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Abs廿act

Subhorizontal mantle s廿uctures subparallel to the Moho are rotatedinto NW－SE

subverticalorientations across a shear zonein a sinistral sense of shear within the

northemFiAlmantlesectionofdleOmanophiolite．Dynamicrecrystallizationresultedin

grainsizereductionofolivine andthedevelopmentofporphyroclas血ctexture．Mean

OlivinegralnSizestabilizedat～0．7mmwithintheshearzonecenter；血ismayreflectthe

Steady－State gran Size of dynamically recrystallized olivine，aS determined by the

d飢riatoricstress，WhichinthiscasewasaslowaslOMPa．Crystal－Prefbrredorientabon

（CPO）pattemsofolivineareconsistentlyl100］－fiberorpartialfibertexture，indica血ng

thatolivine slip systems did not change duringshearlng．Dynamic recrystallization

CauSeS aWeakeningofolivinefabricintensitytowardtheshear zone center，butthis

Weakeningis counterbalanced by CPO strengheningdueto dislocation glide．This

PrOCeSSreSultedinanabruPtdecreaseinseismicanisotropyatthecenterof仇eshearzone，

incontrasttoagradualdecreaseinolivinefabricintensib，andmeangrainsize．

Theseismicanisotropypattemsmeasureddonotchangeinwaysthatwouldbe

SlgnificantlymeasurablebyseismologlCalobs訂Vations．Despltethedevelopmentofthe

Shearzone，dispersionofbothP－andS－WaVeSin血eshearzonemaybeoflittleeffbct

Withrespectto血eoverallseismicaniso廿OPy．ThisisnotonlybecausedleShearzone

OCCurSSubstanbalb，lnanarrOWreglOn，butbecause血eseismicanisotropylSWeakerin

the shear zone血anthehigh－T s廿ucture reg10n．It suggests that arecord ofsimple

SyStema血cseismicanisotropyobservedintheuppermantlemayindicateasimplified

mandeflow s廿ucture，aSlocalized s廿uctures may be obscuredinthereg10n Ofthe

observa血on．

Key words：ducble shear zone，Oman ophiolite，POrPhyroclastic texture，Olivine

CryStal－PrefTredorientabon，dynamicrecrystallization，Seismicaniso廿OPy
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1．Introduction

The role ofseismic aniso廿OPylnunderstandingdleeVOlution oftheupper

mandehasbecomeincreaslngb，lmPOrtant．Seismicaniso廿OPylntheuppermantleis

COmmOnlylinkedtocrystal－Preferredorientation（CPO），inparticularolivineCPO，for

determiningdleflowdirectionandshearplanefromseismicobservabonsle．g．，1－13］．

However，血erelationship between seismic aniso廿OPy andmineralCPO depends on

manyfactors，SuChasdeformationhistory，deforma血onmechanisms，and血eexistenceof

WaterOrmeltintherockle．g．，14－17］．Therefore，WemuStunderstandhowolivineCPO

d飢7elopsandevoIveswidlS廿ainwithinparticulardeformationsettlngS．

AnalysISOfnaturallyandexperimentallydefbrmeduppermantlerocksenables

the measurementofCPOpatterns仇atmay developduringplastic deformation．Itis

generallyaccepteddlathigh－S廿aindeformationandrecrystallizationofmineralsresults

in血eintenseprefbrredorientabonofmineralcrystallographicaxes，aSdemons廿atedby

bo血experimentalandtheoreticalstudies．Innature，血edevelopmentofthestrongest

PreferredorientationinolivineoccurscommonlywithinstruCtureSreflectlnghightovery

hightemperatureflowconditionsl1］．Grainsizesofsudlmantlerocksaredominandy

COarSeb，granular，SuChdlatSubsequentdeformationwouldlikeb，OCCur aS grain size

reduction associatedwih dynamicrecrystallization atlower temperatures andhigher

StreSS COnditions，inparticular within the oceaniclithospherele．g．，18］．Yet the

quantitativerela血onshipbetweenCPOintensityands廿ainthataccompaniesgrainsize

reduction and dynamic recrystallizationis poorly understood，aS naturalperidotites

generallylack bo血S廿ain markers and s廿ain pa血sl19］．Experimental high－Shear

deformation of olivine aggregates produces a stable CPO and recrystallized

microstruCtureCOnSistentwithobservationsofhighlydeformednaturalperidotitesl17］．

However，therearesubsta血aldiffbrencesinsamplesize，grainsize，temPerature，and

Strainrateconditionsbetweenexperimentalandnaturalexamples．Thesimilaritiesand

diffbrencesbetweenexperimentalandnaturalsamplesshould仇ereforebequantifiedto

enablethescalingof血eresultsofexperimentalrockdeformationstudiestodefbrmation

withintheEardl．

Inthispaper，WePreSentmicrostruCturaldatafromanuppermostmantleshear

ZOneintheOmanophioliteto demonstrate血e changes血atoccurintheuppermost
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mandeasas血enosphericmaterialcooIsands廿ainbeglnStOlocalizeintokilometer－SCale

Shear zones．While血e grain size decreases markedly withincr飽Sng S廿ess during

Shearlng，血eCPOremainssimilartothatproducedbyhightemperaturedeformation．As

a result，血e seismic aniso廿OPy PattemS do not changeinamanner that would be

measurablebyseismologlCalobservations．Wewilldiscusstheimplicationsofourresults

fbrtheinterpretationofseismicanisotropylntermSOfgeodynamicmodels．

2．GeologlCalsettlngandsampledescrlPt10n

Thenor血emFiAlblockislocatedinthenordlemPartOftheOmanophiolite

（Fig．1），and many studieshavebeen conductedindlis areal20－2q．TheMoho dips

SOutheastat10－400atWadiZabinandinthesouthernportionofWadiR毎ml，Whereasit

dips east at30－800in血enorthernportion ofWadiR毎mi［22］．The Fizh blockis

CharacterizedbyshearzonesdlatS廿ikeNW－SEdlatPenetrateboth仇emantleandthe

lowermostcrustalsection［16－20］．Theshearzonesaresubverticalin血emantlesection，

and血eirfoliations crosscuthigh－temPeraturemantlestruCtureSl22］．TheMohowihin

theFiAlblockisoffsetbyaNW－SEstrikingsinistralshearzone．Theshearzonecuts

throughacoarsegranulardomainwithwell－developedmylonitictexture，Whichgrades

OVeralateraldistanceof5kmalongdleShearzoneintoaporphyroclasticdomain［26］．

To the soudleaSt，the shear zone canbe廿aced upthroughtheMohointo dleCruStal

SequenCeWherelayeredgabbrohasbeenmetamorphosedtoamphibolitewithinalOm

Wideductileshearzonel22，25］．ThesaI叩Iesanalyzedinthisstudywerecollectedfrom

Wadi R如miin　dle nOrdlem Fizh mantle section，Which consists dominantb，Of

hartA）urgitewithporphyroclastictexture（Figs．1and2）［26］．Wemeasuredfoliationand

lineation defined by血e alignment ofsplnelgrainsindle field and checked neld

measurementsonbleadledandsaw－CutSamPlesindlelaboratory．Theses廿ucturesare

dividedintotwotypes：high－Tandlow－Ttypes，basedonmicrostructuralcriteria．

The orientations oflineations andfoliations are showninFig．2．抽gh－T

deformationis dominantly characterized by shallow dわplng fbliation planes and a

NE－SWlineation．Lineations associatedwihhigh－Tdefbrmationatthemarginofthe

shearzonehaveaN－Strendand are con血nuouswithdlelow－Tlineations．Thetrendof

low－Tlineationsisprogressivelyrotatedsinistrallywithinshearzone；atthecenterofthe
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Shearzonethelineationisparalleltothes廿ikeoftheshearzone．Here，Wedennethe

Center Ofthe shear zonebased onthe neld observa血on，Whereintense foliation and

lineationareorientedsubparallelto血estrikeofthemacroscopicshearzone（Fig．2）．We

alsorecognizedanarrowzoneoflow－TdeformationparalleltotheMoho，Wherethe

fbliationdipssteeplyanddlelinea血ontrendissubparallelto血eMoho（Fig．2）．

3．MicrostruCturalanalysIS

3．1．Mcrostructure

Weanab，Zedmicros廿ucturesinallsamplesusngthinsectionscutperpendicular

to血efoliationandparalleltothelineation（i．e．XZ－SeCtion）．Weanalyzedindetaileight

Peridotitesamplesfromacrosstheshearzone（Fig．2C）．Peridotitesweresampledfrom

high－Tdeformabonzonesat血ewestemmargintotheeasternmargindlrOugh血eshear

ZOne（A－HinFig．2C）．Themicrostructureoftheseperidotitesis showninFig．3．The

high－T samples arecharacterizedbycoarsegranulartextureconsisbngdominandy of

COarSeOlivinegrains（A andHin Fig．3），Whereas血elow－T sampleshavevariable

microstruCtureintermsofgralnSizepossibb，relatedtovariables廿ainalongdleShear

ZOne（B－GinFig．3）．Thetwoperidotite samplesfrom血emarginSoftheshearzone

COntaincoarseolivinegrainswi血minorneoblasts（BandGinFig．3）．Coarseolivine

grains haveintenseundulose extinC血on andirregular grain boundaries；We Callthis

medium－grainedgranulartexture（Fig．2C）．Theperidobtesampleswidlin血eshearzone

haveporphyroclastictextures（Fig．2C），inwhichpyroxeneporphyroclastsoccurwihina

ma廿ixoffine－grainedolivineneoblaststhatexhibitvarylngdegreesofrecrystallization

（C－FinFig．3）．Theshapesofneoblastsvary，buttendtobeelongated．

3．2．Meangrainsizeofolivine

TheeffectsofserpentinizationmakeitdifnculttomeasuregralnSizesinthe

SamPles．Wewereonb，abletomeasure血emeangrainsizeofolivineineachsamPleby

thelinearinterceptme血odl27］．Wecountedthenumberofgrainboundariesalongthe

lineation（Dx）andnormaltothefoliation（DZ）usingtheopticalmicroscope．We血飢

estimatedthemeangrainsizeofolivine（D）fromD＝JDx・Dz（TablelandFig．4）．

AlthoughtheaveragesizeofDxisdiffbrentfrom血atofDzduetotheelongateshapesof
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grainS，themeangralnSize，D，decreasesfroml．7mmatthewestemmarglntOaStable

minimumof～0．7mmindleCenterOf仇eshearzone．ThegralnSizeincreasesagalntOl．4

mmtowardtheeastemmargln．

Crystal－Preferredorientation（CPO）ofolivine

4．1．MedlOds

OlivineCPOwasmeasuredfromhighlypolishedXZ血insectionuslngaJEOL

5600SEMequippedwithelectronbackscattereddi仔raction（EBSD）atChibaUniversity，

Japan．To obtainarepresentativeCPOoftherock，atleastlOOto150grainsforeach

Phaseneedtobemasuredle．g．28］．Wemeasured183－29101ivinecrystalorientations

Per SaI叩Ie，and血e computerizedindexation ofthe difFrac血on pattem was visually

CheckedforeadlOrientation（Fig．5）．

TocharacterizetheCPO，Wedetermined血efhbrics廿飢g血andthedistribution

densityof血eprincipalcrystallographicaxesle．g．4，18］．Therotationma廿ixbetween

CryStalandsamplec0－0rdinatesisusedtodescribetheorienta血ongofacrystalinsample

C0－Ordinates．Inprac血ce，ltis conveni飢ttOdescribedlerOtationbyatripletofEuler

angles，for exampleg＝（q）1，中，q）2）usedbyBungel29］．Theorientationdistribution

function（ODF），qg），isdefinedas血evolumefractionoforientabonswithanorientation

intheintervalbetweengandg＋dginaspacecontainlngallpossibleorienta血OnsglVenby

△ⅤⅣ＝JRg）dg

WhereAV／Visthevolumefractionofcrystals withorientation g，qg）is血etexture

function and dg＝1／87t2Sin¢d（pld叫q）2is thevolume ofdleregion ofintegrationin

Orientationspace．To quantifythedegree ofCPO，Mainpriceand Silverl2］usedthe

J－index，Whichisdefinedas：

J＝Jqg）2dg
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TheJ二indexhasavalueoflforarandomdistributionandavalueofinfinib，fbrasingle

CryStal．TheJ二indexforolivineinourcalculationshasamaximumof～250becauseofthe

truncationofthesphericalharmonicseriesatanexpansionof22．

Inasimilarmanner，thesharpnessofapolefigurecanbeanalybCallydefinedby

thepPindexas：

脚＝J瑚α，β）2血

WhereαandβaredleSPhericalc0－Ordinatesoftheconsidereddirectionin血epolefigure，

Phkl（α，β）isdledensityinthatdirecbonforagivencrystallographicpoledefinedbyhkl

andd（0＝1／27tSinαdαdβisthevolumeoftheregionofintegrabon．ThepPindexhasa

valueoflforarandomdistributionandamaximumvalueforolivineofabout60inthe

PreSentCaSe（whichdependsonthecrystalsymmetryandthesyrmetryOfdleCryStal

direction）forasinglecrystalofolivine．IndlePreSentCaSeOfolivine，thel10q，［01qand

l001］axes are all two－fold rotation axes；thepP values can therefbre be directly

COmPared．

4．2．01ivineCPOpattems

The measured olivine CPOis presented on equalarea，lowerhemisphere

PrqiectionsinthestruCtural（XZ）refbrenceframe（Fig．5）．Two saI叩IeswidlCOarSe

granulartexturesshowl10q－nberCPOpattems，Whichare dlaraCterizedbyastrong

alignmentofl10q closetothelineationandbyadistributionof［010］andl001］ina

girdlenormaltothel100］maximum（AandHinFig．5）．How飢rer，alignmentofl010］

andl001］isdiffbrentbetweenthetwo samples．SampleOlOK60hasaweakbimodal

alignmentofl010］withasingleconcentrationofl001］paralleltotheY－aXis（Fig．5A），

WhereassampleOlOK71containSalignmentsofbodll01（andl001］paralleltothepole

to血efoliationwidlOnlyweakalignmentparalleltotheY－aXis（Fig．5ft）．Twosamples

Withmedium－grained granulartextures（Fig．5BandG）aredlaraCterizedbyastrong

alignmentofl10q closetothelineationandbyadistributionof［010］andl001］ina
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girdlenormaltothel100］maximum，Withaweakbimodalalignment．Thesepatternsare

SimilartotheparbalfibertexturedescribedbyBungel29］，Whichhas axialsymmetry

Withthel100］asarotabonalaxisofsymmetry，andl010］andl001］forminggirdlesinthe

YZstructuralplanenormaltothelineation；thisb，PeCanhavemaximaofl010］andl001］

Paralleltoeitherof血eYorZdirectionsl22］．

Indle CenterOftheshearzone，SamPleOlOK66has anordlO血ombicCPO

Pattern，Whichis characterizedby as廿Ong alignmentofl100］close to thelineation，

alignmentofl010］perpendicularto血elineationondlefoliationplane，andalignmentof

l001］normalto thefoliation（Fig．5C）．Amongthethreeaxes，［010］hastheweakest

COnCentra血on．The other hree samples showweaker CPOpattems（D－FinFig．5），

Characterizedbyanalignmentofl100］closetothelineationandbyadistribubonofl010］

andl001］inagirdleapproximatelynormaltothel10qmaximum．Inaddition，血etwo

SamPlesOlOK67（Fig．5D）andOlOK68（Fig．5E）showsimilarfbaturesofCPOpattems

to血esampleOlOK60（Fig．5A），WhereasthesaI叩IeOlOK69（Fig．5F）hassimilarCPO

PatternStO仇esampleOlOK66（Fig．5C）．

4．3．IntensityofolivineCPO

Thedegreeoffhbricintensib，forallsamplesisshowninTable2andFigs．4and

5．TheJ二indexdecreasesfromllatthewestemmarglntOaSlowas4．2in仇ecenterof

theshearzone，andincreaseagaintolO．1atdleeaStemmargin（Fig．4亘）．抽ghvaluesof

J－indexareassociatedwithhigh－Tsamples（AandH）．W抽血theshearzone，theJ二index

appearstobestableataround4．3（D－F）．Thetrendsof血epolefigureindexpPgenerally

fbllowthe廿endsoftheJ二index．Thel100］polefigureindexhasthehighestintensityof

thethreeaxesforallsamples．

5．Seismicproper血es

5．1．MedlOds

Theseismicpropertiesofarockmasscanbecomputedbyaveraglngtheelastic

COnStantS Of theindividual grainsin all directions，takinginto account the

CryStallographicorientationofthemainmineralphasesanddlemOdalcompositionofthe

aggregatel4，30］．Inthis study，itis difficultto determinethemodalcompos止ion of
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mineralsinthesamplesbecauseofserpentinization．Therefore，WeCalculatedtheseismic

PrOPerties by assumlnga COmPOSi血on oflOO％olivine，Whichis the volume廿ically

dominantphasein血esamples．Theeffectofaddi血Onalphases（e．g．，Orthopyrox飢e）will

betoreducetheoverallseismicanisotropybutdoesnotchangetheaniso廿OPyPatternS

le．g．，2，31］．TheelasbcconstantsofolivineusedfordleCalculationsarefromAbramson

etal．［32］，atambientconditions．ThederivativesofelasticstifhessonbodltemPerature

andpressurearelinear，SO血attheP－Tcondi血onsaffect血evelocityvalues，butleavethe

aniso廿OPyunChangedl28］．WeusedtheVoigtReuss Hillaveragingschemel4］．The

aniso廿OPy Of P－WaVeSis defined as a percentage by　血e　formula200（Vpmax

Vpm云）（Vpmax＋Vpm云），WhiletheanisotropyofS－WaVeS（AVs）isdennedforaspecific

PrOPaga血ondirec血onbytheformula200（Vs1－Vs2）／（Vsl＋Vs2），WhereVslandVs2arethe

fastandslowwavevelocities，reSPeCtivelyl2］．

5．2．Results

TheP－WaVeisfastestsubparalleltolineation，Whichiscloselyrelatedlothe

CPOmaximumofolivinel100］（Fig．5），thefastdirectionwithinolivinecrystalS（Fig．6）．

TheP－WaVeislowforwavespropagatinginaplanenormalto thel10q maximum，

resultinginanaxialsymmetrywihthel100］maximumasthesymmetryaxis（Fig．6）．

PolarizationanisotropleSOfmostsampleshavetwo maximagirdles oneach sideofa

Planenormalto血el100］maximum，Whereas血eminimumbirefringenceoccurs for

PrOPaga血ondirec血onsclosetothel100］maximumsubparalleltothelineation（Fig．6）．

Theorientationofthepolarizationplaneof血efastestS－WaVeSyStematicalb，marksthe

OrientationofdlegreatCirclecontainingdlemaXimumconcentrationofl10q（Fig．6）．

Asystematictrendinseismicanisotropyisapparentacrosstheshearzone（Fig．

4b）．TheP－WaVeaniso廿OPydecreasesfromll．9％atthewesternmarginto8．3％inthe

Shearzone centerandincreases againto13．3％attheeastemmargin（Fig．4b）．The

d∝reaSein P－WaVe anisotropylS COnSistentwith a decrease of P－WaVe maXimum

Velocity；P－WaVeminimumvelocityremainslargelyundlanged acrosstheshearzone

（Fig．4b）．S－WaVePOlarizationaniso廿OPydecreasesfrom8．25％atthewestemmarginto

5．29％intheshearzonecenterandinCreasesagainto9．27％atdleeaStemmargin（Fig．

4b）．This廿endissimilarto血atfbrP－WaVeaniso廿OPy（Fig．4b）．
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6．InterpretationandDiscussion

6．1．CPOintensityvs．grainsizereductionwithhlitestrain

Whereasmicros廿ucturedlangeSfromcoarsegranulartextureatthemarglnOf

theshearzonetoporphyroclastictextureindleCenter（Fig．2C），meangrainsizedecreases

towarddleCenterOftheshearzoneandappearstostabilizeataroundO．7mmsizewidlin

the centerofdleShearzone（Fig．4aand Tablel）．This decreaseisduetodynamic

recrystallizationresultinglnPOrPhyroclas血ctexture．Grainsizeis expectedto change

unblrecrystallizedgrainsattain血esteady－Stategrainsize，Whichisdeterminedbythe

d飢riatricstressl33］．Ifweassumedlatthestablemeangrainsizein血esh飽rZOneisa

Steady－StategralnSize，WeCandl飢uSegralnSizeas apaleopleZOmetertOinferflOw

StreSSle．g．33，34］．Figure7showstherela血OnshipbetweengrainsizeanddifEbrential

StreSS（afterJungandKarato［35］），Wherethesteady－Stategrainsizeestimatedforthe

rocksanab，ZedinthisstudyisindicatedbydlearrOW．Althoughdlemeangrainsizein

this secbonofdleShearzoneistoocoarseto comparewithexperimentalresults，the

d飢relopmentofporphyroclas血ctexturefromcoarsegranulartextureprobabb，requlreS

Onb，aVery Smalldeviatric stress，POSSibb，aSlowaslO MPa（Fig．7），Whichis for

examplecompatiblewithdlOSeeStimatedforthecoarseOdlrisperidobtetectonitesl36］．

Experimentalhigh－Sheardeformationofolivineaggregatesproducesastable

CPO and recrystallized micros廿ucturel17］血at yields remarkably similar

microstruCtureSandCPOtotheshearzoneanab，Zedinthisstudy．Whereasweshowa

microstruCtural transition　from high－temPerature COarSe granular texture to

lower－temPerature POrPhyroclastic texture（Figs．2＆3）With CPO pattems dlat are

COnSistendyl100］－fibre or partialfiber texture across血e shear zone（Fig．5），the

experimentalstudyshowsessentialb，the samemicrostruCtureaSthehighstrainshear

ZOnefabricsl17］．Itisinterestingtonotedlatthevariationinolivinefabricintensitywith

respectto straininthenaturalsaI叩Iesisopposite thatinthe experimentalsamples．

Figure4ashowsthatdleOlivinefabricdecreasesinintensitytoward血eshearzonecenter，

WhereastheCPOstrengdlincreaseswiths廿ainindleeXPerimentsl17］．Thistr飢dis

mainlydueto血efhbricintensityoftheprimaryolivinemicros廿ucture，aSindicatedby
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theJ・indexvalues，Whicharelland9．1，reSPeC血vely，atdlemarglnOftheshearzone

（Fig．4aandTable2），andl．4atashears廿ainof～0．5intheexperimentsl17］．

Recrystallizedgrainsdisplayaclearmisorientationrelativetotheparentgrains

l19］．DynamicrecrystallizationvianucleationandgrowdlOfs廿ain－freeneoblastsatgrain

boundariesl37］mayalsoresultin an effectiveweakeningofthe CPO［12，38］．We

thereforeconsider血atdle Prlmary CPOinsamples with coarse granular textureis

Weakenedasaconsequenceofintensedynamicrecrystallization．However，dleOlivine

fabricintensib，aPPearStObestableindleShearzonecenter（Fig．4a）．Tommasietal．［19］

SuggeSted dlat dynamic recrystallization by subgrainrotation stabilizes the CPO．

SubgralnrOtationis characterizedby subdivisionofs廿ainedporphyroclastsinto new

grainsdisplayingamisorientabonof＞150relativeto仇eparentgrainl39］．Thismay

induce a progressive weakenng of CPO thatis countered by CPOintensification

resultingfromdislocationglide，givingrisetoastableCPO（seel19］）．

Porphyroclastictextureisamixtureofcoarseporphyroclastsanddynamically

recrystallizedneoblastsand血ereforeithas awiderangeofmicros廿uctures dlatare

dq）endentontherateofdynamicrecrystallization．Itislikeb，thatasgralnSizereduction

PrOgreSSedtowardasteady－StategralnSize，theproportionofneoblastsincreasedandthe

average grainsize decreased．In血is case，alhoughitis difncult to recognize a

recrystallization mechanism withinOur samples because ofintense serpentinization，

dynamicrecrystallizationbysubgralnrOtationcouldresultinaweakenlngOf血eCPO．If

WeaSSumeaS廿aingradientfromthecentertothemargnof血eshearzoneinFig．4a，lt

indicates血attheamountOfstrainrequiredtodevelopasteady－Stategrainsizeislower

thanthatforstabilizingfabricintensity．

6．2．CPOpattemevolubon

Bodlfoliation andlineation orientationsindicatethatolivine CPOpatterns

Were gradually rotatedfrom血eprlmary SubhorizontalNE－SWflOw directionlo a

SeCOndary subverticalNW－SEflow direction（Figs．2and4）．This rotation of the

StruCturalframeworkissimilartoashearzonedocumentedintheHiltimantlesection，

located to dle SOudl Of血e FiAl mantle section，documented by Michibayashiand

Mainpricel18］．TheydαnOnStratedthatal血oughthedominantslipsystemvariesfrom
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（010）［100］inhigh－Tdeformabonto（001）［100］inlow－Tdeformation，dlel010］－aXis

remainsgeographicallyverbcalinbodlCaSeS．Rotationaboutthel010］－aXisappearsto

leadto（001）［10q slip，and sinistralslip ofthe shear zone d飢reloped sub－Vertically

WithoutchangingtheCPOorienta血on．In血epresentstudy，al血oughbo血foliationand

lineationorientabonsindicatethatolivineCPOpattemsweregradualb，rOtatedfromthe

PrlmarySubhorizontalNE－SWflOwdirectiontothesecondarysubverticalNW－SEflow

direction（Figs．2and5），CPOpattemsremainlargelyunChangedfromthemarginlothe

centerof仇eshearzone．

［100］－nber CPO patterns are dominant across the shear zone（Fig．5），

indicating仇attheiOklil100］Slip systemis activefortheseCPOpatternsatmedium

temperatureconditionssuchaslOOOOC（e．g．［1］）．Inmoredetail，theCPOpattemsvary，

as血efhbricintensityisweakenedtowardtheshearzonecenterasdiscussedabove．At

theshearzonemarglnS，SamPlesAandHinFig．5havecoarsegranulartextureandshow

iOklil100］patternswihbimodalmaximainbothl010］andl001］toY－aXisandZ－aXis．

ThispatternmaybepreservedwidlintransitionaltexturesuchasBandGinFig．5，aS

thesefoliationsandlineationswererotatedwhileaccompaniedbyonlyweakgralnSize

reduction（Fig．4a）．As血efabricintensi血esarew飽k，CPOpattemsvarywithin血eshear

ZOne．CandFshowa（001）［100］pattem，WhereasDandEaredominatedbya（010）［100］

Pattern（Fig．5）．These廿ends canbeexplainedbyselectiverecrystallizationofthose

grainsinhardorientations．Grainsinhardorientations（e．g．，血osewi血［10qparallelto

Gl）sufferintensekinkingl8］andtherefbreactaspreferenbalsitesforrecrystallization

l19］．CPOmaximacoulddlereforebeinheritedfromdlOSePartSOftheearlierCPOdlat

did notundergo recrystallization：血ose ofleasylradler血an hard slip systeIⅧ［18］．

Altemativeb，，Tommasietal．［19］suggested血atduringsimpleshear，reCryStallizationby

eithersubgrainrotationorgrainboundarymlgrationleadstoaslnglemaximaCPOin

WhichthemainslipsystemisparalleltomacroscopICShear．Ineithercase，themainslip

SyStemSforthetwoCPOpatternsdocumentedintheshearzonecouldwellbe（001）［100］

and（01Q）［100］．Inthiscase，bodlSlip systemswouldbeequally activeindeveloping

POrPhyroclasbctexturewidlintheshearzone．

As the（01Q）［100］slip systemis activeathigh－temPeratureS，血edifference

betweentheresultsof血isstudyand血oseofMichibayashiandMainprice［18］maybe
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explainedbytheefEbctoftemperatureondynamicrecrystallization．Thecross－SeCtion

analyzedin血isstudyislocatedwidlin血ezoneofonb，POrPhyroclastictexturewihinthe

northem Fizhshearzone，Whereas MichibayashiandMainpricel18］studiedthezone

WithintheHiltishearzonewherenTyloniteandul廿anTylonitealsooccurredinadditionto

POrPhyroclasbc texture．Itsuggests hatthe Hiltishear zonedevelopedunderlower

temperaturesorhighers廿ess仇an血enor血emFiAIShearzone．

6．3．InfluenceofCPOintensib，andCPOpattemsonseismicproper血es

BenIsmaIlandMainpricel28］showed血attheseismicpropertiesofarock，aS

a unctionoffabricstrength，displayanexponentialrelationshipbetween血eJ－indexand

Seismic anisotropy ofbo血P－WaVeS and S－WaVeS．Figure8displays an exponential

relationshipsimilarto血atofBenIsmaIlandMainpricel28］．MainpriceandSilverl2］

used血eexperimentaldataofNicolasetal．［12］bshowdlattheJ二indexinCreaseswith

increasingaxialstrain；BenIsmaIlandMainpricel28］thereforeuse血eJ－indexasan

indicatorofplas血cstraintoafirstapproximationlcf．19］．In血epresentstudy，itismore

likelydlataSeriesofsamplesacross血eshearzonecoulddisplayas廿aingradientfrom

the marginto dle Center（Fig．2）．Figure4b shows仇attheJ－indexdoes nots廿ictly

COrrelatewiththe seismicanisotropyofbodlP－andS－WaVeSfromthemargnto the

CenterOf血esh飽rZOne．Instead，dleSeismicanisotropleSdecreasera血erabruPtlynear

the shear zone center（Fig．4b），atthepointwhereboth mean grain size and fabric

intensityarestabilized（Fig．4a）．Figure4balsodemonstrates血atthedecreaseinseismic

aniso廿OPy OfP－WaVeS reSultsfroma decreaseinmaximum P－WaVe Velocity，While

almostnodlangeOCCurSintermsofminimumP－WaVeVelocity．Asimilar廿endcanbe

SeeninS－WaVedata（Table2）．BenIsmadandMainprice［28］suggesteddlatincreasing

alignmentofthel100］axesinducesanincreaseinP－WaVeSeismicanisotropy，Whereas

theorientationof血el010］andl001］axeshaveonlyasecondaryeffect．Indeed，PPofthe

l100］axisforsaI叩Ieswithlowerseismicaniso廿OPies（D，E，FandG）decreasedtoless

than3，SuggeSbng血at血e P－WaVe Seismic anisotropy decreases wih decreaslng

alignment of血el100］axes．A similar trend can be observedfor S－WaVe Seismic

aniso廿OPy，aSallthreeaxesinfluence血emagnitudeofS－WaVeanisotropyl28］．Asa

COnSequenCe，dispersionofthedlree aXeS duetodynamicrecrystallizationassociated
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Withlow－temPerature S廿ain andhigher d飢riatoric s廿ess hasinfluenced the seismic

aniso廿OPyOfbo血P－andS－WaVeS．

6．5．Implicationfor血einterpretationofseismicanisotropyinthemantlelithosphere

Althoughatexturaltransi血onoccursfromcoarsegranulartoporphyroclas血c

textureacrossdleShearzone，CPOpattemsaremosdyl100］－fiberorpartialfibertextures．

This consistencyofCPOpatternsresultsinsimilarseismicpropertiesfbrallsamples

acrosstheshearzone（Fig．6）．Itisimportanttonote血attheorientationofthes廿uctural

frameworkchangesoverspacefromsubhorizontalN－SflowtosubverticalNW－SEflow

（Figs．2and4）．Acertainam0untOfdlangeinseismicaniso廿OPyCOuldthereforeresult

from血e orientabon of dle StruCturalfram飢VOrk despite the similarib，inseismic

PrOPertiesacross仇eshearzone．However，Wearguethattheoverallseismicanisotropy

maybenotinfluencedbytheorientationofthes廿ucturalframework．Thisisnotonly

becausetheshearzoneoccurssubstantiallylnanarrOWreg10n，butbecausetheseismic

aniso廿OPyisweakerintheshearzonethaninthehigh－Ts廿uctureregion．Dispersionof

bo血P－andS－WaVeSintheshearzonemaythereforebeoflittleeffectwidlreSPeCttOthe

OVerallseismicaniso廿OPy．Seismicaniso廿OPyanalysISisdlereforeunabletolocatesudl

ash飽rZOneintheuppermantleunless血eresolutionisasfineasonekilometer．

Ourresults mayhelp tounderstand atwhidlStage血e anisotropydevelops

duringformationoftheplate，andwhataspectsofplateforma血onprocessescon廿Olthe

Seismicproper血esoftheplate．Ourresultsindicatethat血eanisotropyformSqulteearb，，

WhendlerOCksweresbllclosetotheridgele．g．，40，41］．Subsequently，theanisotropy

Willnotbealtered，eVeniftheplateisdeformedunderdiffer飢tkinema五ccons廿aints

SuCh aslocalized deformation wihina shear zone．Consequendy，dle’anisotropy

memory’ofaplateislong，aStheimprlntOfridgeprocesses areverystronganditis

difncult to erase them．In subduc血on zones，high shear strains maylead to s廿ain

localization wherehotmantle convectspasttheupperside ofcold subductlngSlabs，

Whereasstrainweakenngmayfbcusonm叫Ordetachmentzonesnear血ecrust－mantle

boundaryinregionsofextensionaldeformationl17］．How飢rer，theseteclonic events

mightremainundetectedbyseismicanisotropyobserva血ons，unlessslgnificantfeatures

Of血e飢entSaPPearOn血esurfacele．g．，42，43］．
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7．Conclusions

Our（micro－）S廿ucturalandpetrophysicalstudyofthenordlernFizhshearzone

in血eOmanophiolitedemons廿atesthedlangeSthatoccurin血euppermostmantleas

asthenosphericmaterialcooIsandstrainislocalizedintoakilometer－SCaleshearzone．

Dynamicrecrystallizationresultedingrainsizereductionofolivine andthe

d飢relopmentofporphyroclas血ctexture．MeanolivinegralnSizestabilizedat～0．7mm

Withintheshearzonecenter，Whichmayreflectthesteady－Stategrainsizeofdynamically

recrystallizedolivine；thisisdeterminedbythedeviatoricstress，WhidlCOuldbeaslowas

lOMPa．

Crystal－Prefbrred orientabon（CPO）pattems of olivine are consistently

l100］－fiberorpartialfibertexture，indica血gthatolivineslip systemsdidnotchange

duringshearing．Dynamicrecrystallizationcausesaweakeningofolivinefabricintensity

toward the shear zone center，but this weakenlngis countefbalanced by CPO

Str飢g血enlngduetodislocabon glide．Thisprocessresultedin an abruptdecreasein

Seismicaniso廿OPyat血ecenterofdleShearzone，ln COn廿astto gradualdecreasesin

Olivinefabricintensityandmeangrainsize．

The microstruCtural transitionfrom high－temPerature COarSe granular to

lower－temPerature POrPhyroclastic textures across dleShear zoneis compatible with

textures produced by血e experimentalhighsheardeforma血on ofolivine aggregates．

However，therelationshわbetweenolivinefabricintensityandstrainisoppositeinthe

naturallyandexperimentallydefbrmedsamples，POSSibb，duetodifferencesinprlmary

fabricintensib，．

Theseismicaniso廿OPyPattemSmeaSuredinthisstudydonotchangeinways

that would be slgnincantly measurable by seismologlCal observations．Desplte the

d飢relopmentof血eshearzone，dispersionofbothP－andS－WaVeSin血eshearzonewill

beoflittleeffectwihrespecttodleOVerallseismicanisotropy．
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Figurecapt10nS

Figurel．Localitymap and generalized geology of血enorthem partofthe Oman

OPhiolite．ThelocalityofFigure2isshownbydlebox，Whereaductileshearzone

Withasinis廿alsenseofshearcrosscutshigh－Ts廿ucture．

Figure2．StructuraldatafromWadiR如mi．（a）PlanarstruCtureS．ThewidthofdleShear

ZOneisbasedonfieldobservations．（b）Lineations廿uctures．Thedominanttrendof

thehigh－Tlineationscloseto血eMohoisNE－SW，Wher飽StheN－S廿endofhigh－T

lineationsisgraduallyrotatedtoNW－SE廿endinlow－Tlineations，Viaasinis廿al

SenSeOfshear．（C）Micros廿ucturalclassificationsalongWadiR毎mi．Eachlabelis

usedinsubsequentfigures．

Figure3．PhotomicrographsofperidotitesaI叩Ies．ThelabelsaredleSameaS血）SeinFig．

2．

Figure4．（a）Fabricintensib，andgrainsizewithrespecttodistanceacrosstheshearzone．

Structuraldata areshownbelowthe diagram．The center and margln ZOneS are

definedbasedonfabricintensityand grainsizedata．ThetextlFieldobservabonl

indicates血ewiddlOfdleShearzoneidentifiedin仇eneld．（b）Anisotropyofboth

P－WaVe（Vp）andS－WaVe（Vs）andmaximumandminimumP－WaVeVelocib，With

resp∝ttOdistanceacross血eshearzone．

Figure5．01ivineCPOwithinanalyzedsaI叩Ies．EqualareaproJeCtion，lowerhemisphere．

Contoursareinmultiplesofuniformdistribution（m．u．d．）．Foliationisvertical（XY

Plane；SOlidline）andlineation（Ⅹ）ishorizontalwithindlePlaneofdlefoliabon．The

labelsarethesameasthoseinFig．2．

Figure6．Seismicanisotropyofolivinewihinanab，Zedsamples．Equalareaprqiection，

lowerhemisphere．Conloursinm．u．d．Contoursfor Vp areinkm／S，dVsin％

anisotropyandtraceoftheVsIpolarizationplane．Foliationisvertical（ⅩYplane；

SOlidline）andlineation（X）ishorizontalwithindlePlaneofthefoliation．Thelabels

arethesameasdlOSeinFig．2．

Figure7．Relationshわsbetween differentialstress andrecrystallized grainsize（after

JungandKarato，2001）．Thearrowindicatesdlemeangrainsizeestimatedfromthe

shearzonecenter．
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Figure8．Relationshipsbetweenseismicaniso廿OPyandfabrics廿eng血（Jlinde亘）forVp

andVsanisotropy．Thelabelsarethesameas血oseinFig．2．Graysolidandbroken

linesaredlebestfitofexponenbalcurveS．Seetextfordiscussion．

Tablel．ListofsamplesandgralnSizedata．

Table2．0livinefabricintensityandseismicpropertiesforVpandVs．
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Tablel：Michibayashi，lnaandKanagawa

Sample Rock Texture
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Table2：MIChlbayashl，lnaandKanagawa
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