdirectionsintheback－arCSideareorientednearlyE－Wwhereas

fastdirectionsinthe fbre－arC Side are oriented approximatelyN－SlFig．1；NdkcUimaand

Hasegmva，2004］．Although seismicanisotropy observationsfromtheback－arC Sideofthe

northeastJapanarcaregenerallylnterPretedintermsoftheCPOofmantlemineralsanslng

frompresent－daymantleprocesssuchasmantlewedgeconvectionandplatemotionlNdkcUima

WldHasegmva，2004；LshiseandOくわ，2005］，WeShowinthispaperthatperidotitexenoliths
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fromtheuppermostmantlelithosphereentrainedbyIchinomegataVblcanointheback－arC

reglOn OfnortheastJapan atca．10，000yrin agepreserve StrOng aSymmetricfabricswith

intermediate seismic anisotropy．This anisotropy couldbe one ofthe dominant sourcesin

explainlngtheobserveddelaytimesofshear－WaVeVelocltyinthisreglOn．Furthermore，We

argue that such seismic anisotropyln the uppermost mantlelithosphere could have been

inducedbyback－arCSPreadingalongthenortheastJapanarcrelatedtotheopenlngOftheJapan

Sea．

2．GeologiCalsettingandsampleselection

IchinomegataVblcano，locatedonOgaPeninsula，nOrtheastJapan（Fig．1），isoneof

thefbwplacesonEarthwheredeep－levelxenolithsoccurintheback－arCreglOnOfanislandarc．

Thehostmagmaiscalc－alkaliandesitetodaciteincompositionandisca．10，000yrlnage．The

Ichinomegataxenolithsuiteiscomposedofperidotites，Websterites，Clinopyroxenites，gabbros，

amphibolites，and other shallow－levelrocks such as granitic and metavoIcanic rocks and

Sedimentsle．g．，Abeetal．，1998］．Theperidotitexenolithsareupto30cmindiameter，but

usuallylessthanlOcm．Thexenolithsaregenerallylherzolitewithsomehartzburgltethathave

SeCOndarypargasiteandrarephlogoplteOfmantlemetasomaticorlginduetotheadditionof

hydrousmelt／fluidtodryperidotitele．g．，Abeetal．，1998］．

Inthisstudy，WeSelectednineperidotitexenolithsfromtwentylherzolitesamplesfbr

detailed petrophysical analyses to evaluate the effect of rock seismic properties on

Seismic－WaVe PrOPerties．We fbcused on olivine crystals，aS Olivineis the most common

mineralintheuppermantle．Inaddition，WeObtainedtwosamplesthathadpreviouslybeen

Studied petrologically andgeochemically byAbe etal．［1998］and analyzedtheir seismic
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PrOPertiesintermsofthreecommonminerals：Olivine，Orthopyroxene，andclinopyroxene．

3．Microstructuralanalyses

Most ofthe peridotite xenoliths have a pervaSive main fbliation composed of

COmPOSitionalbandingdennedby pyroxene－richandpyroxene－POOrlayers and alineation

dennedbyelongatepyroxenegrains．WeanalyzedmicrostructuresfromXZthinsectionscut

PerPendiculartothefbliationandparalleltothelineation．Mostoftheperidotitexenolithshave

medium－（＜5mm）tonne－grained（＜1mm）granulartexture，Whereasonlytwooftheperidotite

XenOlithshaveporphyroclastictextures．

The peridotite xenoliths with granular texture have shape－Preferred orientations

（SPOs）ofolivinethatareorientedobliquetothemainfbliation（Fig．2）．Althoughtheoblique

fbliationtendstoweakenasolivinegrainsizedecreases，theanglebetweenthetwofbliationsis

COnStantlyaround200，indicatlngthatthesearesteady－Statemicrostructures．So－Called’oblique

fbliation’is a typical microstructure resultingfrom shear defbrmationle．g．，NicoklS and

（溝ristensen，1987］．The similar nature ofthe oblique fbliations within allthe peridotite

XenOlithsindicatesthattheirorlglnSarerelatedtoapervaSiveeventintheuppermostmantle

lithospherebeneaththenortheastJapanarc．

We estimated temperature conditionsin the range850tolOOO OC based on

OrthopyroxenethermometersaftermttTEichkshenandSeckl1991］andKohlerandBrqyl1990］．

Thisestimateisingoodagreementwithpreviousstudies，Whichcouldrepresentacoolingevent

inthemantlelithospherel乃kahashi，1986］．Itappearsthattheperidotitexenolithsarederived

fromrelativelyshallowlevelsinmantle，at30to40kmdepthl乃kahashi，1986］，Wherethe

depthoftheMohoisestimatedtobeapproximately28kmlZhaoetal．，1990］．
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4．Fabricanalyses

Toexaminedefbrmationconditionsinmoredetail，WemeaSuredtheCPOofolivine

fromhighlypolishedthinsectionsuslngaSCannlngelectronmicroscopeequlPPedwithan

electron－backscatter difn－aCtion system，housed at the Center fbrInstrumental AnalysIS，

ShizuokaUniverslty，Japan．Wedetermined150to25001ivinecrystalorientationspersample，

andvisuallycheckedthecomputerizedindexationofthedifn－aCtionpatternfbreachcrystal

Orientation．OlivineCPOdatashow（Okl）［100］patterns，Withthel100］axisslightlyobliqueto

themainfbliation（Fig．3a）．

Asweareunabletomeasure strainfromnaturally defbrmed samples，thefabric

Strength（J－index）isusedtoevaluatetheinfluenceoftheCPOonseismicpropertiesle．g．，Ben

LmailandMdifPrice，1998］．Thefabricstrengthvariesbetween4．2and11．95fbrallanalyzed

Olivineaggregates，Withameanvalueof6．98andastandarddeviationof2．85（Fig．4）．

5．Rockseismicproperties

Wecalculatedtheseismicpropertiesoftheperidotitexenolithsfromslnglecrystal

elasticconstants，CryStaldenslty，andtheCPOofolivine，enStatite，anddiopside，aSSumlngtWO

dif托rentscenarios：eitheracompositionoflOO％olivine，Ortheactualmodalcompositionof

therock．TheelasticconstantsusedinourcalculationsarethoseofAbramsonetal．［1997］fbr

Olivine，Chaietal．［1997］fbrenstatite，andCoHinsandBft）Wnl1998］fbrdiopside；Wealso

usedtheVbigtReussHillaveragingscheme［几血ifPriceetal．，2000］．

FortheanalyzedolivineaggregatesconsistlngOf70to90％modalcompositions，the

SeismicanisotropyofP－WaVeSVariesbetween4．8and14．7％，Withameanvalueof8．66％and
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astandarddeviationof3．0．TheseismicanisotropyofS－WaVeSVariesbetween3．73and8．99％，

Withameanvalueof6．04％andastandarddeviationofl．75．Figure5showstheseismic

PrOPertiesasafunctionoffabriCstrength；theresultsaresimilartothoseofBenLmailand

A4bifPricel1998］determinedfbrsubductionzoneperidotites．

Theadditionofenstatiteanddiopsidetotheactualmodalcompositionsreportedby

Abe et al．［1998］resultsin P－WaVe and S－WaVe anisotropies that are decreased by

approximately20％compared to those fbr a pure olivine aggregate．Maximum P－WaVe

anisotropyisreducedfrom14．7to11．4％andfrom7．7to6．3％fbrsamplesI708（01，0．75；Opx，

0．19；Cpx，0．06）andI702（01，0．82；Opx，0．14；Cpx，0．04），reSPeCtively，Whilemaximum

S－WaVeanisotropyisreducedfrom8．99to7．35％and5．43to4．6％，reSPeCtively（Fig．4）．

ThesereducedanisotropleSare，however，Withintherangeofanisotropiesfbracompositionof

lOO％olivine（Fig．4）．

Figure3bpresentstheseismicpropertiesoftheperidotitexenolithsshowninFig．3a；

these arethe seismicpropertiesmostsimilartothemeanproperties showninFig．4．The

P－WaVeVelocltyisfastestsubparalleltothelineation，Whichis closelyrelatedtothe CPO

maximum ofolivine［100］．TheP－WaVeVelocityis slowfbrwavespropagatinginaplane

normaltothel100］maximum，reSultinginanaxialsymmetrywiththel100］maximumasthe

SymmetryaXis．PolarizationanisotropleSOfmostsampleshavetwomaximagirdlesoneach

Sideofaplanenormaltothel100］maximum，Whereastheminimumbirefringenceoccursfbr

PrOPagationdirectionsclosetothel100］maximum，Subparalleltothelineation．Theorientation

OfthepolarizationplaneofthefastestS－WaVeSyStematicallymarkstheorientationofthegreat

Circlethatcontainsthemaximumconcentrationofl100］．TheseanisotropicpattemSarequite

COmmOnaSPreViouslyreportedelsewherele．g．，MdifPriceetal．，2000］．
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6．Discussionandconclusions

AlthoughtheorlglnalorientationsoftheIchinomegataperidotitexenolithswerelost

duringtheirvoIcanictransporttothesurface，Weareabletoderivequantitativeconstraintson

theintrinsicanisotropywithinthelithosphericmantlebutnotconstrainthetrendofthefastsplit

ShearwaveslBenLmailandMdifPrice，2001］．Ifthestructureswithintheuppermostmantle

lithospherewere randomly oriented，the peridotitexenoliths analyzedinthe current study

WOuldmakenocontributiontotheobservedshear－WaVeSPlittlng；however，ltislikelythat

reglOnal－SCalestructureswithintheuppermostmantlelithosphereareorientedhorizontally，aS

describedbelow．

TheopenlngOftheJapanSeaisthoughttohaveoccurredovertheperiod25to13Ma

as a consequence ofback－arC SPreadingwithinthe northeastJapan arc；mOStOfthebasic

geologicstructureofthepresentJapaneseIslandswasaccomplishedduringthistimelFig．5；

e．g．，Sato，1994］．ThedepthoftheMohobeneaththeIchinomegatacraterisapproximately28

kmnearthecoastoftheJapanSealZhaoetal．，1990］，WhilethetemperatureoftheMohois

thoughttobeabout8500C師shiro，1987］．ThedepthoftheMohobecomesdeeper，uPtO38

kmindepth，tOWardsthenortheastJapanarclZhaoetal．，1990］，Wheretemperaturesare950to

lOOOOC師shiro，1987］．Asdescribedabove，theperidotitexenolithsanalyzedinthepresent

Studycamefromrelativelyshallowlevelsinthemantleof30to40kmdepthattemperaturesin

the range850tolOOO OCl乃kahashi，1986］．Therefbre，We COnSideritislikely thatthe

Ichinomegataperidotitexenolithsarederivedfromtheuppermostmantlelithosphereinthe

regiondominatedbyhorizontalextensionandback－arCSPreading（Fig．5）．

Thethickness（T）ofananisotropiclayerisgivenbyT＝（100dt＜Vs＞）／AVs，Wheredtis
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thedelaytimeofS－WaVeS，＜Vs＞istheaveragevelocityofthefastandslowvelocities，andAVs

istheanisotropyfbraspecincpropagationdirectionexpressedasapercentagele．g．，Peraetal．，

2004］．Accordingly，the observed delay times（e．g．，0．22　s at Oga Peninsula where

IchinomegataⅥ）lcanoislocated）canbeexplainedbytheseismicpropertiesofouraverage

PeridotitexenolithshowninFig．3bfbranapproximately20－kmthickanisotropiclayerwitha

horizontalfbliationandlineation（Fig．5）．Itisnotedthatthebulkanisotropyshouldbelessthan

thatineachindividualsampleduetodestructiveinterferencesle．g．，BenLmailandMdifPrice，

2001］，SOthatitmightbenecessarytohaveathickeranisotropiclayer．

AsIchinomegataCraterisoneofjustafbwlocalitieswheredeep－levelinclusionscan

befbundinanislandarcsettlng，theperidotitexenolithsdemonstratethepossibleoccurrenceof

an anisotropIClayerintheuppermostmantlelithospherethatmightberelatedto’frozen’

defbrmation during back－arC SPreading along the northeastJapan arc（Fig．5）．S－WaVe

Seismograms ofintermediate－depth earthquakes show small delay times but reglOnally

COherentpolarizations，WheretheE－Wfastanisotropyoccursfromtheback－arCreglOntOthe

VOIcanicfrOntabovethelowvelocityzoneslNdkcUimaandHasegmva，2004］．Althoughthe

lowvelocityzonesarecommonlyattributedtothezonesofpartiallymeltedmantlel属bshift），

1987］，thepropagationofapartia1－meltingfrOntacrossthelithospherewouldnoterasethe

Pre－eXistlngCPOandrelated seismicanisotropy，eVenifitdoesmodifythemicrostructure

l粕uchez andGarrib，2001］．Consequently，mantlelithospherein the back－arC regionis

POSSibly oneofthe dominantsources ofseismicanisotropy，Whichispresently commonly

attributedtocornerflow．
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FigurecaptlOnS

Figurel：JapaneseIsland arcs．Abbreviations：VF，VOIcanicfront；AF，aSeismicfront；I，

Ichinomegata．TheperidotitexenolithsarefromIchinomegataVblcano，OgaPeninsula，

northeastJapan（Starsymbol）．Thefastdirectionsintheback－arCSideareorientednearly

E－W（arrowatthewestsideofVF），Whereasthoseinthefbre－arCSideareapproximately

N－SlarrowattheeastsideofVF；NdkcUimaandHasegmva，2004］．

Figure2：Photomicrographsofaperidotitexenolithwithobliquefbliations，aSdennedbythe

Shape－Preferredorientation（SPO）ofolivinegrains．TheSPOindicatesasinistralsenseof

Shear．The main fbliation（X）is denned by compositional banding and oriented

horizontally．ThewhitearrowsshowtheorientationoftheolivineSPO，Oriented200from

themainfbliation．（b）Orientationdistributionsofolivinegrainswithrespecttothemain

fbliation（X）．The anglesbetweenthe SPO andthemainfbliationareapproximately

10－200．Themeanaspectratiois2．2．

Figure3：（a）Crystal－Preferredorientations（CPO）ofolivine．Foliationisvertical（XYplane，

SOlidline）andlineation（X）ishorizontalwithintheplaneofthefbliation．Equalarea

Prqjection，lowerhemisphere．（b）SeismicpropertiescalculatedfromCPOdatashownin

（a）．ContoursfbrVpareinkm／S，WhilethosefbrdVsarein％anisotropyandtraceofthe

VsIpolarizationplane．

Figure4：Relationshipsbetweenseismicanisotropyandfabricstrength（J－index）fbrVpandVs

anisotropy．Solid and dashedlines represent average values and standard deviation，
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respectively，fbrVp and Vs anisotropy．Large symboIsindicate seismic anisotropleS

assumlngaCOmPOSitionoflOO％olivine，WhiletwosmallsymboIsconnectedtothelarge

SymboIsarethosecalculatedfromtheCPOofolivine，enStatite，anddiopsideandthe

actualmodalcompositionoftherock．

Figure5：Schematic diagrams showlng the tectonic evolution ofthe northeastJapan arc

between ca20Ma andlO Ka．Star symboIsindicate possiblelocations of the

Ichinomegataperidotitexenolithswithinthemantle．TheshadedareainthevicinltyOfthe

StarSymbolatlOKashowsthepossiblethicknessoftheseismicallyanisotropIClayer，

from which the measured delay times ofS－WaVeS OCCurS．Dashedlines beneaththe

northeastJapanarcshowlowvelocityzones，afterNdkcUimaandHasegmval2004］．
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