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12　　Abstract

13　　　　　MicrostruCturalanalysesofshearbandcleavagesin acentimeter－SCale shear

14　zone within ametasomatic biotite bandinthe Teshima granite，Ryoke metamorphic

15　belt，SOuthwestJapan，Show that strain partitionlng OCCurred between quartz and

16　biotite－fbldspar domains withinthe shear zone．Pre－teCtOnic hydrothermal alteration

17　Within the granite caused biotite replacement of both plag10Clase and K－feldspar，

18　resultingln the development of biotite－fbldspar domains where K－fbldspar mantles

19　dominantb，biotite－Plag10Clase aggregates．Subsequently，the altered granite was

20　plastically deformedin simple shear，SO thatintra－layer shear band cleavages were

21　passiveb，developedwithin the biotite－feldspar domains，Whereasintense dynamiC

22　recrystallization occurredinthequartz domainS．The rotation and orientation ofthe

23　intra－layershearbandcleavagescanbeexplainedbyafinitestrainellipsemodel，Which

24　showsthatstraininthebiotite－feldspardomainrequlreSOnlylOto20％ofthe bulk

25　simpleshearstrainforthedevelopmentofsuchcleavages，SOthatmostofstraincould

26　be accommodated by deformationin the quartz domain．Consequently，the mode1

27　suggeststhatthedevelopmentoftheshearzoneresultedinstrainpartitionlngbetween

28　the quartz and the biotite－fbldspar domains due to compositional variations via

29　hydrothermalalterationwithinthegranite．

30

31　Key words：Shear band cleavage，Shear zone，Strain partitionlng，alteration，granite，

32　strainanalysis，Ryokemetamorphicbelt
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33　1．Introduction

34

35　　　　　Withindeformedrocks，amica－Preferredorientationorcompositionallayenng

36　maybetransectedatasmallanglebysetsofsubparallelminorshearzones，knownas

37　shearbandcleavages（PasschierandTrouw，2005）．Shearbandcleavagesarecommonly

38　slightb，Oblique to the direction of shear，and have been variously referred to as

39　C’－Surfaces（e．g．，Bertheeta1．，1979；BlenkinsopandTreloar，1995；Prayeta1．，1997），

40　Shear bands（White et a1．，1980；Gapais andWhite，1982），eXtenSional crenulation

41　cleavage（Platt and Vissers，1980）and normal slip crenulation（Dennis and Secor，

42　1987）．Shearband cleavages are extensively usedas shearsenseindicatorsin shear

43　zones（e．g．，Bertheetal．，1979；ListerandSnoke，1984），althoughtheirdevelopmentis

44　notfullyunderstood（PasschierandTrouw，2005）．Thisisbecauseitisdi飢culttoobtain

45　reliable datafromnaturalshearzones on factors such as deformationhistory，lnitia1

46　0rientation ofshear bands，bulk andlocal finite straln，and bulk andlocal volume

47　change（Passchier，1991）．

48　　　　In this paper，We COnducted a simple geometric anab，SIS Of shear band

49　cleavages alongastraingradientfromthemarglntOthe centre ofacentimeter－SCale

50　shearzone．Asaresult，Wedemonstratethatafinitestrainellipsemodelproposedby

51　Platt（1984）couldexplainthedevelopmentofshearbandcleavagesinthissmallshear

52　　zone．

53

54　2．Regionalgeologyandsampledescription

55

56　　　　　The sample analysedinthis study was collectedfromTeshimaislandinthe

57　ShiwakuIslandGroup，Japan，WithintheRyokeHT／LPmetamorphicbelt（Fig．1；e．g．，

58　Hara et a1．，1973；Arita，1988）．Gneissic coarse－grained hornblende－biotite granite

59　0ccurSinthe southoftheisland，andweakb，gnelSSic medium一gralned biotite granite

60　andhornfblsoccurinthenorthoftheisland（Fig．1；Arita，1988）．

61　　　　　Theintroductionofiron－beanngfluidphasesresultedinhydrofracturlnglnthe

62　northwestempartofthebiotitegraniteandthefbrmationofthinmetasomatic biotite

63　bands（thickness：5－10C巾），SOme OfwhichcontainquartzveinSinthemiddle ofthe



4

64　bands（thickness：1－4cm）；the biotite bands are subverticaland strike approximately

65　200（Michibayashieta1．，1999）．Thebandslocallyoccurasanastomosingnetworks．The

66　bands resultedfrombiotite replacement ofmainb，Plag10Clase and K－fbldspar gralnS

67　withthe additionofiron－bearingfluids（Fig．2）．Themineralreplacements weakened

68　this part ofthe granite，and smal1－SCale sinistralshear zones developedwithinthose

69　parts ofthe granite that containquartzveins andbiotite bands（Michibayashiet a1．，

70　1999）．

71　　　　　Theanab，Sedsamplewastakenfromametasomaticbiotiteband，andcontains

72　0neSideofashearzone，Whereashearplaneoftheshearzonecentreissubparallelto

73　thestrikeanddipofthebiotiteband（Fig．2）．Theprotolithisamedium－grainedbiotite

74　granite，Whichconsistsofquartz，Plag10Clase，K－feldsparandbiotite，withminorzircon

75　andmuscovite．EPMAchemicalanalysIS reVealedthat plag10Clase grains areAn5＿16，

76　K－fbldspar grains are Or92＿96，and biotite gralnS are iron－rich，With

77　Mg／（Fe＋M岳）＝0．05－0．07（Togamieta1．，2000）．

78　　　　Inthe sampledrock，biotitelayersdefine afoliationwithinthebiotiteband，

79　whichshowssomedegreeofobliquitywithrespecttothecentreoftheshearzone（Fig．

80　2）．ThisobliquityprovidesacontinuousgradientfromhighangleatrelativelyunStrained

81　tolowangleathighlydeformedoveradistanceofseveralcentimeters．Here，Wedefine

82　adistance（のnormaltotheshearplaneoftheshearzonecentre（（た0）．

83

84　　3．Microstructures

85

86　　　　　ElementmappingbyXrayfluorescencestudiedbyMichibayashietal．（1999）

87　Showedthatquartzmodalcompositionincreasestowardthe centreofthe shearzone．

88　Michibayashiet al．（1999）definedthe three domains accordingto azonationinthe

89　metasomatisedband：thequartzdomaln，biotitedomainandK－feldspardomain．Inthis

90　paper，althoughwestudythemicrostructuresthatoccurmostb，lnthe quartzdomain

91　andpartlyinthebiotitedomainofMichibayashietal．（1999），itisratherconvenientto

92　re－dividemicrostructureswithinthesetwodomainsintotwodominantdomains：quartZ

93　domainsandbiotite－fbldspardomainsasfollows．

94
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95　3．J．2日αrJzCわ椚αわ7∫

96

97　　　　　ThequartzdomainscontainquartzgralnSwithfbldsparinclusionsandbecome

98　moredominanttowardthecentreoftheshearzone．ModalcompositionanalysISShowed

99　thatmodalcomposition ofthe quartz domainincreasesfromthe biotite band to the

lOO centreoftheshearzonebyupt060％（Michibayashieta1．，1999）．

101　　　　　Figure3AshowsquartzgralnSwithintherelativeb，undeformedgraniteatd＝15

102　cm．GrainshaveweakserratedboundarieswithstabletriplepolntS，indicatlngminima1

103　defbrmation．Atthemarginoftheshearzone（d＝4cm），quartZgrainshavedevelopeda

104　slightb，elongateshapewithoutformationofafoliation（Fig．3B），indicatingthatbulk

105　strainislow．Atd＝2．5cm，quartZgralnSareWeaklyelongatesubparalleltoS－foliation

106　（Fig．3C）andinpartrecrystallized，withintenseb，Serratedgrainboundariesandstrong

107　unduloseextinction．At（た1．5cm，deformationinquartzisfurtherintensined（Fig．3D）．

108　Althoughigneousquartzgrainsarestillvisible，intracrystallinedefbrmationhasresulted

109　instrongunduloseextinctionsandserratedgrainboundaries．Atd＝1cm，quartZgralnS

llO areintenseb，elongatedparalleltoS－foliation，anddynamiCrecrystallizationhasresulted

111　inareductioningrainsize（Fig．3E）．Theintensityofdynamicrecrystallizationincreases

112　towardtheshearzonecentre（Fig．3F）．Thegrainsizeofquartzisreducedfromca．0．5

113　mmintheundeformedgranite（Fig．3A）toca．50トLmWithintheshearzone（Fig．3F）．

114　Fine K－feldsparinclusions within the quartz domains are also elongated parallelto

115　　S－foliation．

116　　　　　Quartz crystal－Prefbrred orientations（CPOs）were measuredfrom highly

117　polishedthinsectionuslngaJEOL6300SEMequlPPedwith electronback－SCattered

118　difh’aCtion（EBSD）at Shizuoka University，Japan．Quartz CPOs show triclinic

119　symmetrieswiththegirdleofc－aXeSSubparalleltotheY－aXistowardtothecentreof

120　theshearzone，althoughquartzCPOsatd＝2．5－3．5cmhaveatriclinicsymmetryslightly

121　0bliquetoXZplane（Fig．4）．Thesepatternsshowthatprism＜a＞Slipwasdominantin

122　thisshearzone（e．g．，PasschierandTrouw，2005）．

123

124　3．2．月0〟eJがdpαγわ椚αわび

125
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126　　　　　Thebiotite－feldspardomainSconsistmainlyofsecondaryfine－grained biotite

127　and plagioclase aggregates（Fig．5）．Michibayashiet al．（1999）showedthat primary

128　plag10Clasegrainsoccurasamatrixtothefine一gralnedbiotite aggregatesandthatthe

129　biotite－fbldspardomainsarecommonb，mantledbyK－feldspar（Fig．6；Seealsofig．30f

130　Michibayashieta1．，1999）．Theamountofnne－grainedbiotitegrainsinplagioclasetends

131　toincreasetowardsthecentreoftheshearzone（Michibayashieta1．，1999）．Theshear

132　bandcleavagesstudiedinthispaperoccurdominantb，lnthebiotite－feldspardomainS．

133　　　　Intherelativelyundeformedgraniteat（た15cm，biotite occurs as randomly

134　0rientedeuhedralprimary grains（Fig．5A）．Secondary fine一grained biotite aggregates

135　firstoccurwithincoarseplagioclasegrainsatd＝4cm（Fig．5B）．Deformationisweak

136　and the secondary biotite gralnS have no preferred orientation．The biotite－fbldspar

137　domainsbecomeelongatedat（た2．5cmanddenneanS－foliationatthemarglnOfthe

138　shearzone（solidlineinFig．5C）．TheanglebetweentheS－foliationandtheshearplane

139　is ashighas450．However，thesecondary biotitegrainswithinplagioclase grains are

140　randomiyoriented（Fig．5Cand6A）．

141　　　　　The characters ofthe biotite－fbldspar domains change gradually toward the

142　shearzonecentre．Atd＝2cm，thedomainsbecomeelongateparalleltotheS－foliation，

143　andthe secondary biotite gralnS are Sheared，reSultinglntheinitiation ofintra－layer

144　shearbandcleavagesubparalleltotheshearplane（Fig．5D）．Thebiotite－fbldsparat（た1

145　cmwherethesecondary biotitehave developedare further elongated paralleltothe

146　S－foliation（Fig．5Eand6B）．Thesecondarybiotitegrainsareintenselydeformed，and

147　manyshearbandcleavageshavedeveloped．

148　　　　　Within the centre ofthe shear zone，biotite－feldspar domains are strongly

149　elongatedparalleltotheS－foliation（Fig．5F）andintra－layershearbandcleavagesare

150　pervasively developed．Althoughthe S－foliationis oriented subparallelto the shear

151　plane，theintra－layershearbandcleavagesoccurataboutlOOto200tobothS－foliation

152　andtheshearplane．

153　　　　　Theshearbandcleavagesdescribedaboveareoftheintra－layertype，aSthey

154　0ccurOnb，withinthebiotite－fbldspardomainS．Inter－layertype shearband cleavages

155　alsooccurinthevicinityoftheshearzonecentre（Figs2Band7）．Displacementsalong

156　theinter－layer shear band cleavages are relativelylarge，and cut across the



7

157　biotite－fbldspardomains，thequartzdomains（Figs2Band7）andtheintra－layershear

158　bandcleavages．

159　　　　Itisimportanttonotethatthereisnoevidenceofovergrowthofanyminerals

160　0ntheshearbandcleavages（Figs5and6）．Thissuggeststhatthedevelopmentofsuch

161　planar fabriCs occurred after the metasomatic reactionsinthe biotite band（e．g．，

162　Michibayashieta1．，1999）．

163

164　4．Geometricanalysis

165

166　　才．J．ルわめody

167

168　　　　　We perfbrmed amicrostructural analysIS tOinvestlgate Variationsin the

169　geometry ofthe shearband cleavages across the shear zone．Four parameters were

170　measuredwiththe aid ofan opticalmicroscope：（i）spacingof叫iacent shear band

171　cleavages，（ii）theanglebetweentheS－foliationandtheshearplane（4），（iii）theangle

172　betweentheshearbandcleavageandtheshearplane（め，and（iv）theanglebetween

173　theS－foliationandtheshearbandcleavage（q；Fig．8A）whichequals¢＋V

174

175　　4．2．月e∫日加

176

177　　　　　Results are showninFig．8B－E．Open diamondsindicate the biotite－fbldspar

178　domainswhereaS－foliationoccurswithoutshearbandcleavage（e．g．，Fig．5C），andin

179　thiscaseonlyoneparameter（4）hasbeenmeasured（Fig．8C）．Solidcirclesrepresentthe

180　datafortheintra－layershearbandcleavages，Whereasopentrianglesshowthosefbrthe

181　inter－layershearbandcleavages．

182　　　　　Figure8BshowsthatthespaclngOftheintra－layershearbandsvariesfromO．5

183　to2mmawayfromthe shearzone centre，Whereasittends to beina smallrange

184　between O．2and O．5mmnearthe shearzone centre．Figure8C shows the trend of

185　S－foliationwithrespecttotheshearplane（4）acrosstheshearzone．Severalpointsof

186　biotite－fbldspardomainsrecord¢　ngles of＞450．Thereis no shearband cleavage

187　withinsuchhigh－anglebiotite－feldspardomains（Fig．8C）．Shearbandcleavage occurs



8

188　wheretheandeoftheS－fbliationtotheshearplane（¢）islessthan450（Fig．8C）．

189　　　　　Theanglebetweentheintra－layershearbandcleavageandtheshearplane（め

190　shows agradualchangefrom sub－Parallelto the shear plane to negatively oblique

191　0rientationasthedistancetotheshearzonecentredecreases（Fig．8D）．Theinter－layer

192　Shear band cleavages appear for a distance d＜10mm（Fig．8D）．Their angles are

193　narrowerthanthoseoftheinter－layercleavagesandshownotendencywithrespectto

194　thedistancefromthe shearzonecentre．The andebetween S－foliationandthe shear

195　bandcleavages（Ti）hasascattereddistribution（Fig．8E）．

196　　　　Inordertoexaminetherelationshipbetweenthreeparameters（¢匹Ti），We

197　madeavariationdiagrambetweenQand v（Fig．9），Where eachline shows astable

198　valueoftheangle（り）as v＝¢－q thatisdehledinFig・8A・Itappearsthattheangles

199　betweentheS－foliationandtheshearbandcleavagesbecamesomehownarroweras¢

200　beingsmaller．Noticethattheinter－layershearbandcleavagestendtooccurwherethe

201　intra－layershearbandcleavagesareathigheranglestotheshearplane．

202

203　5．Interpretationanddiscussion

204

己tlI∴　さ／川日、・・両州一日・り／イl仙J′●／いろ′●／し・、＝〃／JrL、／，LL川‥川W／し、／7日J′●、／′●lJH

206

207　　　　　Fromthemeasuredspatialvariationsinmicrostructuraldevelopmentdescribed

208　above，Wehave soughtto modeltemporalchanges by assumlngthat theintra－layer

209　ShearbandcleavagesclosetothecentreoftheshearzonepreservemOrePrOgreSSively

210　developedtypesthanthoseatawayfromthecentreoftheshearzone．Thissmall－SCale

211　shearzoneoccurswithinlargelyundeformedgranite．Althoughthisshearzoneoccursin

212　ametasomaticbiotiteband，We COnSiderthatvolume change duringdeformation was

213　minimal，aSthereisnoevidenceofovergrowthordissolutionofmineralsontheshear

214　bandcleavages．Haraetal．（1973）examinedquartzc－aXisorientationsinthisareaand

215　also concludedthatthe shearzones formedunderconditions ofsimple shear strain．

216　QuartzCPOsinFig．4couldalsoresultfromsimpleshearinginquartz．Althoughquartz

217　CPOs at d＝2．5－3．5cm are slightb，Oblique，ltS triclinic symmetrylS Still maintained．

218　Therefore，aSimpleshearstrainmodelis asuitablefirst orderestimation ofthe bulk
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219　kinematicframework．As a consequence，Weinterpretthe development ofthe shear

220　bandcleavagesintermsofbulksimpleshear．

221　　　In general，there are two alternativeinterpretations of¢：either（i）as the

222　direction oftheinstantaneous stretching axis（i．e．tan2¢＝2／γ；e．g．，Ramsay and

223　Graham，1970），Or（ii）thedirectionofamateriallinethatorients aninitialangle（i．e．

224　cot¢＝COt¢。＋y；e・g・，Platt，1984）・Inthelattercase，eStimatedsimple shearstrain

225　variesindependentonaninitialdirectionoftheline（¢0）．WeestimatedtheamountOf

226　simpleshearstrainforbothcasesinFig．10，Wheretheinitialangleofthematerialline

227　wasassumedtobeQo＝600aRerFig．8Casanexample．

228　　　　　FigurelOshowsthe evolutionoftwoparameterswithrespecttoprogressive

229　simpleshearstrain．FigurelOAshowsthattheintra－layershearband cleavageshave

230　beenprogressiveb，rOtatedfromlOOt0－200asstrainincreasedtoフF2（SeealsoFig．8D）．

231　The direction ofthe shearband cleavages appears to become relativeb，Stable at an

232　angleobliquetotheshearplaneregardlessofsimpleshearstrain（Fig．10A）．Theangle

233　betweenthe S－fbliation and theintra－layer shear band cleavage decreases gradually

234　from500to200asstrainreachesフF9（Fig．10B；Cf．Fig．8E）．

235　　　　　Figurell shows ourinterpretation ofthe development ofthe shear band

236　cleavage based on themicrostructuralobservations and the geometric anab，SeS．An

237　S－foliationdeveloped丘rst（StageO）．Asstrainincreased，theS－foliationwasrotatedand

238　stretched，reSultingintheformation ofintra－layer shearband cleavage（Stagel）．In

239　contrasttotheS－fbliationthatoccurredathighangletotheshearplane（i．e．ca．¢＝450；

240　Fig．8C），theintra－layershearbandcleavageformedsubparalleltotheshearplane（i．e．

241　ca．V＝0；Figs．8D andlOA），Where the angle between the S－foliation and the

242　intra－layercleavagewasashighas500（Figs．8EandlOB）．Withincreasingstrain，the

243　intra－layer shear band cleavages developed　into discrete cleavages separated by

244　miCrolithons（Stage2a）．AsshowninFig．9，theangle77betweentheS－foliationandthe

245　Shearbandcleavageappearstobeataround400atlowerstraln，WhereastheS－foliation

246　wasrotatedtowardstheshearplane．Asstrainincreasedfurther，theS－foliationrotated

247　closeto the shear plane，and the angle between the S－foliation and the shear band

248　cleavagebecame smaller（Stage2b；Figs．8E andlOB）．Finalb，，theinter－layer shear
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249　bandcleavagescutacrosstheintra－layershearbandcleavagesthatcontainmainb，Stage

250　2bmicrostructures（Stage3）．

251

告己　　∴l川肌、／′●l〃目し／／／／へし＝ハ互／し／／川●／／JL／川′●直／叶し′●、／7日J′●八仙／しノ日日・日．∵い

253

254　　　　　Numerousmodelsoftheorlglnandevolutionofplanarfabricsinshearzones

255　havebeenproposed（e．g．，Ramsay，1967；1980；Bertheeta1．，1979；PlattandVissers，

256　1980；Platt，1984；ListerandSnoke，1984；Bobyarchick，1986；DennisandSecor，1987；

257　1990；Passchier，1991；BlenkinsopandTreloar，1995；Prayeta1．，1997）．Thediffbrent

258　modelspredictdiffbrentrelationshipsbetweenthebulkstrainellipsoidandthefoliation

259　（BlenkinsopandTreloar，1995）．Forexample，SeVeralstudiesdescribetheformationof

260　S－fabrics parallelto thelong axis ofthe nnite strain ellipsein simple shear（e．g．，

261　Ramsay，1967；1980；Berthe et a1．，1979；Lister and Snoke，1984；Blenkinsop and

262　Treloar，1995）．However，Platt（1984）suggested that slip could occur parallel to

263　S－fabricsduetostrainpartitioninginoverallsimpleshear（cf．DennisandSecor，1987；

264　1990）．

265　　　　　Withrespecttoshearbandcleavages，Bobyarchick（1986）suggestedthatthe

266　inclinedeigenvectormayrepresenttheorientationofshearbandsinnaturalshearzones．

267　Pray et al．（1997）showedthatifthe shear－Surface was parallelto such aninclined

268　elgenVeCtOrina convergent shear zone，the S－and C－Surfaces developed stable

269　0rientationsandceasedtorotate．However，SimpsonandDePaor（1993）arguedthat

270　theelgenVeCtOrdirectionisanunStabledirection，andonceaplaneisdeflectedslightly

271　fromthisorientation，ltwillcontinuetorotateawayfromtheelgenVeCtOr．Simpsonand

272　DePaor（1993）favoredamodelinwhichshearbandspropagatealongsurfacescloset0

273　thedirectionofmaximumshearstrainrate（seealsoPlattandVissers，1980；Ramsay

274　and Lisle，2000）．In contrast，Blenkinsop and Treloar（1995）noted a geometrica1

275　similaritybetween shear surfacesin’brittle shear zones’and S－C mylonites，and

276　proposedthatshearbandcleavagesformintheorientationofaCoulombfailuresurface

277　atanangleoflessthan450tothemaximumprlnCIPalstress．

278　　　　　0ur data revealed that the　intra－layer shear band cleavages could be

279　progressiveb，rOtated withincreasing strain（Fig．10）．Therefore，it appears that any
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280　fabriCattractermodelsmaynotexplaintherotationoftheintra－layershearbands，aS

281　the elgenVeCtOr directionparallelto the shearplaneis thoughtto bethe convergent

282　directionforbothpositive andnegativeangles offoliationtotheshearplane．Onthe

283　contrary，amOdelwithrespecttothennitestrainellipsemaybeabletodescribetheir

284　rotationalbehavior，SinceitiswellknOwnthattherotationalcomponentofthe hlite

285　strainellipseexceedsthe stretchingcomponentatlower strains，and subsequentlyltS

286　stretchingcomponentbecomesdominant（e．g．，RamsayandHuber，1983）．

287　　　　　Anotherimportant fbature ofthe datais that theintra－layer shear band

288　cleavagesbecamemorediscrete，WherethespaclngOfthe cleavagewasnearly stable

289　（Fig．8B）．This means that shearing along the cleavages became dominant with

290　increasingstrain．RamsayandLisle（2000）suggestedthatshearbandcleavagesdevelop

291　asaresultofshearinstability early duringdeformation，but once fbrmed，they guide

292　successive shearinstabilitiesinto the pre－eXisting shear band．However，although

293　RamsayandLisle（2000）proposedthattheshearbandswillbeorientedclose，butnot

294　paralleltothepositionofmaximumfiniteshearstrainatanystageofdefbrmation，Our

295　modelshownbelowworksintermSOfpassiverotationofpreviousb，formedmateria1

296　1ines．Therefore，the orientations ofthe cleavages are not relatedto the position of

297　maximumhliteshearstrainatanystage．

298　　　　Ishii（1992）investigatedtheoreticaldeformationpathsinlayeredrockmasses

299　and showed thatlayers with viscoslty COntraSt deformby diffbrent amountS Of

300　non－COaXiality；layerswithlowviscositytendtodeformbysimpleshear，andlayerswith

301　highviscositytendtodeformcoaxialb，（seealsoJiang，1994；Ishii，1996）．Inourstudy，

302　thequartzdomainsmaybegoodcandidatesforlayerswithlowviscoslty，Wheresimple

303　sheardeformationisdominant．Incontrast，thebiotite－fbldspardomainshaverelatively

304　highviscosityduetomantledK－feldspar（Fig．6），anddeformedcoaxialb，．Inthisway，a

305　modeloriginallyproposedbyPlatt（1984）may demonstratetherotationalbehaviorof

306　theintra－layershearbandcleavagesasfollows．

307　　　　　We considerthat a shear band cleavage rotates as a passive marker with

308　respecttocoaxialstretching（ES），Whichis：

309
加77＝叫。（去）2 （1）
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310　where ESisparalleltotheS－foliation（Platt，1984）and q＝¢－V aSdefinedinFig．

311　8A．ES canbedefinedasafLnCtionofthemaximumstrain（旦1）．Insimpleshear，

312　（蔚＝〔去声β・〔去〕2sin2β　（2）

313　　伍巧打2・γ何］っ　　　（3）
314　whereF2＝yElandβ＝6－¢（Ramsay，1967；Platt，1984）．6istheanglebetween

315　Elandtheshearplane：i．e．

316　　　　　tan2（ヲ＝2／γ．　　　　　　　　　　　　　（4）

317　Withrespecttotherelationshipbetweensimpleshearstrain（カandtheS－fbliation（Q），

318　there are two expressions depending on how we deal with the direction of the

319　S－fbliation．IfweassumethattheS－foliationrotatesasapassivemarkerinsimpleshear，

320　　then

321　　　　cot¢＝COt¢。＋γ・　　　　　　　　　　　　（5）

322　Alternativeb，，ifweassumethatthe S－foliationis parallelto the maximumstretching

323　axisofastrainellipsoid，then

324　　　　　¢＝∂

325　　　　　Here，WemOdifiedequation（3）furtherto：

326　（昂）2＝押・2・正司
327　　where

328 r＝△γ（0≦　△≦1）．

（6）

（7）

（8）

329　△　represents the proportion ofthe bulk simple shear strain（カ，Which defines an

330　effbctivesimpleshearstrain（T）forcoaxialstretching．Inthismodel，therotationrateof

331　the strain ellipseis the same as that ofthe simple shear strainellipse，While the

332　stretchingratevariesfromthesimpleshearstrainellipseaccordingtothevalueof△．

333　Forinstance，if A＝1，then r＝γ，Whichfollowsthepathofthesimple shearstrain

334　ellipse．If△＝O and r＝0，SuChthat the S－fbliation accommodates no straln，then

335　rotationoftheshearbandcleavagesoccursatthesamerateasthatoftheS－foliation．

336　　　　　Figure12Ashows aseries ofrotationpathsfor vwithrespectto△and r
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337　When△＝1，thestretchingcomponentisdominantandonlyminorrotationoccursat

338　lowstrain．visclosertoOasstrainincreases（i．e．Shearbandcleavagesbecomecloser

339　tothe shearplane）．In contrast，aS△decreases，the rotationcomponentisdominant

340　0Ver the stretching component，SuCh that vdecreases rapidly atlower strain and

341　becomesstable．Figure12BshowsevolutiOnpathsfbr77withrespectto△andγInthe

342　case ofsimple shear（△＝1），qdecreases rapidly atlow strainS（y＜2in Fig．12B）

343　becauseoftheeffectofintense stretching．However，aS△　approachesO，therate of

344　decreasein771Sreduced．

345　　　　　Comparlngthemodelresultswithourdata，thepathsthatrepresentO．1f△f

346　0．2appear to agree　with the data．This suggests thatintemal strain within the

347　biotite－fbldspardomainsmayrepresentaslittleaslOto20％ofthebulksimpleshear

348　straln，SuggeStlngthatthekinematicdevelopmentofintralayershearbands may be a

349　responsetoverylocalkinematicconditionsandnotthebulkshear．Suchlocalstrains

350　withinthebiotite－fbldspardomainscanbeexplainedbytheirmicrostruCturalfeatures；

351　theyaremantledby K－fbldspar（Figs．5and6）．Thereby，thebiotite－fbldspardomains

352　couldnotbeintenselydefbrmedduringshearing，eVenthoughbiotitegrainsoccurinthe

353　domainS．Themqorlty Ofstrainmay betherefore accommodatedwithdeformationin

354　thequartzdomains．Itsuggeststhatthedevelopmentoftheshearzoneresultedinstrain

355　partitionlngbetweenthequartzandthebiotite－fbldspardomainS．Theshearzoneoccurs

356　Withinthemetasomaticbiotitebandinthegranite．Thedevelopmentoftheshearzone

357　resultedinstrainpartitionlngbetweenthequartzandthebiotite－feldspardomainsdueto

358　compositionalvariationsthatoccurredbyhydrothermalalterationwithinthegranite．

359

：l紺I f．1／い・し／・ソりりしり／叫／／JL／仙′●－／亘し′●、／7日J′●八仙／し上lmJ．∵い

361

362　　　　Inter－layer shear band cleavages cut across both the S－foliation and the

363　intra－layershearbandcleavages，andinfluencedplasticflowinthequartzdomain（Fig．

364　5：Curved quartz domainS）．This suggests that theinter－layer shear band cleavages

365　0ccurredlateduringthedevelopmentoftheshearzone，andare，therefore，COmParable

366　with shear band cleavages reported by many researchers．AIso，angles between the
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367　inter－layershearbandcleavagesandtheshearplanearerelativelystableat－50t0－100，

368　suggestlng that they　underwentlittle rotation during bulk simple sheanng．The

369　0rientationofshearbandcleavageshaspreviousb，beensuggestedasrepresentlngeither

370　theinclinedeigenvectorduringsub－Simpleshearflow（e．g．，Bobyarchick，1986；Prayet

371　a1．，1997），thedirectionofthemaximumrate ofshearstrain（e．g．，Platt andVissers，

372　1980；SimpsonandDePaor，1993）OrtheorientationofaCoulombfailuresurfaceatan

373　angleoflessthan450tothemaximumprincipalstress（BlenkinsopandTreloar，1995）．

374　Thefirst two models seem to requlre a Stable homogeneousflow．Therefore，ltis

375　difBcultto applythemfortheinter－layershearbandcleavagesinthis study，aSthey

376　appearto occurwithintheregionofstrainpartitioning（see above）．Thereisalso no

377　Positiveevidencetosupportthethirdmodel．

378　　　　　Theinter－layershearbandcleavagesoccurwheretheorientationofintra－layer

379　Shearbandcleavagesbecameatahigherangletotheshearplaneathigherstrains（Fig．

380　9）．This suggests that shearingalongtheintra－layer shear band cleavages may have

381　ceasedastheirorientationsbecameunSuitableto accumulate shearstrainalongthem．

382　Therefore，ltislikelythattheinter－layershearbandcleavagesdevelopedinthoseparts

383　0f the shear zone where　increaslng bulk shear strainprevented efncient strain

384　partitionlngbetweenthequartzandthebiotite－fbldspardomains．

385

386　　Conclusions

387　　　　　MicrostruCturalanalysesofshearbandcleavagesin acentimeter－SCale shear

388　zonewithin ametasomatic biotite bandinthe Teshima granite，Ryoke metamorphic

389　belt，SOuthwestJapan，Show that strain partitionlng OCCurred between quartz and

390　biotite－fbldspar domains withinthe shear zone．Pre－teCtOnic hydrothermal alteration

391　within the granite caused biotite replacement of both plag10Clase and K－feldspar，

392　resultingln the development of biotite－fbldspar domains where K－fbldspar mantles

393　dominantb，biotite－PlagLOClase aggregate．Subsequently，the altered granite was

394　plastically deformedin simple shear，SO thatintra－layer shear band cleavages were

395　passiveb，developed within the biotite－fbldspar domains，Whereasintense dynamiC

396　recrystallization occurredinthequartzdomainS．The rotation and orientation ofthe

397　intra－layershearbandcleavagescanbeexplainedbyafinitestrainellipsemodel．The
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398　modelshowsthatstraininthebiotite－fbldspardomainrequlreSOnb，10to20％ofthe

399　bulksimpleshearstrainforthedevelopmentofsuchcleavages，Whereasmostofstrain

400　could be accommodated by deformationin the quartz domains．Consequently，the

401　modelsuggeststhatthe development ofthe shearzoneresultedinstrain partitionlng

402　betweenthequartzandthebiotite－feldspardomainsduetocompositionalvariationsthat

403　0ccurredbyhydrothermalalterationwithinthegranite．
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476　Figurecapt10nS

477

478　Figurel．GeologlCalmapoftheShiwakuIslands，SWJapan．Teshimaislandconsistsof

479　　　Ryoke－tyPegraniticrocksandhomfels（Arita，1988）．Thesamplestudiedinthis

480　　　paperwastakenfromtheNWsideofthisislandatthelocality’SZ’．

481

482　Figure2．（A）Arockslabofasmall－SCaleshearzonestudiedinthispaper．Thesquare

483

484

485

486

487

488

489

underlined by a brokenline shows the position ofthe thin sectioninB．（B）

Photomicrograph of one side of the shear zone within the biotite band．

Plane－POlarizedlight．Darkbiotite－fbldspar domains are gradualb，elongated and

rotatedtowardstheshearplane．Theintra－layershearbandcleavagesoccurwithin

the darkelongatedbiotite plag10Claselayers，Whereastheinter－layershearband

Cleavages cut across both the biotite－fbldspar and quartzlayers（arrows for

example）．

490

491　Figure3．Sequenceofphotomicrographsundercrossedpolarsillustratlngthe changLng

492　　　shapeofquartzgrainsfromthemargintothecentreoftheshearzone．（A）d＝15

493　　　　cm．（B）（た4cm．（C）（た2．5cm．（D）（た1．5cm．（E）（た1cm．（F）d＝0．2cm．

494

495　Figure4．PolediagramsshowlngCPOpatternsofquartzwithinthequartzdomainwith

496　　　respecttothecentreoftheshearzone．Equalareaprqection，lowerhemisphere．

497　　　Contoursareinmultiplesofuniformdistribution（m．u．d．）．Foliationisverticaland

498　　　1ineationishorizontalwithintheplaneofthefoliation．

499

500　Figure5．Sequence ofphotomicrographsunder plane－POlarizedlightillustrating the

501

502

503

504

505

506

ChanglngCharacterofbiotite－feldspardomainSfromthemarglntOthecentreofthe

Shearzone．（A）Euhedralprimarybiotitegrainswithintherelativelyundeformed

PrOtOlithgranite（d＝15C巾）．（B）Secondaryfine－grainedbiotiteaggregateswithin

Plagioclasegrains（（た4C巾）．（C）Secondaryfine－grainedbiotiteaggregateswithin

Plagioclase grainS（（た2．5cm）．Weak S－foliation can be seen（solidline）．（D）

Secondary nne－grained biotite aggregateswithinplagioclase grains（（た1．5C巾）．
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507

508

509

510

511

512

Notethedevelopmentofweakintra－layershearbandcleavagessubparalleltothe

horizontal shear plane．（E）Secondary nne－grained biotite aggregates　within

Plagioclasegrains（（たl c巾）．Discreteintra－layershearbandcleavages occur．（F）

Secondary nne－grained biotite aggregateswithinplagioclase grains（（た0．2C巾）．

Discreteintra－layershearbandcleavagesoccurathighanglestothesubhorizontal

Shearplane．

513

514　Figure6．Back－SCatteredelectronimagesoftheintra－layershearbandcleavages．The

515　　　biotite－Plagioclasedomains（whiteanddarkgray）aremantledbyK－feldspar（light

516　　　gray）．（A）Approximately2．5cmfromthe shearzonecentre．（B）1cmfromthe

517　　　　　shearzonecentre．

518

519　Figure7．Photomicrographs oftheinter－layertype shear band cleavages，Which cut

520　　　acrossthebiotite－feldspardomainS，quartZdomainsandtheintra－layershearband

521　　　cleavages atcloseranglesto the subhorizontalshearplane．The arrowindicates

522　　　curvatureOfthequartzdomainalongtheinter－layercleavages．

523

524　Figure8．（A）Measuredparametersforgeometricanalysis：threeandesandspacingwith

525

526

527

528

529

530

531

532

533

534

respect to the S－foliation，theintra－layershearbandcleavage（labelled as shear

band）andtheshearplane．（B）Thespacingdatawithrespecttothedistancefrom

theshearzonecentre．（C）Theanglebetweenthe S－foliationandthe shearplane

withrespecttothedistancefromtheshearzonecentre．（D）Theandebetweenthe

Shearbandcleavagesandthe shearplane．（E）The anglebetweenthe S－foliation

and the shear band cleavages．Open diamonds　indicate data　from the

biotite－feldspar domains that donot containshear band cleavages．Solid circles

indicatedatafromthebiotite－feldspardomainsthatcontaintheintra－layer shear

bandcleavages．Opentrianglesshowdatafromthebiotite－feldspar domains that

COntaintheinter－layershearbandcleavages．

535

536　Figure9．A diagram showlng the angular relationships among the S－foliation，the

537　　　intra－layerandtheinter－layershearbandcleavageswithrespecttotheshearplane．



20

538

539

540

541

542

543

544

Solidcirclesindicate the datafortheintra－layer shearband cleavages，Whereas

OPentrianglesindicatethosefortheinter－layershearband cleavages．Eachline

betweensolidcircleandopentriangleshowsacross－Cuttingrelationshipbetween

theintra－layer shear band cleavage and theinter－layer shear band cleavage．

Brokenlinesindicate aconstantangle（Ti）betweenthe S－foliationandthe shear

bandcleavages．

545　FigurelO．（A）Theangles（V）betweentheshearplaneandtheintra－layershearband

546

547

548

549

550

551

552

553

Cleavageswith respect to simple shear strain．（B）The angles（Ti）between the

S－foliationandtheintra－layershearbandcleavageswithrespectto simple shear

Strain．Shearstrainswerecalculatedfromtheangle（4）betweentheS－foliationand

theshearplaneaccordingtotwoassumptions：（i）¢beingthe materialline ofa

Simpleshearstrainellipseandtheinitialangleofthematerialline：Qo＝600（gray

triangles）and（ii）¢beingthelongaxis ofthe simple shear strain ellipse（solid

Circles）．

554　Figurell．Schematicdiagramillustratlngthedevelopmentofintra－layerandinter－layer

555

556

557

558

559

560

561

562

563

564

565

566

567

Shearbandcleavages．（A）Approximatelocationforeachstagewithrespecttothe

Shearzone．（B）StageO：initiationofS－foliation．Stagel：theintra－layershearband

Cleavageswereinitiated subparalleltothe shearplane．Stage2a：theintra－layer

Shearbandcleavageswereprogressivelydevelopedandrotatedtowardthe shear

Plane，Whiletheangle（Ti）betweentheS－foliationandthecleavagewassub－Stable．

Stage2b：theintra－layershearbandcleavageswereintenseb，developedbutwere

not much rotated toward the shear plane，While the angle（q）between the

S－foliation andthe cleavage decreased．（C）Stage3：theinter－layer shear band

Cleavagesweredeveloped，Wheretheandes（V）betweentheshearplaneandthe

intra－layer shear band cleavages tend to belarger（i．e．Fig．9）．Where the

inter－layer shear band cleavages occur，theintra－layer shear band cleavages

becamelargelyorcompletelylnaCtive．
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568　Figure12．Diagramsforcomparlngbetweenthe rotation ofseveralmateriallines of

569　　　strainellipseinsimpleshearonamodelpresentedinthispaperandthedatainFig．

570　　　10．Shearstrainswerecalculatedfromtheangle（Q）betweentheS－fbliationand

571　　　theshearplaneaccordingtotwoassumptions：（i）¢beingthe materialline ofa

572　　　simpleshearstrainellipseandtheinitialangleofthematerialline：Qo＝600（broken

573　　　1inesfortheoreticalcalculationandopentrianglesforthedata）and（ii）¢beingthe

574　　　10ngaxisofthe simpleshearstrainellipse（Solidlinesfortheoreticalcalculation

575　　　andsolidcircles forthe data）．A represents the proportion ofthe bulk simple

576　　　shearstrain（カ．Seetextfordiscussion．
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