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Abstract

Fluidmotioninandacrossfaultzoneshasreceivcdmuchattentioninvarious

problemsinearthsciencesuchasfaultmechanics,mechanismofearthquakes,and

fault-sealofhydrocarbons.However,thepermeabilitystnlcturesoffaultzoneshavenot

beenstudiedsystematicaUy.Thispaperthusreportspermeabilitymeasurementsoffaults

rocksalongtheMedianTectonicLine(MTL),thelargeststrike-slipfaultinJapan,using

agas-mediumtriaxialdeformationapparatus.IntemalstructuresoftheMTLfaultzone

weredescribedatKitagawaandAnkohoutcropsoftheMTLandtheirneighboringareas

inOhshika-mura,Kami-ina-gun,NaganoPrefecture,centralJapan.Thefaultzone

consistsofmylonites(about1000mwide),cataclasite(about50-200mwide)and

incohesivefaultrocks(about5-30mwide).ThehostrocktothewestismostlyH期i

tonaliteinRyokeMetamorphicBeltandincohesiveMTLfaultrocksareadlacentdirectly

toSambagawametamorphicrocks(mostlypeliticschist)totheeast.Samplesoffault

rocksandtheirhostrockswerecollectedatKitagawaandAnkoh.Thetestingmachineis

equippedwithaservo-controlledpore-pressurecontrollingsystem,andpermeabilityhas

beenmeasuredwiththepore-pressureoscillationmethodatroomtemperatureandunder

aporepressureof20MPaandconfiningpressuresto200MPa(i.e.,effectivepressuresto

180MPa),usingnitrogengasasaconfiningmedium.Asimplegas-flowmethodforeasy

permeabilitymeasurementswasdevelopedhereinandhasalsobeenusedatconfining

pressuresto200MPa.

Anincreaseintheeffectivepressurefrom10to180MPadecreasespermeabilityof

allgranularfaultrocksmeasuredherebyaboutthreeordersofmagnitudes,byclosing

cracksand/orcompaction.Permeabilityoffaultgougeisgreaterthanthoseofcemented

cataclasitesandmylonitesbymorethan20rdersofmagnitudesatagiveneffective

・
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pressuresothattheincohesivefaultzonenearthematerialboundarybetweentheRyoke

andSambagawabcltsmusthaveactedasaconduitforfluidmotion.Clayey(sticky)fault

gougezonehaspemleabilityaslowas10'19m2athigheffectivepressures,butsuch

impermeablefaultgougeisdevelopedverylocallyanddoesnotconstituteacontinuous

zone(clayeygougezoneisIikelytohavcbeendestroyedbylatestMTLmovement).

Thermalpressurizationisunlikelyinthisincohesivefaultzoneunlessclayeygougeis

formedpervasivelyatdeeperpartsoftheMTL.lncohesivefaultrocksexhibitlarge

hysteresisuponpressurecyclingandsamplestendtorememberthelowpermeability

valuesatthelargestpressure,suggcstingnearlypermanentcompactionofgougeand

breccia.Whereascataclasitesandmylonitesdisplaymoderatehysteresissuggesting

closingandopeningoffracturesuponpressurecycling.Thusthepasthistoryisimportant

forevaluatingPe】 ㎜eabilityofincohesivefaultrocks・

Triaxialcomprcssionexperimentsrevealedmarkede舐ectsofdeformationonthe

permeabilityoffaultrocks.Permeabilityoffaultgougedecreasesrapidlybyabout2

0rdersofmagnitudeduringinitialloadingandcontinuestodecreascslowingevenduring

inelasticdeformation.Theinitialdropinpermeabilityismuchsmallerforcataclasiteand

theperlneabilityofthisrockabruptlyincreasesuponfailure,andthcoverallchange

correlatewellwiththeinitial,nearlyelasticcontractionandsubsequentdilatancyupon

theinitiationofinelasticdeformation.Ifcementedcataclasitedeformpriortoorduring

earthquakes,cataclasitezonecanbeasiteoffluidflow.Butthcgougezoneisunlikelyto

switchtopemeablezoneupontheinitiationoffaultslip.Thuspenneabilitystructures

maychangeabnlptlypriortoorduringearthquakes;thepermeabilityofthefaultgouge

zonemaydecrease,whilethatofthecataclasitezonemayincrease.Faultgougeand

cataclasitehaveintemalangleoffrictionofabout36and45degrees,respectively,as

●
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typicalofbrittlerocks.

Fracturesplayvitalroleinfluidflowin丘acturedrocksandhighlyfracturedzone

canbethemostpermeablezoneinafaultzone.Buttheevaluationofnaturalfractured

rocksatgreatdepthsisnoteasybecauscofthecomplexityoffracturegeometryandthe

scaleeffectoffractures.Asafirststeptothisgoal,thispaperexaminedpemleabilityofa

singlefracture,groundsurfaceornaturalfracturethroughintegratedstudyof

measurementsoffracturepemleabilityateffectivepressuresto180MPa,surface

roughncssmeasurementsandcontactanalysesofsu㎡aceasperitiesusingtheHertzian

theory.Aperturesofgroundsurfaceandnatural丘actureinSambagawapeliticschist

andRyokemylonitewereestimatedfrommeasuredpe㎜eabilityateffectivepressuresto

180MPaassumingthecubiclaw.Apertureofcontactingfractureshasalsobeen

calculatedfromcontactanalysesofrepresentativeasperities.Theagreementsarenot

perfect,buttheoverallfeaturesofprogressivereductioninapertureuponanincreasein

effectivepressurewerepredicted.Thedeviationisprobablyduetobecomplex

deformationofmultiplecontactingasperities.

TheprcsentpaperthusrevealedpenneabilitystructureoftheMTL,demonstrated

howpermeabilitystructurecanchangewithdcfbmationpriortoandduringearthquakes,

andattemptedtoevaluatethefluidflowalongfractures.Theresultswillprovideuseful

constraintsforfluidflowanalyseswithinfaultzones.Forfullunderstandingof

pemeabilitystructuresandtheirchangesduringcompleteearthquakecycles,future

studiesmustcover,atleast,theeffectoflargeshearingdeformationwithinfaultzones,

effectsoftemperature,completeevaluationoftheeffectsoffracturesatdeeperconditions,

mechanicalandchemicalcementationoffaultrocksduringinterseismicperiod.
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1.INTRODUCTION

FaultzonesareregardedaspassagewaysfbrfluidflowintheEarth
,butonlyseveral

studiesdescribeintemalstructuresoffaultsandreportpemleabilityvaluesoffaultrockssuch

asfaultgougeandbreccia(Caineetal.,1996;Evansetal .,1997;Serontetal.,1998;Loc㎞er

etal.,2000;Fal㎞erandRutter,2000;Mizoguchietal.,2000;WibberleyandShimamoto
,

2001).Permeabilitystructuresoffaultzonescanbequitevariabledependingontectonic

setting,natureofhostrocks,maturityandscaleofafaultandassociatedintemalstructures,and

depthofafault(shallowtodecppartsofafaultzonewithdifferentdeformationmechanisms).

Ourcurrentunderstandingofpermeabilitystructuresoffaultsisfarfromadequatetocoverthe

widerangeoffaultzonesinnature.

Thispaperpresentsfieldandexperimentalstudiesonthepenneabilitystructuresof

MedianTectonicLine(MTL)inOhshika-mura,NaganoPrefecture,centralJapan.MTListhe

largeststrike-slipfaultinJapanandwasselectedfbrthisstudysincelargescalefaultsare

particularlyimportantfbrunderstandingmechanismsoflargeandgreatearthquakes.MTLhas

alongtectonichistory(Haraetal.,1980;Takagi,1983,1984;Michibayashi&Masuda,1993;

Michibayashi,1993;chapter20fthispaper)anditsfaultzoneconsistsofmylonite,cataclasite

andincohesivefaultrocks.Henccthisfaultisidealnotonlyfbrstudyingalarge-scalefault

zone,butalsofbrstudyingfaultzoneatshallowtogreatdepths.Ohshika-muraischaracterized

bythedevelopmcntofatypicalshear-zonestnlctureinmylonitesonthesideofRyokeBelt

indicatinglef卜lateraldisplacement(Haraetal.,1980).MTLfaultzoneattheboundary

betweenSambagawaandRyokeBeltsconsistsofincohesivefaultrocksandawidccataclasite

zone.MTLinOhshika-muraisthussuitableforstudyingpermeabilitystructuresofalarge

fault.Chapter2describesinternalstructuresofMTLfaultzoneinOhshika-mura.

Braceetal.(1968)introducedapulse-decaytechniqucandopenedawaytomeasurevery

lowpermeabilityofintact,crystallinerocks。Anoscillationmethodwasthenproposed
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independentlybyKranzetal・(1990)andFisherandPaterson(1992).Inthelattermethod,the

porepressureontheupstreamsideofaspccimenisoscillatedsinusoidallywithitsresponseis

measuredonthedownstreamside,andthepemleabilityandstoragecapacitycanbeestimated

bytheamplitudechangeandphasedelayoftheporepressure.Iusedtheoscillationmethodin

mostpermeabilitymeasurementsinthispaperwithN2porefluids,usingatriaxial

dcformation-fluidflowgasapparatusatKyotoUniversity.Thismachineisequippedwitha血st

operatingservo-controllcdsystemforcontrollingporepressureandpermeabilityrangingabout

60rdersofmagnitudes(10-14to10-20m2)canbemeasured.Usingagasasporefluidenables

quickpermeabilitymeasurementsevenifpemmeabilityisaslowas10-20m2(about1,000sfbr

onemeasurement).Asimpleflowmethodisusedinsomemeasurements.Chapter3

summarizesexperimentalproceduresforpermeabilitymeasurements.

Effectivepressure(confiningpressureminusporepressure)is㎞owntohavedrastic

effectsonpermeabilityviaclosingcracksincohesivefaultrocksand/orcompactionof

granularaggregatessuchasincohesivefaultrocks.Infact,previousstudiesexamined

fault-zonepermeabilitybymcasuringpermeabilityoffaultrocksonlyatpressures(Caineet

al.,1996;Evansetal.,1997;Loc㎞eretal.,2000).Chapter40fthispapcrpresentsMTL

permeabilitystructuresbasedonmuchmoredetaileddataunderpressurecyclingconditions.

PresentworkcombinedwithrecentworkbyWibberleyandShimamoto(2001)willdelineate

complexityandvariationofpemeabilitystructureofalargescalefault.

Faultrocksaresubjectedtodeformationduetofaultmotion,anddeformationisalsoa

veryimportantfactorincontrollingpermeabilityofrocksandgranularaggregates(e.g.,

ZobackandByerlee,1975;ZhuandWbng,1997;ZhangandCox,2000).Effectsof

deformationwouldbepanicularlysignificantinevaluatinglong-termevolutionofpermeability

stnユcturesduringthefbmlationanddevelopmentofafault,aswellasinestimatingshort-teml

changesinfault-zonepenlleabi藍itystructuresduetoprecursoryslipPriortoanearthquake・
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Chaptersofthispaperreportspermeabilitymeasurementsofcohesive(rock-like)cataclasite

andblackfaultgougeduringtriaxialdeformationatdifferenteffectivepressures .Contrasting

behaviorsofthetwofaultrocks,occupyingsignificantproportionsofMTLfaultzonc,are

indeedremarkableanditsimplicationsfortemporalchangeinpermeabilitystructuresduringa

pre-seismicperiodwillbediscussedattheendofthispaper.

Highlyfracturedzones(fracturedcohesivefaultrocks,fracturedhostrocksatthe

marginalpartsofafaultzone)arelikelytobeahighlypermeablezoneandareprobably

importantasconduitsoffluidmotion.However,theevaluationoftheirpermeabilityisvery

difficultbecauscofcomplexgeometryoffゴacturesandpossiblescaleeffbctsoffractures.Asa

firststeptoestimatepermeabilityoffracturedzones,chapter60fthispaperpresentsan

integratedanalysesoffluidflowanalysesalongasinglefracture(eithergroundsu㎡aceor

naturalfracture),basedonthelaboratorymeasurementsoffracturepermeability,measurements

ofsurfacetopographyandcontactanalysesofmeasuredsu㎡acesusingtheHerziantheory

(Johnson,1985;BrownandScholz,1985;YbshiokaandScholz,1989).Theagreementsare

reasonable,thoughnotperfect.

ThefinalsectiondiscussesthecharacteristicfeaturesofMTLpermeabilitystructurcs,

discussesimplicationsofthepresentresultstofluidflowandthermalpressurizationdueto

frictionalheating,andsuggestsfuturetasksforcompleteunderstandingoffluidflowinfault

zones.

3



2.INTERNALSTRUCTURESOFTHEMEI)IANTECTONICHNEIN

OHSHIKA・MURA

2.1GeologicalSetting

TheMTListhelargeststrike-slipfaultinJapan,extendingfromKantotoKyushu(Fig.

2.1(a)).Itformstheboundarybetweentwocontrastingmetamorphicbelts;theRyokebelt(low

P/highT)andtheSambagawabelt(highP/lowT).Thesetwometamorphicbeltshaveeach

hadaseparategeotectonicevolution,bothofwhichhavecontrolledthegeotectonichistoryof

theMTL(e.g.Haraetal.,1977,1980;Takagi,1986).

TherehasbeenagreatamountofdebateonthehistoryoftheMTL.Theageofthe

mylonitizationhasbeeninvestigatedinmanystudies,andisconsideredtobebefbre60Ma.The

MTLhasbeenactiverecentlyaroundSouthwestJapan.T()pographycausedbydextralactive

faultmotionhasbeenalsoreportcdaroundtheAnkohoutcrop(Sakamoto,1977),studiedin

thisthesis.However,asshownlater,thefaultplaneoftheMTLisnotclearattheAnkohand

Kitagawaoutcrops,whichsuggeststhattheMTLhasnotbeenactiverecentlyattheseoutcrops.

TheRyokebeltconsistsofHijitonaliteandmetamorphicrocks,whiletheSambagawa

beltconsistsmainlyofpeliticschistandbasicschistaroundourstudyarea(Fig.2.1(b)).

TbwardstheMTL,tonaliteandmetamorphicrocksoftheRyokebeltgradeintomylonites

characterizedbygrain-sizereductionofquartz(Haraetal.,1977,1980;Takagi,1984;

Michibayashi,1993).Amylonitezone,severalhundredstoathousandmetersinwidth,is

distributedalongtheMTLintheRyokebelt.ThemylonitizationofRyokcrocksisconsidered

tohavefinishedbeforeRyokeandSambagawabeltsbecomejuxtaposedagainsteachother,as

suggestedbythefbllowing,forexample(Takagi,1984);

(1)Suchgradationofquartzgrain-sizeasshownatRyokeisnotfbundintheSambagawabelt.

(2)Thedistributionofthequartzgrain-sizebeltinthepresentlypreservedRyokemylonitc
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zoneisnotsymmetrical,suggestingthataneastempartofthemylonitezoneexistcdbuthas

beenremoved.

RyokemyloniticrocksandSambagawarocksalongtheMTLareoverprintedby

cataclasticdeformationstructures.Takagi(1983)thussuggestedthatcataclasitesintheRyoke

beltformedafterthemylonitizationduringtheexhumationprocess.Theattitudesofstretching

lineationandasymmetricmicrostnlcturesobservedinthemylonitesindicatethatsinistral

strike-slipshearingmainlytookplaceduringmylonitization(Haraetal.,1980;Takagi,1986).

2.21nternalStructuresoftheMTL

Thedistributionoffaultrockswasinvestigatedandsamplescollectedforpermeability

measurementsattheKitagawaandAnkoharoasinOhshika-mura.ThcMTLruns

approximatelyN-S,anddipsalmostverticallyaroundtheseareas.Theoutcropsofthcseareas

werestudiedindctailbyMatsushima(1994)andTanakaetal.(1996).Inbothareas,thegouge

zoneisboundedontheRyokesidebypartiallybrecciatedcataclasitezonesderivedprobably

fromtonaliticmyloniteinwhichfewcoloredmineralsarefbund,andthosederivedfrom

mylonitesofpeliticandsilicicmetamorphicrock.AlongtheMTL,blacksandygougezones,a

fewmetersinwidth,areobservedatboththescplaces.Therearemanyminorfaultsaround

theseoutcropsstudiedindetailbyMatsushima(1994).

Kitagawaoutcropanditsvicinity

AsTakagi(1984)andMichibayashi(1993)reported,therearecleargrain-sizechangesof

quartzinmylonitesalongtheNishikobanazawastreaminRyokebelt(Figs.2.2and2.6).

Smallamountsofbrecciatedcataclasitederivedfromtonaliticandmetamorphicmylonite

intheRyokebeltandbrecciatedschistareobservcdattheKitagawaoutcrop(Fig・2・3)・

CataclasiteintheRyokebeltalongthegougezoneiscementedbycalciteordolomite(Fig・2・7)・

Sambagawarocksadjacenttothegougezonearebrecciated.
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AblacksandygougezoneisobservcdalongtheMTLatboththeKitagawaandthe

Ankohoutcropsandthemicrofabricandcompositiondescribedinthefollowingarecloseto

eachother.Thiszoneisonetotwometersinwidth,andconsistsofcohesiveportionwitha

sandymatrixofidenticalcomposition(Fig.2.9).X-ray-diffractiondatarevealedthatthisgouge

consistsofquartz,micamineralsandotherclayminerals.Thinsectionobservationshowedthat

irregular-shape-minerals,whichmaybecalciteordolomite,surroundedtheaggregatesofclay

minerals(Fig.2.8(e)).Hcterogeneitiesarepartiallypresentsuchasaclastandmatrix

microstructurewhicharcbothcomposedofthesameminerals,althoughdolomiteorcalcite

seemstobedenserinclaststhaninthematrix(Fig.2.10).Inplacesclearshearbandscallbe

observed,althoughtheydonotfbrmaclearmicrofabric.However,theprotolithstnlcturehas

beencompletelydestroyed.Aclaycygougezonelto2cmthickwasfoundatthetopofthe

outcropinablacksandygougezone,butthisisnotcontinuousandthethic㎞essofthezoneis

variable.ThisclayeygougezoneislikelytohavebeendestroyedbylatestMTLmovement.

Thewhitegougeisrelativelycoarse.Undertheopticalmicroscope,wecanobserve

fine-grainedquartz(<15μm)covercdbyfineneedle-likeminerals(<30μm)distributeddenscly,

determinedasmicamineralsbytheXRDanalysis,andcalcite.

Sambagawaschistnexttotheblackgougezoncisbre㏄iatedstrongly,andtheboundary

betweenthemisnotclear.X-ray-diffractiondatarevealedthatthisbre㏄iaconsistsofmica

claymineralsandchlorite・

Ankohoutcropanditsvicinity

FracturedmyloniteandcataclasiteareobservedinRyokebeltsaroundthisareaas

reportedbyTanakaetal.(1996)(Fig.2.4).Nexttotheblackgougezone,alittlebrecciated

Ryokecataclasiteisobserved,whichiscementedbycalcite(Fig.2.8(d))andtherearefew

coloredmineralsinthiscataclasite.OntheSambagawaside,wecanfindfine-grained

cataclasitewhichhasdenseveinsofcalcitencarlyparalleltothefaultplane(Fig.2.8(f)),and

6



berecciatedSambagawarocksareobservedalongAokiriver.

AttheAnkohoutcrop,twoblacksandygougezonesareobserved,whichareabout8m

apartfromeachother(Fig.2.5).Aclaygougczoneonetoafewcmthickwasobserved,

althoughtheboundariesarenotsha叩anditisnotcontinuous.Thecompositionofclay

mineralsandthemicrostructureofthegougcaresimilartothoseoftheblackgougeatthe

Ktagawaoutcrop.
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3.EXPERIMENTALPROCEDURES

3.1AHigh・pressureGasApparatus

Theexperimentalgas-mediumapparatususedtomeasurepemユeabilityisillustrated

schematicallyinFig.3.1.Intheupperpartofpressurevessel(Fig.3.2(c)),thereisthespacein

whichgaspressureisthesameastheradialconfiningpressure(Fig.3.1(b)),allowingthefbrce

actingdownwardonthepiston丘omthegasinthisspacetoequalthatupwardfromthe

confiningpressuresothatpressureisappliedequallytosampleendsandsidcs.Therefbrethe

pistonloadingthepressurevesseldoesn'tsupportthef6rcederived丘omconfiningpressure,

whichisveryimportanttomakethemostofthepotentialoftheloadingpiston.Thegas

pressureincreasingsystemmainlyconsistsofgeneratorandintensifier(Fig.3.2(d)).The

generatorisusuallyusedtoincrcasepressureupto110MPa,andtheintensifieristhenusedup

to200MPa.Oneoftheimportantfeaturesofthissystemistheoilactuatorscontrolledbythe

servosystem.Theloadingpistonandporepressurecontrolpiston(Fig.3.2(e))canmove

speedyinvariousmannerswiththeservosystemwhichcontrolstheflowrateofoilintoorout

fromtheactuators.Thissystemisveryusefulforthetestssuchascontrollingporepressurc,

confiningprcssureandaxialloadaccordingtoeachother,andporepressureoscillationmethod,

whichisexplainedinsection3.2.Theflowmeasurementsystem(Fig.3.2(f))isuscdfor

gas-flowmethodalsoexplainedinsection3.2.Therearefiveflowmetcrsinthissystemof

whichtheupperlimitofflowratemeasuredis301/min,51/min,500ml/min,50ml/minand

5m1/min.

Whenthelengthchangesofspecimensduringdeformationcannotbemeasureddirectly,

aswiththeexperimentalsystemusedinthisstudy,measu血gthestiffnessofthepistonofthe

experimentalmachinewasnecessaryf6rdeformationaltests.Fig.3.3showstherelations

betweentheaxialloadandthedeformationofthepistonfromtheresultsofthedeformational
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experimentsofcataclasitedescribedpreciselyinChapter5・Thedeformationofthepistonis

thedifferencebetweentheaxialdisplacementoftheloadingPiston(measuredextemally)and

theaxialshorteningofthesampleestimatedwiththestraingaugesputonthesample .Inthe

casewhentheeffectivepressureis10.2MPa,theaxialloadisalmostinproportionaltothe

defomユationofthepistonduringthemeasurementrangeofthestraingauge.Althoughsuch

linearrelationarenotfoundfortheothertests,theslopesoftheaxialloaddonotdifferfゴom

thatofPe=10.2MPaduringtherangeofthegaugesTherefbrethestif£nessofthepistonis

・・tim・t・dh・ ・ea・1.4・108N/mf・ ・mth・ ・e・e・ult・andthi・v・1・ ・w・ ・u・edf・ ・th・an・ly・e・i・

Chapter5.

3。2MethodsofPermeabilityMeasurements

Samplepreparation

Samplesofincohesiverockswerecollectedbypushingastainlesssteeltubeof25mmin

diameteroracoppertubeof20mmindiameterwithawallthic㎞essofO.5mmintothe

outcrop(Fig.3.4(a)).Samplesofcohesiverocksweremadebylaboratorycoringfromblocks

usinga20mmdiamondcore(Fig.3.4(b)).Thelengthofsamplesisapproximately40mmor

less.Coreswcretakennearlyparalleltotheirfoliationand/ortheMTLfaultplane,withafew

additionalcorespcrpendiculartofbliation.Samplesweredriedatatemperatureof80℃fbr

severaldayspriortopermeabilitymeasurementstoeliminateanyporewater.Thensamples

werejacketedinpolyolefinheat-shrinktubingandsetinthepressurevessel(Fig・3・5)・

Experimentalconditions

Measurementswcremadewithnitrogenasaporefluidatroomtemperature.Although

therearesomeproblemsforusingnitrogenasaporefluidinsteadofwater,forexampleas

discussedinFa1㎞erandRutter(2000),therearealsosomeadvantages.Oneofthemisthatwe

canc・mplet・theexpe・im・ntd・am・ticallyfast・ ・thanu・i・gw・t…b・cau・enit・ ・9・ni・less
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viscousthanwatcr.

Thesemethodstomeasurepermeabilityofrocksamplesinlaboratories,

constant-pressuredifferencemethod,transientstepmethod(BraccetaL,1968),andpore

pressureoscillationmethod(Krantzetal.,1990;FischerandPaterson,1992)havebeenmainly

beenusedinthepast.hlthisstudy,permeabilitywasmeasuredwiththeporepressurc

oscillationmethodandgas-flowmethodwithconstantpressuregradient.

Porepressureoscil置ationmet血od

Inthismethod,porepressureononesideofthesampleisoscillatedsinusoidally,by

meansoftheservo-controlledpistoninthisstudy,andporepressureontheothersideis

recorded.Fig.3.6showsanexampleofporepressuremeasurement.

WhenporepressurePUpononesideofthesample,whichiscalledthe"upstream"sidein

thefbllowing,isoscillatedsinusoidallysuchas

Pup・A.,sin(ω ∫+δ 。)・

theporepressurePdownoftheotherside,thatis,the``downstream"side,canbeshown

theoreticallyby

Pdown昌Ad。wnsin@+δ 。+δ)柳

wheretristransientpart,whichcanbeignoredwhentheoscillationhascontinuedforenough

time.

FromtheamplitudcratioAdown/Aupandthephasedifferenceδ,permeabilitycanbe

calculatedtheoreticallyusingequationsinKrantzetal・(1990)andFischerandPaterson(1992)・

Oneofthegoodpointsforthismethodascomparedwithothermethodsisthatitisrelatively

ea・yt・av・idtheeffect・ ・f・ny・xt・m・lp・ ・ep・essu・ech・ng・(・x…u・edbyth・ ㎜ ・1・hang…

1eak・fp・ ・en・id).Becau・eth・tim・p・ ・i・d・fth・ ・e・p・n・ei・ ㎞ ・w・ ・iti・ea・yt・m・a・u・eth・

・mplit・deandph・ ・e・fthec・ π ・・p・ndi・gd・w・ ・t・eamp・ ・e-P・essu・e・ ・cillation・lnthisst"dy・

Ppwassett・b・20MP・,・nd・tthi・p・ ・ep・essu・eth・d・w・ ・t・eam・t・ 「agecapacityofou「
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systemis2.5×10'13m3/Pa.

Errorbarswhichputontheresultsofsomesamplcsinthisstudyshowtherangeof

permeabilitycalculatedfromamplituderatiosandphasedifferencesbetweentheaverage

minus2σtotheaverageplus2σofthedistributionofmeasureddata.Generally,theorrorbars

arelargeatlowconfiningPressure(highpemleability)becauseonlyasinusoidaloscillationof

highfrequencyissuitablefbrmeasuremcntsofhighpermeability,andtheoscillationtendsto

becomedisnlptedatmuchhighfrequency.Thepermeabilityalsodependsonhefrequencyof

oscillationSomeoftheresultsinthisstudyshowtheerrorfromthis.

Gas・fiowwithconstantpressuregradientmethod

Thetheoryofthismethodismuchsimplerthanporepressureoscillationmethod.When

theflowislaminar,therelationshipbetweenfluidfluxqinporousmaterialandthepressure

gradienta乙P/dlcanbegivenby

h4dP

9=一 ア 万(3-1)(Da「cゾslaw)

wherekispermeabilityofthematerial,.4isitscrosssectionperpendiculartotheflowandμis

viscosityoffluidflow.Thedirectionlisparalleltoflow.WhenthedifferencebetWeenpore

pressuresatbothsidesofsampleissettobeconstant,permeabilitykcanbegivenfromthe

fluidfluxq.

Thisequationisderivedontheassumptionthatthefluidisincompressiblc.Forthecase

ofthesystemusedinthisstudy,however,theporefluidisnitrogengasandthedownstream

porepressureisalmostOMPa(1bar),sothedensityofporefluidattheupstreamand

downstreamsidesofthesamplemaybedifferentfromeachother.Thustherelationship

betweenthepressuredifference,qandlヒhastobecalculated・

Conservationofmassinaninfinitesimalvolumeinthesamplerequires,

d(vρ)
昌0 ......(3-2)

〃
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wherevisfluidvelocityandρisfluiddensity.Ifthefluidisanidealgas,fromBoyle'slawwe

get

ρ=αP__(3-3)

whereαisconstantandPisthefluidpressure.Actuallythisrelationshipissatisfiedduring

pressurerangeusedfbrmeasurementsinthisstudy.Thecombinationofequations(3-2)and

(3-3)gives

d(v㎡L・
__(3.4)

〃

sothat

d(vP)
.・__(3-5)

〃

Ifequation(3-1)canbeassumedtobesuitablefbrinfinitesimalvolume,vcanbegivenby

kdP
v=一 一 一(3-6)

μdl

Substitutionofequation(3-6)intoequation(3-5)gives

岳〔一罐P〕 一・

sothat

岳(dPP-〃)一・ ……(3-7)

TheboundaryconditionsofPfbrbothsidesofsampleare

P=Puponl=O

P=Pdownonl=L,whereListhelcngthofsample.

ApplicationoftheseconditionsleadstothefollowingexpressionforP

P.P。p・ 迦2一 肋W・21
L

sothat
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塑 」 亙 ヂ　 2) …...(3.8)
dU

Pup・ 迦2一 肋W〃IX
L

Substitutionofequation(3-8)intoequation(3-6)gives

。.左 圭(Pup2-'　 2).…..(3.9)

μP

up・.P・p2-P伽21L

sothat

。(1=L).亙 圭(弊 　 2)
μP
ゆ ・.Pup2-P伽2LL

,圭(Pup2一 タ0　 2)

μPdown2

ん1Pげ 一Pdow〃2

μ2LPdown

Thusweobtain

9(1=L)。,(1。L)A.璽 ⊥Pup2一 肋W〃2
μ2LPdown

or

2μ 乙9(1=L)1ん
旨

A吻2一 肋wn2

Pdown

Atactualcalculationsofpermeability,Pdow〃wassettobeO.1MPa,andPupwasthesumof

O.1MPaandthevaluefrompressuregagcatupstreamside.

Fig.3.7showsexamplesofflowratemeasurements.Ingeneral,flowrategis

P・・P・パi・nalt・(Pゆ2Pd・w・2)/P伽wh・nitisc・mpa・ativelysm・ll(Fig.3.7(・)).H・weve・,

whenqbecomescomparativelylarge(morethanabout100m1),thegradientsofgdecrease(Fig.

3.7(b)).Thereasonofthishasnotbeellclearyet,howeverthispossiblyreflectsthelimitation

fbrtheapplicationofDarcy'sIaw,orthefrictionbetweenfluidnowandthesystemmay
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becometoolargetobeignored.

Oneofthegoodpointsofthismethodisthatthesystemformeasurementcanbesimple.

However,becauseitisdifficulttomeasuresmallflowratesprecisely,thismethodisnot

suitablefbrimpemeablerocks,althoughthelimitationdependsonthe且owratemeter.The

rangeofflowratesthatcanbemeasuredwithourmeasurementsystemarefromaround

lml/minto301/min.
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4.PERMEABILITYSTRUCURESOFMTLASSTUDIEDBYPRESSURE.CYCHNG

TESTS

4.1SamplesandMeasurementCond託ions

Inthischapterpresentpermeabilitymeasurementsunderhydrostaticstressoffaultsrocks

fromtheMedianTectonicLine(MTL)incentralJapanarepresented.Varioustypesoffault

rocks,suchasfaultgouge,cataclasite,myloniteandtheirhostrocktonalite,arefoundalong

theMTLincentralJapanasdescribedinChapter2(e.g.Haraetal.,1980;Takagi,1983,1984;

Michibayashi&Masuda,1993;Michibayashi,1993),indicativeofdeformationprocesses

duringMTLactivityatdi舐erentlevelsintheEarth'scrust.TheMTListhereforeagood

examplefbrconsideringthepe皿eabilitystructureoffaultzonesfromshallowtodeepPartsof

thecrust.

Comparedwithincohesiverocks,itisdifficulttoevaluateadequatelythepermeabilityof

cohesiverocks,becausethepermeabilityofthemwouldbeinfluencedenormouslybyfractures

inthem.ThisproblemisaddressedinChapter6bymeasuringthepermeabilityofsingle

fracturesundernormalstress.

Pemleabilitywasmeasuredusingthepore-pressureoscillationmethod.Withthepore

P・essu・ePpfi・ ・d・t20MP・,th・c・nfi・i・gP・ess・ ・ew・ ・inc・em・nt・llyi…ea・edfr・m30MPa

toapeakvalue,afterwhichitwasdecreasedincrementallytotheinitiaLPermeabilitywas

measuredateachstageintheconfiningpressurecycle.ThepeakvalueofPcwaseithcr

110MPaor200MPa.

4.2ResultSofPermeabilityMeasurements

Faultgouge

Fig.4.1・h・w・p・ ㎜eabili・y・ ・afUnc・i・n・f・ff・c・i・ ・p・ess・ ・eP・(P・=Pc-Pp)fo「
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incohesivesamplesfromtheKitagawaandAnkohareas・BothloadingandunloadingPortions

ofeachtestcycleareshown.IfbundthatpermeabilityktcndstodecreasewhellPeincreasesas

notedinmanypreviousworksonlaboratorypermeabilityvariationwithpressure(e.9.Braceet

al.,1968;Morrowsetal.,1986;Bemabe,1987;Huengesetal.,1989).Thereisalarge

diffcrenceinthepermeabilityvariancebetWeentheconfininganddeconfiningpartsofthe

pressurecycle;thatis,theslopeofpermeabilitywithPechangeonthedeconfiningportionis

muchsmallerthanthatontheconfiningportionexceptfbrthatinthelowerPerange(<30MPa).

Figs.4.2and4.3showthatthedifferencebetweentheslopesofpermeabilitychangebetween

theconfininganddeconfiningpartsofthepressurecycleofcohesiverocksissmallerthanthat

ofincohesiverocks.

ThepermeabilitynonnalizedtothatatPe=10MPaonconfiningpathvseffective

pressureplotsinFig.4.4showthecharacteristicsofpemeabihtyresponsestoPeclearly.To

comparetheslopeofpemeabilitychanges,thenonnalizedpemeabilityinFig.4.4(a)are

approximatedbythefunction:

ん=koexp(-7Pe).

YoftheplotsareshowninTable1.Forcomparison,theparametersofseveralcohesiverocks

arealsoshown.Inthecaseofincohesiverocks,Yoftheloadingpaths(0.039-0.09)are

gcnerallylargerthanthoseoftheunloadingpathsabovePe=30MPa(0-0.017),and,onthe

otherhand,YbelowPe=30MPa(0.004-0.08)tendtobeclosertothoseoftheloadingpaths

thanthoseabovePe=30MPa.ThedifferencesofYbetweenloadingandunloadingPortionsare

l・・g曲 ・inc・h・ ・i・…ck・thanth・ ・ei・thecas・ ・f・・h・・i・・…k・(0・03-0・043f・ ・th・1・ ・di・g

pathsandO.02-0.029fbrtheloadingPaths)・

WecanseethesteepchangeofpermeabilityattheportionwherePeislessthan30MPa

inseveralresults丘omincohesiverocks.Thisshowsthat,atlowPe(<30MPa),thepermeability

。h・ng…f・ ・m・inc・h・ ・i・…ck・a・eeff・ct・d・t・ ・nglyby・1・ ・ti・d・f・・m・ti・n・howeve「the

35



effectsvanishorareverysmallathighPe(>30MPa).

RyokeandSambagawametamorphicrocks,andmylonitesandcataclasites

Figures4.2and4.3showpermeabilityasafunctionofeffectivepressurepe(pe=pc_

Pp)foreachsampleofcohesivefaultrocksfromtheKitagawaandAnkohareas.Theresultsof

tWomylonites(WOB10andWOB12)showtheanisotropysuchasthepermeabilityparallelto

thefoliationislargerthanthatperPendiculartothefoliation・

Fig.4.1showsthat,ingeneral,theslopesofpermeabilityofincohesivesamplesare

almostconstantduringtheloadingpath.While,thoseofcohesivesamplesarenotconstant.

ThenormalizcdpermeabilityinFig.4.4showsthedifferenceclearly.Theslopesofcohesive

rocksarecomparativelysteepatlowPe,butthosereduceathighPe.Suchfeaturescanalsobe

observedinthepermeabilityofasinglefracture,andthosemaybeabletobeexplainedbythe

closureoffracturesunderpressureasdiscussedlaterinChapter6.

Asmentionedbefbre,itisdifficulttodiscussthepermeabilityofwholecohesiverocks

fromtheresultsshownhere.Thepermeabilitymeasuredinthisstudyisthatofthematrixon

thescalelargerthanthesample.Becausethecohesiverocksmeasuredaregenerally

impermeable,thepermeabilityofwholerocksmaybeinfluencedfromthedistributionof

丘acturesinit.ThepermeabilityofasinglefractureisdiscusscdinChapter6.

ComparisonbetweenpermeabilityresponsesonPeofincohesiveandcohesiverockS

Theresultsshowthat,ascomparedwithcohesiverocks,theporestructureofinoohesive

,・ck・el・ti・gt・th・p・rmeabilityd・f・rm・i・ ・1・・ticallyd・ri・gth・1・ ・di・g・unl・ ・di・gcycl・ ・

Suchinelasticdeformationisprobablycausedbytherearrangementofgrainsandtheirplastic

deformation.However,attheunloadingponionbelow30MPa,thepermeabilitychangeis

9・n・・ally・1・ ・et・th・t・fth・1・ ・di・gP・ni・n・whi・hm・y・efl・cttheel・ ・ti・d・fomationofpo「e

stnlct。,e.B,cause。f、uchi・ ・1・・ti・ity・fth・p・ ・e・tru・t・・e,th・p・meability・finc・h・ ・i・・…k

d。,i。gd・c・nfi・ ・m・nti・i・fl・ ・nc・dbyth・peakval…fP…whi・hthesampleshavebeen
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subjected・ThefaultzoneoftheMTLhasevolvedduringupliftingandexhumation
,andthe

depthatwhichincohesiverockwasformedmightinfluencepermeabilitystructure
,although,

needlesstosay,theevolutionoffaultactivitymustbeborneinmind .

4.3PermeabilityStructureoftheMTL

Inordertocomparepenneabilityofvariousfaultrocksandtoestimatepemeability

structureacrosstheMTL,thepenneabilitiesofsamplesatPe=80MPafromtheconfiningpart

ofthepressurecycleareplottedforpemleabilityasafunctionofdistancefromtheMTLfbr

theKitagawaandAnkohareas(Figs.4.5(a)and(b)).

Kitagawaoutcropanditsvicinity

Fig.4.5(a)showsthathostrocksandRyokemylonitearemorethantwoordersof

magnitudelesspermeablethatfaultgougeatPe=80MPa.Thepenneabilityofmyloniteis

equaltoorlessthanthatoftonalite.lntheblacksandygougezoneclayeygougeispresent,

whichismoreimpemeablethansandygouge,butitdoesnotmaintaingoodstructural

　 サ

contlnulty・

Ankohoutcropanditsvicinity

TheresultsfromtheAnkohareaalsoshowthatthepermeabilityoffaultsandygougeis

morepermeablethanthatofthefaultrocksaroundit.Clayeygougeintheblacksandygougeis

lesspermeablethanthesandygouge,butitisnotcontinuous.Cementcdcataclasiteis

impermeable,althoughthedifferencebetweensamplesmaybelarge.Needlesstosay,the

permeabilityofthecataclasitemightbedramaticaliydifferentfromthatshownhere.The

permeabilityofthecataclasiteunderdef{)rmationisdiscussedinChapter5.
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5.PERMEABILITYOFMTLFAULTROCKSI)URINGTRIAXIALI)EFORMATION

5.1SamplesandExperimentalProcedures

Inthepreviouschapter,permeabilitydatawerepresentedfbrfaultrocksunder

hydrostaticstressandhepermeabilitystmctureoffaultzonewasdiscussed.However,the

actualfaultzoneisunderdifferentialstressandthestressfieldmaybechangingthroughthe

cycleoffaultactivity.Thereforepermeabilityevolutionduringdefonnationshouldbe

investigatedtoconstructarealisticmodelforpermeabilitystructureoffaultzones.

Triaxialcompressionexperimentswerepe㎡formedtostudytheaxialpermcability

evolutionduringdeformationoftheRyokecataclasitecementedbycalciteandtheblacksandy

gougeconsistingofclayminerals,whichweretypicalfaultrocksexperiencingthebrittle

defomlationorcataclasticflow.Thischapterpresentsthcresultsanddiscussesthe

permeabilitystructureofthefaultzoneunderbrittleorcataclasticdeformation.

SamplesusedinthemeasurementswereRyokecataclasitecementedbycalcitecollected

fromtheAnkohoutcrop,andblackgougecollectedfromtheAnkohandKitagawaoutcrops.

DescriptionoftheserockswasprovidedinChapter2.Thediametersofthesamplesfrom

cataclasiteandgougewereabout20mmand25mmrespectively.Thesamplesofcataclasite

werecoredfromAKO916AandAKO916C.AsexplaincdinChapter2,Ryokecataclasite

observedalongtheMTLarepartiallybrecciated.AlthoughthedifferencebetweenAKO916A

andAKO916Cisnotsoclear,thinsectionobservationshowedthatthecontentoffinegraill

areaisalittlehigherinAKO916AthanthatinAKO916C(Fig.2.8),andAKO916Aisalittle

morefracturedthaIiAKO916Conasamplescale.Icouldnotpreparesampleslongenoughfor

deformationtestsfromcataclasitesbycoringbecauseofsuchfracturesinthem.

Table5.1showstheconditionsfbreachexperiment.Thepermeabilityofcataclasitewas

measuredbythesinusoidalporepressureoscillationmethod,whichwasmadeat20MPapore
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pressure,andthatofblackgougewasmeasuredbytheconstantgasflowratemethod,which

wasmadeatOtoIMPaporepressure.Thesamplesweredeformedwithconstantaxialvelocity

andwithconstantPc・TheaxialvelocitywasO・001mm/sforallexperimentsofthesamples

fromAKO916Candblackgouge,butthatofeachsamplefromAKO916Awasdifferentfrom

eachother.EffectivepressurePewasaround20,50,and80MPaforthesamplesfrom

AKO916Candblackgouge,anditwasaround10,20,and50MPafbrthemfromAKO916A.As

explainedinChapter3,theaxialdisplacementandtheaxialloadweremeasuredoutof

pressurevessel.Axialandcircumferentialstrainsweremeasuredduringdeformationsforthe

samplesfromAKO916Abyputtingstraingaugesontheminthedirectionparalleland

perpendiculartothesamplecylinderaxis.Themeasurementlimitationofthestraingaugewas

±0.002.Theelectricallinesfromthegaugespassedthroughthejacketandepoxypastewas

putinandaroundtheholeandapolyolefintubecoveredthem.lnordertopreventthestress

concentrationsattheendsofthespecimen,IputepoxypasteonthesamplesfromAKO916Aon

trialasMogi(1967)(Fig.5.1),butitdidnotseemtoworkwelLOneofthepossiblereasonsof

thisisthatthesampleswerenotlongenough.

5。2PermeabilityofCataclasticRocksduringI)eformation

Thedifferentialstressandpermeabilityasfunctionsoftheaxialstrainforeach

measurementareshowninFigs.5.2(a)and(b).Thebulkaxialshorteningofeachsamplewas

estimatedffomthedifferencebetWeenthedetectedaxialdisplacementandshortcningofpiston

oftheexperimentalmachinewhichwasderivedfromtheaxialloadandthestiffncssofthe

pistonevaluatedinChapter3.

AlthoughtheabsolutevaluesofpermeabilityofAKO916AandAKO916Cwerevery

differentfromeachother,therelationsofthepermeabilitytothedifferentialstressandtheaxial

strainweresimilar.Fig.5.2(a)and(b)showthat,astheaxialstrainincreases,thepemeability

46



ofcataclasitesamplesdecreasesinitiallydowntoO.10.20ftheirinitialvaluesingeneral

whenthediffcrentialstressisaroundO.30.40fthemaximum,andthenstartstoincreaseup

to30200timcstheinitialvaluewhenthestressisaroundO.7-0.950fthemaximumstress
,

andbecomesstablea丘erthesuddendecreaseofthediffcrentialstress.Oneorafewmajor

丘actures(orfaults)couldbeobservedintersectingspecimenfacesaftertheexperiments,which

mightbeproducedatthesuddendecreaseofthedifferentialstress.Figs.5.3(a)and(b)show

thattherelationsbetweenthepermeabilityandthedifferentialstressunderthediff6rent

effectivepressurewercclosetoeachother.

ThepermeabilityofthespecimenfromAKO916AwhenPe=51MPacouldnotbe

measuredbefbrethenlpturehappenedexceptfbrtheinitialpoints,becauseitwasbelowthe

lowerlimitofpermeabilitywhichcanbeobservedwiththemeasurementsystem.A丘erthe

deformationalexperiment,thepermeabilityofthespecimenfromAKO916Awasmeasured

underhydrostaticstress(Fig.5.2(a)).Thepermeabilitywaslessthanthe"final"oneduring

deformationwhenPeis10.2MPaand51MPa,but,inthecasethatofPe=19.5MPa,the

relationwasopposite.'lhereasonofthisdiscrepancyisunknown,butasdescribedinTable5.1,

therewastheleakthroughthejacketandPpwasincreasingslightlyandbecamearound24MPa

justbeforeunloadingandthepe㎜eabilitywasaround5x10-i8m2attheexperimentthatPeis

19.5MPa.Ppdecreasedbackto20MPaatthemeasurementsunderhydrostaticstress,butthe

effectofthisPpincreasingmightbele負.

Thedecreaseofthepermeabilityastheincreaseofthediffercntialstressprobablyreflects

theclosureofpre-existi皿gcracks.InFigs5・2(a)and(b),astheaxialstrainprogresses・

differentialstressincreases,however,thegradientofdifferentialstrossbecomeslargerin

general.V》 乞1sh(1965)explainedtheoreticallythisvarianceofthedifferentialstressbythe

closureofpre-existingcracks・

Ontheotherhand,theincreaseofthepermeabilityjustbefbrethefailurcprobably
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AKO916AunderPe=10・2MPawhichcomputedbysummingtheaxialstrainwithtwicethe

circumferentialstrainasdescribedbyBraceetal.(1966) .Althoughthestraingaugeswerealso

usedotherexperimentsofAKO916AsamplesunderdifferentPe,theoutputshowedthatthe

strainexceededitslimitjustafterloading・HerethestrainonthePeincreasingPathswas

ignored・althoughitwasnotclearifitwassmallenoughornottojustifydoingthis .The

volumetricstraininFig5.4decreasedinitially,butincreasedsuddenlywhenthedifferential

stresswasaroundO.8-0.90fthemax㎞um.Therelationbetweentheincreaseofpermeability

andthedilatancyoffracturedrockhasbeenreportedbyZobackandByerlee(1975) .Thin

sectionobservationshowedthattherearemanysmallfracturesinthespecimenafter

deformation(Fig.5.5).

5.3PermeabilityofFaultGougeduringDeformation

Theevolutionofthepermeabilityandthedifferentialstressofblackgougewerenot

similartothoseofcataclasite(Fig.5.2(c)),althoughamajorfault,orthenarrowzonewhere

shearwasconcentrated,wasobservedinthedefbmedsample.Astheaxialstrainwas

increasing,ingenera1,thedifferentialstresswasincreasingandthepermeabilitywas

decreasing,andthcslopeofthembecamesmallwhenaxialstrainexceededaroundO.08toO.12.

Fig.5.3(c)showsthattherelationsbetWeenthepermeabilityandthedifferentialstressunder

thedifferenteffectivepressureweresimilartoeachother,althoughtheslopesmightbealittle

different.ThepermeabilityasfUnctionsoftheeffectivemeanstress((σ1+2σ3)Pp)forthe

samplesofblackgougeareshowninFig.5.6(a).Therelationsofthepemeabilitytothe

effectivemeanstressareclosetothosebetWeenthepe㎜eabilityunderhydrostaticand

effectivepressurePeduringtheconfiningPath(Fig・5・6(b)),buttheslopesofthepermeability

changeincreaseasthedefbrmationprogresses・
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5.4StrengthofCataclasiteandFaultGougeunderCo皿 血ningPressures

Whentherelationbetweenthedifferentialstressandtheaxialstrainwerecompared

betweencataclasiteandblackgougesamples,thedifferencecouldbefbundatitsdependencies

oneffectivepressure.Figs.5.2(a)and(b)showthatthegradientsofdifferentialstressdidnot

varywitheffectivepressureforthecataclasitesamplespriortorupture.However,thegradients

ofgougesampleswereclearlydependantoneffectivepressureuntilthedeformationbecame

stable.Nevertheless,theaxialstrainswheredeformationbecamestablewereclosetoeach

other.

Fig.5.7showstherelationbetweenthemaximumofthedifferentialstress,theresidual

stressafterrupture,andPefbrthesamplesofcataclasite.Theserelationsofthespecimenfrom

AKO916AandAKO916Cwereclosetoeachother,althoughtheaxialstrainatwhichnlpture

oocurredweredifferent.WhentheaxialstrainwasaroundO.2,thedifferentialstressofthe

samplesofgougedidnotchangesomuch,andthedifferentialstressesarealsoplottedinFig.

5.7.Fromtheseresults,Coulomb-Navierfailurecriterionofcataclasiteswerecalculated(Fig.

5.8).Therelationsbetweentheshearstressandthenormalstressofcataclasiteaftertherupture

andthoseofgougeatalmoststabledeformationwerealsoestimated.Theresultsshowthat

faultgougeandcataclasitehaveintemalangleoffrictionofabout36and45degrees,

respectively,astypicalofbrittlerocks・

5.5ContrastingBehaviorinPermeabilityofCataclasiteandFaultGouge

Theresultsofthepermeabilitymeasurementsunderdeviatoricstressatconstant

deformationratedeterminedthecharacteristicpermeabilityevolutionundereffectivepressure

between10and80MPaofthespecimensfromtheRyokecataclasitecementedbycalciteand

theblackgougeconsistingofclaymineralscollectedfromtheMTLoutcrop.Whenthe
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deviatoricstressincreasesandbecomesclosetothefailurestress,thepermeabilityofthe

cataclasitcincreases,probablybecauseoftheproductionofcracksandincreaseintheir

connectivity.Afterfailureoccursandthedifferentialstressdecreasessuddenly,the

permeabilitybecomeshigherthanthatbeforedeformation.Neverthelessthepermeabilityof

thegougedecreasesgraduallyandbecomesalmostconstantasthedeformationevolves.These

resultssuggestthepossibilitythatthepermcabilitystructureofthefaultzonealongtheMTL

evolvesdramaticallyduringthecycleoffaultactivity.
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6・FRACTUREPERMEABILITYOFSAMBAGAWASCHISTANI)MTLMYLONITE

6.1SamplesandExperimenta匿Procedures

Fracturesincomparativelyimpermeablerocksmayplayimportantrolesasconduitsof

fluid.Thepermeabilityofafractureisdifficulttodiscussdirectlyfromlaboratorydata
,

becauseitmaydependonitssize.Thereforeitisstronglyimportanttodevelopamethodto

estimatefracturepermeabilityundernormalstressindirectly.

Itmaybepossibletoevaluatepermeabilityofasinglefracturefromitssurface

topography.Inthischapter,asafirststeptoevaluatepermeabilityoffracturesonvariousscales,

fractureapertureswereestimatedunderloadingfrommeasuredpermeabil三tiesandalso

calculatedfromcontactanalysesoffracturesurfacetopography.Thetworesultswerethen

comparedthemsoastoinvestigatethepossibilitytoestimatefracturepemleabilityfrom

su㎡facetopography.Forthemeasurements,Iusedsampleswhichhaveanaturalfractureoran

``artificialfracture"ofwhichsurfaceswereground
.

Hostrocksofsampleswithgroundsu㎡acefracturesareSambagawapeliticschistand

Ryoketonaliticmylonite,andthatofnaturalfractureisthemylonite.Itwasnotclearifthe

naturalfracturehasslidornotbutoppositewallrocksurfacesfittedtoeachotheronthe

samplescale.Thesamplesfbrmeasurementswerecoredbyalaboratorycoringmachineusing

a20mmdiamondcoreandwereshapedintocylindcrs.Theaxisofthesampleswithgroulld

surfaceffacturewerenearlyparalleltotheslipdirectionoftheMTLIcutthesamplesfor

groundsurfacefracturesparalleltothecoringdirectiol1(Fig.6.1)andthecutsurfaceswere

polishedwithCarbonlndumtotheroughnessof#400,1200and6000.Table6.1shows

informationaboutmeasuredsampleswithgroundsurfaces.

6.2MeasurementofFracturePermeability
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Fracturepermeability

Imeasuredpermcabiliticsusingthepore-pressureoscillationmethodwiththepore

pressurePpfixedat20MPa,andtheconfiningpressurePcwasincrementallyincreasedfrom

30MPato200MPa(Figs.6.2(a)and6.3(a)).Permeabilitiesofrockswithnofracturearemuch

lessthanthesewithafractureforboththesampleswithgroundsurfacesandnaturalfractures
,

thereforematrixpemleabilitywasignoredinthefollowinganalyses.Figures6 .2(a)and6.3(a)

showthat,ingeneral,theslopesindicatingpermeabilitychangedecreaseastheeffective

コ
P「essurelncreases・

Estimationofape血refどompermeability

FromtheresultsofmeasuredgaspermeabilityIcalculatedape血resofcracksonthe

assumptionthattheyconsistofparallelandsmoothwalls.Thefluidflowratethroughsmooth,

parallelplatesisgivenby

加3dPg
躍 一 一(6-1)(oftencalledthe``cubiclaw")

12μ ぬ

whereListhewidthofthefractureperpendiculartoflowdirection,aistheaperture,μisthc

viscosityofthefluidanddP/dUisthepressuregradient.Theflowratethroughthemeasured

sampleisgivenfromDarcy'slawby

l4dP

9一7Zif(6-2)

where/4istheareaofcrosssectionperpendiculartotheflowdirectionandたispenneability.

Fromequations(6-1)and(6-2),Icalculatedtheape血rea.

Figures6.2(b)and6.3(b)showtheresultsofestimatedapertures.Thetendencyfor

fracturespolishedwiththefinerCarbonlndumtohavesmallerape血resbecomesmore

pronouncedasconfiningpressure(Pc)increases.PermeabilityofsamplesPS#1200and

TM#1200arealmostsame,althoughthesehostrocksaredifferenttoeachother.
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6.3SurfaceProfileMeasurements

Thetopographyoffracturesurfaceswasmeasuredbysurfacestylusprofilometer

(SurfcorderSE1200,KosakaLaboratoryLtd.).Theverticalresolutionisatmostonorderof

10'2μm,andth・ ・ang・ ・f・・rti・・lm・v・m・nt・i・ab・ut300μm.Th・p・ ・fil,dp、th、w,,e、ett。b,

perpendiculartotheaxesofcylindricalsamplesat2mmintervals.Thetopographyalongafew

linesparalleltotheaxiswasalsomeasured.Examplesofmeasuredsu㎡aceprofilesareshown

inFig.6.4.

Fig.65showsthepowerspectraldensity(PSD)ofthesurfacestodescribetheirfeatures .

Inthecaseofnaturalfracture,alogarithmofPSDisproportionaltothatofspecialfrequency
,

andtheresultinthisstudyisconsistentwiththeresultsinBrownandScholtz(1985)and

Poweretal.(1987).Ontheotherhand,thegradielltsofPSDofgroundsurfacesbecomesmall

atlargewavelength,whichmaybebecausethesurfacesarepolished.Atsmallwavelength,as

theresultofnaturalsu㎡ace,PSDofgroundsurfacesbecomeslargeraswavelengthincreases,

althoughthegradientsdifferffomthatforPSDofnaturalsu㎡ace.

Fromtheprofiles,thesizesofasperitiesweremeasuredinthedirectionparalleland

normaltocracksu㎡aces(W,H)onvariousscales(around10μm,100μm,2mm,inthe

directionparalleltothesu㎡accs)(Figs.6.6and6.7).Generally,illthecaseofasperitiesonthe

groundsu㎡aces,thelargertheW,thesmallertheratioofHtoW.Ontheotherhand,theratios

ofHtoWofasperitiesonthenaturalsurfacesarearoundO.1forWbetween10and103μmand

donotdependontheasperitysize.

SeveraltypicalpairsofWandHforeachsamplewerethenselected,andtheaperture

undernormalstresswasestimatedontheassumptionthatthetopographyoffracturesurfaces

arecomposedofasperitieswhichhavethesetypicalWandHvalues.Oneoftheproblemsof

thiscontactanalysismodelisthattheresultsmayaffectedhowtochoosethe"representative

asperitysizes",thereforetheyshouldbeselectedproperly・
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6。4ContactAnalysesofGroundandNaturalSurfaces

Toestimatetheapertureofcracksundernormalstress,Iassumedasperitiesassectionsof

spheres,andcalculatedthedepressionoftheseasperities.Theradiusofthesphereswere

decidedwiththeasperityscaleHandW(Fig.6.8(a)).hlthisassumption,theradiusRisgiven

by

R一 圭H2+書5躍)2(6-3)

Thedepressionofthesphericalelasticasperitiesunderloadinghavebeencalculatedwith

Hertziantheoryinpreviousworks(e.g.Johnson,1985);

9F21δ
雷3

4E申2R申

whereFistheload,E*is

21一 γ{z1一 γ∫　 ロ 　

ガEIE2

whereEIandE2areYbung'smodulusvaluesfortwoasperities,vlandv2arePoisson'sratio.

R*is

111..
一 重=一+一

,whereRIandR2areradiusofeachaspentles.R

2RlR

Heretheradiusandotherpropertiesofasperitiescontactingeachotherareassumedtobethe

same,e.9.R1=R2=R,E1=E2=E,andγ1=γ2=γ ・

WhenthcforceFloadingonapairofasperitiesiswrittenby

F=h〃 「2Pθ

wherePeiseffectivepressure(Pe=Pc-Pp)andhiscoefficient,thedepressionisexpressed

by

gh2躍4三δ
=3ゆ.Pε3(6-4)

4ER

Inthefbllowing,allcalculationsweredoneinthecasethath=1,E=50GPa,v=0.2,anditwas

assumedthatthedepressiondoesnotbecomelargerthan2H.Forasperitieswithcomparatively
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smallW,whenlargerasperitiesdonotfinishthedeformation,itissuitabletoconsiderthathis

morethan1・However,whenthiswasconsideredinthecalculation
,itdidnotapPeartothe

resultmuch.

FortypicalsetsofWandHofgroundsurfacesshowninFig.6.6,thedepressionwas

calculated(Fig.6.9).TheasperitiesofcomparativelylargeW(17mm,8mm)finished

depressing(thedepressionbecomes2H)beforePebecomesmorethan30MPa,whilethose

whoseWare100μmor20μmdidnotexcccd2HuntilwhenPe=200MPa.

Whenthesu㎡acesoffracturesarenotpe㎡ectlyflat,itisnotsimpletoevaluatethe

aperturesofcracksfromthedepressionoftheasperitieswhicharesuitabletobecompared

withthoseestimatedfrompermeability.hltheextremecasethatmostpartofsurfaceareacan

beassumedtobeflat,theapertureacanbesimplygivenby

a=ao一 δ

whereaoisinitialaperturc.While,intheotherextremecasethatasperitiescontactingwiththe

oppositesu㎡acedistributeonmostpartofsurfacearea,theapertureamaybemore

complicated.Here,asWismuchlagerthanHinthesamples,lsimplifiedtheshapeof

asperitiesasFig.6.8(b)andassumedthatcubiclawholdsinlocalarea.Thentheaperturea

canbegivenby

a-・ ・5(a・一δ)・t(4-・)

whereristheradiusofcontactarca(Fig.6.8(c)),whichcanbegivenby

r.v5ii

Infact,amaybebetweenthesecases.Inthefbllowing,asperitieswerecalculatedwiththese

extremetwomodels(``parallelplate"modeland"asperity"modelinthefbllowing).

6。5ComparisonbetweenAperturesfromPermeabilityandContactAnalyses
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Greundsurface

Theresultsofaperturesbetweengroundsurfacesestimatedfromthecalculationof

ape血resareshowninFig・6・10withthosefrompermeabilitydata .Theagreementsarcnot

perfect・buttheoverallfeaturesofprogressivereductioninapertureuponanincreasein

effectivepressurewerepredicted.Thedeviationseemstobecomplexdeformationofmultiple

サ サ　
contactlngasperltles・

Natura塵flactures

Inthecaseofthegroundsurfacefractures,Itookintoaccountdefbmationsofall

asperitiesthatcouldbemeasuredtoestimateaperturechanges.However,fbrnaturalfracture,it

isnotsuitabletoconsiderdeformationsofallasperitiesbecausethefracturesu㎡ace

topographymaybefitwelltotheotherforaspcritiesofcomparativelylargewavelength.

ThereforeIcalculatedasperitychangesfortwocombinationsoftypicalasperitieswere

calculated(Fig.6.11):"set1"consistedofasperitiesofwhichWare20and2μm,and"set2"

consistedofasperitiesofwhichWare2μm.TheratioofHandWwassettobeO.1fbrall

aspcrities.Theresultsindicate,however,thattheasperitiesandthosechangesunderloading

estimatedfrompermeabilityaredifferentfromthosefromthecalculationsofasperity

defbrmations.

Summaryofcomparison

Inthecasesofgroundsurfacefractures,weregenerallyclosetoeachotheLThissupports

thepossibilitytoestimatepermeabilityofasinglefracturefromthetopographydataofits

surfaces.However,fornaturalfracturesthemethodsgavedifferentresultswhenthematching

oftopographiesofoppositefracturewallsneededtobeestimated.Insuchacase,thecomposite

topographyofbothsurfacesshouldbetakenintoaccount・

lntheanalysisofthedeformationanalyses,su㎡acetopographywasassumedtobethe
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aggregationofpartsofspheres.Hertziantheorysuggeststhatthedepressionoftheasperityis

affectedbytheratioofitsverticaltohorizontalsize.IfW2>>H,thatis,thehorizontalscaleW

ismuchlargerthantheverticalscaleH,Rcanbeapproximatedfromequation(6-3)as

1躍2R
廻 一

(6-5).8H

Substitutionofequation(6-5)intoequation(6-4)gives

音 一・老§〆P・ζ,(6-6)

wheret=W/H.Equation(6-6)indicatesthatthelargertheratioofWtoH,thelargertheratio

ofdepressionperanunitloadtoH.Ingeneral,thelargerthesizeofasperityofgroundsu㎡ace

measuredinthisstudy,thelargerthevalueof'.Thus,thecomparativelylargeasperities

depresssuddenlyduringtheloadingpathandfinishthedepressionatlowernomlalstress,

whereasthesmalleronesdepressgently.Thisisreflectedinthechangesofcalculatedapertures

withloadingsuchastheslopeofaperturechangebecomingsmalleraseffectivepressure

lncreases.

Equation(6-6)alsoindicatesthattheratioofthedepressionδtoHdoesnotdependoll

thesizeofasperitiesif'isthesame.tofasperitiesonthenaturalfracturesurfacesmeasuredin

thisstudyisalmostconstantfbrduringthesizerangeofthemeasurements.Therefbrethe

changeofcalculatedaperturestronglyreflectsthedepressionofthelargestasperities

consideredinthecalculations.

Inthecaseofnaturalfractures,itisdifficulttoexplainthechangeoftheaperturefrom

penneabilityandthosefromtheasperitiesdeformation.Oneofthereasonsfbrsuch

discrepanciesmaybethatthefitnessbetweenthetopographyoffracturesurfaceswasless

considered.Asmentionedabove,thefitnessofnaturalfracturesurfacesmaybegoodonthe

scaleofatleastmorethanlmm.Ontheanalysesofaperturechangeundcrloading,notonly

su㎡acetopographyofonesidebutalsocompositetopographyofbothsu㎡acesshouldbe

c・nsid・ ・ed(B・ ・w・,1995),・lth・ughiti・di丘icultt・measu・ep・eci・ely・Fig・6・11sh・w・th・tth・
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slopeofape血rechangesfrompermeabilityforloadincreasingislarger,especiallyatlow

effectivepressure,thanthatfromcontactanalyses.Abovediscussionabouttherelation

betweentheratioofaperturesizesanddepressionrateunderloadingsuggeststhat,ifthe

fitnessofcomparativelylargeasperitiesisgoodandtheratiosofHtoWcompositetopography

aresmallerthanthoseforsinglefracturesurfaces,thelargeasperitiesmaydepressmuchatlow

normalstressandtheasperitychangeestimatedfrompermeabilitycanbeexplainedfrom

contactanalyses.Thedependencyofpermeabilityofnaturalfracturescanbeexplainedbythe

depressionofsu㎡acetopography,ifsuitableasperitiesarechosenas``set3"inFig.6.11.Set3

consistsoftheasperitiesofwhichHareO.2,0.5and2mm,andWare10,100mmandlmm

respectively.
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7.DISCUSSIONS

7.1PermeabilitystructureoftheMTL

ThefaultrockdistributionsoftheKitagawaandAnkohoutcropsandtheirvicinitiesare

similartoeachother;thatis,thefaultzoneconsistsofmylonites(about1000mwide),

cataclasite(about50-200mwide),ofwhichtheareanearthegougezoneisccmentedby

calciteordolomite,andincohesivefaultrocks(about5-30mwide),consistingof

discontinuousclayeygougezones(12cmwide),ablacksandygougezone(-2mwide)and

brecciazoneofSambagawarocks(Fig.7.1).Sambagawacementedcataclasiteisa(ijacentto

theblackgougezoneattheAnkohoutcrop.Thedistributionsofpemeabilityarealsocloseto

eachother.Theresultsofpermeabilitymeasurementsindicatethatpermeabilityofincohesive

faultrocksamplesislargerthanthatofotherfaultrocksandhostrocksfromtheMTLinthe

KitagawaandAnkohareas(Fig.7.1).Fromthisresult,theincohesivefaultrockzoneofthe

MTLissuggestedtoactasaconduitaroundthisstudyareaatleastaboveafewkilometers

depth,althoughthepermeabilitymeasuredinthisstudyisthatofthesamplescaleandlarger

scalestnlctures,suchasoutcropscalefractures,mustbeconsideredfbrmoredetailed

discussion.Clayey(sticky)faultgougezonehaspermeabilityaslowas10-19m2athigh

effectivepressures,butsuchanimpermeablefaultgougeisdevelopedverylocallyanddoes

notconstitutesacontinuouszone,whichdiffersfromtheclayeygougeobservedattheactive

faults(Mizoguchietal.,2001).

PermeableblackgougezonesarefoundatboththeKitagawaandAnkohoutcrops,which

maycharacterizethepermeabilitystnlctureofthefaultzonearoundtheseareas.Thin-section

observationsshowthatthegougeconsistsmostbeofclaymineralsandthatthestructureofthe

hostrockisdestroyed.Thissuggcststhat,afterdefommationduringfaultactivity,thefault

gougewasconsolidatedbycompactionand/ordepositionofcalciteanddolomitecementwhich

thenbrecciatedduringlaterdeformation.Thistypeoffaultrockstructuremaybecharacteristic
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offaultzoneswhichhaveevolvedfbrlongPeriodsoftimeatshallowdepths,Thisprocesshas

alsobeeninferredfromobservationsontheMTLcataclasites250kmfaralongstrikeby

WibberleyandShimamoto(2002).

FromthepermeabilitydistributionshownFig.4.5,subsurface伽idnowaroundthis

studyareaisestimatedtoconcentrateinthefaultgougezoneattheMTL.However,because

permeabilitymeasuredinthisstudyisthatatthescaleofthecoresample,largerscale

stnlcturessuchasoutcrop-scalefracturesarenotconsidered,andthisestimatedstructureisthat

ofりmatrixpermeability',andmightbelowerthanthelargerscalepemユeability.Inparticular,

thepe㎜eabilityresultsindicatethatthehostrockofthefaultrocksalongtheMTLis

imperrneable,thereforethe丘acturesinthemmightplayimpo貢antrolesas且uidconduits.hl

ordertoestimatethepermeabilityofrockcontainingfractures,itisimportanttostudythe

characteristicsaboutdistributionoffractures(e.9.thesizedistribution,anisotropyofdirections,

anddensity)andthoseofthepermeabilityofasingle丘acture(e.g.dependencyonsize,

roughnessstressandtemperature).Inadditiontoconsideringscale,therearemanyother

matterswhichhavetobeconsideredforevaluatingtheactualpermeabilitystructureofthefault

zone.Oneofthemisthedependencyofpermeabilityoffaultgougeonthemaximumdepthat

whichsampleshavebeen.Temperatureandtheexistenceofwatermightinfluencethe

permeabilitystrongly,whicharerelatedtothemechanismofrockdefbmユation,theinteraction

ofporefluidwithporesu㎡face(Faul㎞er&Rutter,2000),dissolutionanddepositionof

minerals.Furthermore,thepermeabilityofthefaultzonemightevolvewithcontinuedfault

activity.Forexample,thepermeabilityofcataclasitemeasuredinthisstudymightdiffer

enormouslyfromthatjustaftercrlshingbyfaultmotion・

7.2Evolutionofpermeabilitystructureunderdeformation

Thepermeabilityevolutionofcataclasiteduringdeformationdiffersentirelyfromthatof

blackgouge.Therefbre,thepermeabilitystructureoffaultzoneunderdifferentialstressmay
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varyenormouslyfromthatunderhydrostaticstress(Fig.7.2) .Atlowstrains,thepemユeability

stnlcturemaybesimilartothatunderhydrostaticstress,thatis,cementedcataclasiteismore

impermeablethanblackgouge・Asthedefbmationevolves,thepenneabilityofblackgouge

andcataclasiteprobablydecreaseinitially.Whenthediffercntialstressbecomesclosetothe

failurestress,thepermLeabilitystartstoincrease,probablybecauseoftheproductionofcracks

andincreaseintheircomectivity.Thefailureo㏄urswhenthedeviatoricstressexceedsthe

strengthofcataclasite,andthenthepermeabilitymaybecomealmoststable,probablybeing

higherthanthatunderhydrostaticstress・Ontheothcrhand,thepermeabilityofblackgouge

maydecreaseduringdeformationandbecomealmoststableordecreaseslowingevenduring

inelasticdeformation・Th。pemleabilityoftheserocksperhapsdoesnotchangesomuchjust

afterthedifferentialstressdecreaseswiththefaultsliding,butmayretumtotheinitialvalueby

thereleaseofdeformation,compactionorcementation,fbrexample.Insummary,ifnotonly

gougebutalsocataclasitedefomlsuntilthefailurehappens,asdeformationevolves,the

pemユeabilityofblackgougemaydecrease,whereasthatofcataclasitemayincrease,sothe

differenceinpermeabilitybetweenthemreduces,orthecataclasitemayevenbecomemore

permeablethantheblackgouge.Tbmakemorerealisticmodelofthepermeabilitystnlcture

evolutionmodelduringthecycleoffaultactivity,futurestudiesmustcover,atleast,theeffect

oflargeshearingdeformationwithinfaultzones,effectsoftemperature,completeevaluationof

theeffbctsoff士acturesatdeeperconditions,mechanicalandchemicalcementationoffault

rocksdu血ginterseismicperiod.

W6shouldkeepinmindthatthepermeabilitymeasuredinthisstudyisthatofsample

size.Thepermeabilityandstrengthofcataclasitel訂gerthanthesampleprobablyare

influencedfromthecracksorsubsidiaryfaultsinit.Formoreprecisediscussionaboutthe

penneabilityofwholecataclasiteareaunderdeviatoricstress,thepermeabilityofsuchcracks

orfaultsundershearstressorslidingshouldbetakenintoaccount・
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Theresultsofpermeabilitymeasurementsunderhydrostaticstressshowthatblackgouge

showshysteresisofpermeabilitytoeffectivepressure.Ifthepermeabilityofblackgouge

decreasesmainlybecauseofrearrangementofgrainsand/orgrainsizereduction
,itseemstobe

almostimpossibleforpemeabilitytorecoverwithoutanyextemalaction .Thereforethe

permeabilitymaybearoundthevalueofwhenthegougeexperienceditsmaximumdifferential

stressduringthecycleoffaultactivity.Whenthecohesionofblackgougeisincreasedby

compactionorcementationbyminerals,orthegrainrearrangementandsizereductiondecrease

thepermeabilityenormously,thedeformationpossiblymakesthepermeabilityincreaseby

bre㏄iationorproducingshearstnlctureasdemonstratedinshearexperimentsofgougeby

ZhangandCox(2000).

7.3Pemeabi1晦ofnaturalfracturesunderpressure

Fromtheresultthattheratioofverticalsizetohorizontalsizeofaperturesonnatural

fracturesurfaceisalmostconstantforwiderangeoftheaperturesize,possiblythereisa

relationshipbetweenthesizeoffracturcandtheaspectratioofasperityonit,whichmaybe

supportedbytherelationoftheprofilelengthonnaturalfracturesu㎡acestothepowerspectral

densityofthetopographyinvestigatedbyPoweretal.(1987).Ifsuchrelationsarerevealed,

thepemeabilityofnatural丘acturesonvariousscalesundernonnalpressureprobablycanbe

estimatedbythemethodshowninthisstudy.However,needlesstosay,thesurfacesofnatural

丘acturesunderpressuremayfittoeachothermoreorless.Therefore,ifthemeasurementsof

theaspectratioofasperitiessuchasshowninthisstudycanbedoneforcompositetopography

ofthepairofsu㎡aces,moreactualevaluationoffracturepermeabilitycanbeexpected.

7.4Pressurizationofporefiuidduringdeformation

Previousstudieshavesuggestedthatpressurizationofporefluidduringdeformationmay

possiblyhappenifthepe㎜eabilityoftheshearstrainconcentratingzoneislowenough.When
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suchpressurizationislarge,itmayinfluencetheshearstrengthofthefaultstrongly.

MaseandSmith(1987)discussedpreciselythermalpressurization.Frictionalheatingby

faultingcausesthermalexpansionofporefluidinshearstrainconcentratingzone.Whenthe

rateoftheexpansionislargerthantheescaperateoffluidflowfromthezoneandthe

expansionrateofporevolume,thepressureofthefluidflowmayincreaseeffectively.The

escaperatedependsstronglyonpermeabilityoftheshearstrainconcentratingzone.As

discussedbefbre,clayeygougcwhichhaslowpemleabilityexistsintheMTLfaultzonc

studiedinthisstudy,howeveritdoesnotconstitutesacontinuouszonc.Themlalpressurization

isunlikelyinthisincohesivefaultzoneunlessclayeygougeisfbrmedpervasivelyatdeeper

partsoftheMTLaroundtheareastudiedhere.However,formoreprecisediscussionaboutthe

pressurization,wehavetostudythepermeabilityevolutionoftheshearstrainconcentrat血g

zoneunderhighstrainandhighstrainrate.

TheresultsofpemleabilityevolutionoffaultgougeduringdefonnationinChapter5(Fig.

5.2,7.2)suggestothermechanismofporefluidpressurization.Ifthecontinuousdecreaseof

permeabilityofgougeduringdefbmlationreflectsthedecreaseofporevolume,whenthe

escaperateofporefluidinthegougeislowenoughcomparativelytherateofporevolume

reduction,theporepressuremayincrease.Thepossibilityofthismechanismalsodepends

stronglyonthepermeabilityoffaultgouge.

7.5Permeabilitystm【ctureoff加 脆zonefromshallowtodeeppartsanditsevolution

duringseismiccycle

Fromtheresultsofthisstudy,Idiscussthepermeabilitystructureoffaultzonefrom

shallowtodeeppartsanditsevolutionduringseismiccycle(Fig.7.3).

Incohesivefaultrockdomain

Previousstudieshavedescribedthepermeabilitystructuremodeloffaultzoneatthe
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depthwhereincohesivefaultrocksdistribute(Caineeta1.,1996).Inthatmodel
,atthecenterof

faultzone,whichiscalled``faultcore",wecanobservecomparativelyimpermeableclayey

gouge.SuchgougezonedoesnotdistributecontinuouslyintheMTLfaultzonestudiedhcre.

Duringdeformation,thepermeabilityofincohesiverocksmaydecreasecontinuouslywith

compaction,rearrangcmentofgrainsand/orgrainsizereduction.Whenincohesiverock

consolidatestoomuch,itspe㎜eabilitymayincreasewiththefailure.Ifshearstrainorstrain

rateputonfaultgougeistoohigh,possiblythepermeabilityshowdifferentevolutionfromthat

observedinthisstudy.

Nexttofaultcore,thereis"damagezone",wherecrackand/orsmallfaultdistribute

dense,andthedamagezoneispermeable.Fromtheresultsofthisstudy,Icannotevaluatethe

penneabilityofdamagezoneprecisely.Duringdeformation,thedensityand/orsizeofcrack

mayincrease,andthismaymakethepermeabilitylarger.Thepermeabilityalsomayincrease

stronglywhencracksslideandthediscrepancybetweentopographiesofthecracksu㎡aces

becomeslarge.

Cataclasitedomain

Inthisstudy,thepermeabilityofcataclasitedoesnotdifferfromthatofhostrockor

lessthanit,andthepermeabilityincreasesduringdeformation.However,intheactualcase,the

permeabilitydependsonhowitdecreasesduringinter-seismicstage.Ifthepermeabilitydoes

notchangesomuchduringthestage,itmaynotincreasesomuchduringdeformation,ormay

decreaseasthecaseoffaultgouge.Inordertoevaluatehowthepermeabilitydecreases,the

mechanismofcompactionandcementationofmineralsduringinter-seismicstageshouldbe

investigated.

Mylonitedomain

Thepermeabilityofmylonitemeasuredinthisstudydoesnotdifferfromthatofhost

rockorlessthanit.Thereisaevidentanisotropywhichthepermeabilityparalleltothe
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foliationishigherthanthatperpendiculartothat・However,fromtheresultsofthisstudy,Ican

notestimatethepermeabilityunderhightemperatureunderwhichmyloniteisactivateandits

evolutionduringPlasticdefbnnation.

Futuretaskforunderstandingmorepreciselypermeabilitystructureanditsevolution

Asshownabove,therearemanythingswhichmustbeinvestigatedtounderstandmore

preciselythepermeabilitystructureoffaultzoneanditsevolutionduringseismiccycle.

Especially,thefbllowingsshouldbeevaluatedexactly:

1.Theeffectoftemperature.

2.Therelationshipbetweendeformationandmanneroffluidflow.

3.Permeabilityofrocksinwhichcracksdistributecomplicatedly.

4.Themechanismofcompactionandcementationduringinter-seismicstage.
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8.CONCLUSIONS

FaultrocksarepresentattheKitagawaandAnkohoutcropsandtheirvicinitiesinthe

fbllowingway,fromtheMTLcontactoutward,clayeygougezonelto2cmthickis

surroundedbyblacksandygougeinazone～2mthick.TheSambagawarocksalongthe

MTLarebrecciated.FurtherfromtheMTLcontactisacataclasitezone,ofwhichthearea

nearthegougezoneiscemcntedbycalciteordolomite,andmylonite.Fromthemineral

compositionsandthestructureoftheblackgougezone,Thegougecanbeproducedfrom

consolidatedorpartiallycementedfaultgouge.Clayey(sticky)faultgougezonehas

permeabilityaslowas10-19m2athigheffectivepressures,butsuchanimpermeablefault

gougeisdevelopedverylocallyanddoesnotconstitutesacontinuouszone.Thepermeability

ofthesandygougeismorethan20rderslargerthanthatofcementedcataclasiteandmylonite

atPe=80MPa.Fromthisresult,theincohesivefaultrockzoneoftheMTLissuggestedtoact

asaconduitaroundthisstudyareaatleastaboveafewkilometersdepth.Incohesivefaultrocks

exhibitlargehysteresisuponpressurecyclingandsamplestendtorememberthelow

permeabilityvaluesatthelargestpressure,suggestingnearlypemmanentcompactionofgouge

andbreccia.Whereascataclasitesandmylonitesdisplaymoderatehysteresissuggestingclosing

andopeningoffracturesuponpressurecycling.ThusthepasthistoryisiMportarltfbr

evaluatingpermeabilityofincohesivefaultrocks.

Theresultsofthepermeabilitymeasurementsunderdeviatoricstresswithaconstant

deformationrateshowedthecharacteristicpermeabilityevolutionundereffectivepressure

between10and80MPaofthespecimensfromtheRyokecataclasitecementedbycalciteand

theblackgougeconsistingofclaymineralscollectedfromtheMTLoutcrop.Whenthe

deviatoricstressincreasesandbecomesclosetothefailurestress,thepermeabilityofthe

cataclasiteincreasesmaybebecauseoftheproductionofcracksandincreaseoftheir
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connection・Aftcrfailureandsuddendecreaseindifferentialstress,thepermeabilitybecomes

higherthanthatbeforedeformation.Howeverthepermeabilityofthegougedecreases

graduallyandbecomesalmostconstantasthedeformationevolves.Theseresultssuggestthe

possibilitythatthepermeabilitystructureofthefaultzonealongtheMTLevolvesdramatically

duringthecycleoffaultactivity.Theyalsoilldicatethattheevolutionofpemleabilitystructure

stronglydependsonthedeformationmechanismoffaultrocks,whichiscontrolledbythe

depthofdeformation.

Ingeneral,aperturesundernonnalstressbetweengroundsu㎡acesinpeliticschistand

tonaliticmyloniteestimatedf1ommeasuredpemleabilityweresimilartothoseestimatedf『om

thecontactanalysesoffrac加resurfacetopographydeformation.Thissupportsthepossibility

ofestimatingpermeabilityofasinglefractureundernormalstressfromthetopographydataof

itssurfaces.However,fornaturalfracturesthemethodsgavedifferentresultswhenthe

matchingoftopographiesofopposite丘acturewallsneededtobeestimated.Insuchacase,the

compositetopographyofbothsurfacesshouldbetakenintoaccount.Hertziancontacttheory

indicatesthatthedependencyofpermeabilityonnormalstressisrelatedtotheratiosofvertical

andhorizontalsiZeofasperitiescomposingthetopographyoffracturesurfaces.Therefbre,if

therelationofthesu㎡acetopographyandthefracturesizeisdeterminedfbrnaturalfゴactures,

itmaybepossibletoevaluatethepermeabilityoffracturesonvariousscales.
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