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Abstract

Temporal changesin colour as well as mineraloglCal，Chemical，

PhysICalandmechanicalpropertiesduetoweatheringduring350，000years

Were eXamined uslng Sandstone gravelinfluvial terrace deposits with a

known emergence time that were distributedin Miyazaki Plain，South

Kyushu．Thetimebetweentheageofeachterracefbrmation（20，70，90，110，

120，250and350ka）and the present was assumed to be the weathering

Period・Naked－eyeObservationshowsthat（1）noweatheringrindisfoundin

Whole cutsections and（2）youngergravels（70－，110一，120－kagravels）and

Olderones（250－and350－ka gravels）have ayellowish andreddish colour，

respectively．

Themainresultsofthemeasurementsareasfbllows：（1）Accordingto

theobservationofmineraltextureinthinsections，POreVOlumeincreasesas

theweatheringperiodincreases，andconnectedpores fbrminthematrixof

Sandstone；（2）matrixmineralssuchasillite，kaoliniteandchloritegradually

decrease astheweatheringperiodincreases；（3）thea＊－Valueofthe colour

indexincreasedfromtheperiodof120to350ka，andtheb＊－Valueincreased

duringtheperiodofOto120ka；（4）Visiblediffusereflectanceincreasesin

thezoneoflongerwavelengthsinoldergravels；（5）chemicalcompositionof

SiO2，K20，MgO，Na20andCaOgraduallydecreaseastheweatheringperiod

increases，WhileFeO＋Fe203andA1203areCOnStantduring350ka；（6）X－ray

COmPuted tomography（CT）images are homogeneousin the whole cross

SeCtion，and weathering rinds cannot be recognised；（7）the Crvalue

decreases astheweatheringperiodincreases；（8）specincgravitydecreases

buteffectiveporosityincreasesastheweatheringperiodincreases；（9）pore

radiusandporevolumeincreaseastheweatheringperiodincreases，andin

Particular，POre radiusincreasedrapidlyfromtheperiodofllOto120ka；

（10）Specincsurfaceareachangesoccurredataconstantrateduring350ka；

（11）theresultsofenergydispersiveX－raySPeCtrOmetry（EDS）analysisshow
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that Fe concentratesin the matrix of sandstone and Si and alkali elements

leach as the weathering periodincreases；and（12）the rock strengthindex

decreasesdrasticallyfromtheperiodofOto120ka・

Takentogether，theseresults suggestthat（l）theincreaseinporesin gravel

that occurs as the weathering periodincreasesis causedby theleaching of

matrix material，thatis，decreasing SiO2　and alkali elements；（2）iron

COnCentration and the fbrmation of goethite and hematite occurin older

gravels，Whichis compatible with the evidence that the colour ofthe older

gravelchangesfromyellowishtoreddish；（3）connectedporesfbrmedowing

to theleaching of matrix minerals；（4）the distribution of poresis

homogeneousin the whole of gravel，SO a Weathering rind cannot be

recognised；and（5）while pore size and pore volumeincrease as the

Weatheringperiodincreases，OWlngtOthefactthatwindingporesarerare，the

rateofchangeofaspecincsurfaceareaandthechemicalweatheringindices

are constant during350ka．In summary，leaching ofmatrix materials and

increaslngPOreVOlumeplaymaJOrrOlesintheweatheringofsandstone．

Key words：Weathering，Weathering rate，Sandstone，rOCk properties，POre

StruCture，terraCedeposits，MiyazakiPlain
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1．Introduction

1．1．PreviousresearchesonweatheringandweatherlngrateS

Weatherlnginfluences the processes and rates oflandfbrm

development・The studyoftheseprocesses andrates ofrockweatheringlS

importantfbrunderstandinggeomorphology．Moreover，PrOblemsconcernlng

rock weathering are widespread and affect many other research fieldsin

earth sciences and englneering such as mineralogy，geOChemistry，SOil

SCience，englneerlnggeOlogy，PetrOleumgeologyandcivilenglneerlng・

The weathering process has been classifiedinto three types：（1）

Physicalweathering，（2）chemicalweatheringand（3）biologicalweathering

（e．g．，011ier，1984；Yatsu，1988）．Physicalweatheringconsists ofprocesses

SuCh as wet－dry slaking，Salt weathering andfrost action・This type of

Weathering has been studied by many researchers（e．g・，Goudie，1970；

Fookesetal・，1971；Baynes，1978；Koroneous，etal・，1980；McGreevy，1981；

Lautridou and Ozouf，1982；Hall and Hall，1996）．Chemical weathering

COnSists of processes such as mineral alteration，SOlution，0Xidation，and

hydration，and this type ofweathering has also has been studied bymany

researchers（e．g．，Ruxton，1968；Huang，1973；Drever，1985；Harnois，1988；

Cooke and Doornkamp，1990；Jayawardena andIzawa，1994）・Biological

Weathering consists ofprocesses suchasburrowlngPlants and animals and

bacterialactivlty・BiologlCalweathering has also been studied extensively

（e．g．，Webley et a1．，1963；Krumbein，1978；Dorn and Oberlander，1981；

Groteeta1．，1981）．

Thestudyofweatheringwasclassifiedintothefbllowingthreetypes

by Matsukura（1994）：（1）the process of weathering（the mechanism of

Weathering），（2）weatheringproductsandchangesinrockproperties，and（3）

rates of weatherlng・Many studies on weathering processes have been

accumulated throughlaboratory experiments on chemicalweathering（e・g・，
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Berner et a1．，1980；Lagasa，1984）andexperiments onphysicalweathering

（e．g．，Cooke and Smalley，1968；MatsukuraandYatsu，1982）．Most ofthe

experimentalapproaches are carried out to monitor short－term Weathering

PrOCeSSeS．Theapproachtolong－termWeatheringprocessesandtheirrelation

to geomorphic processes needs to be discussed uslng Weathering products

Observedinthefield．Forexample，Suzukietal．（1977）andMatsukuraetal．

（1981）have studied verticalchangesin rockproperties ofgranites due to

Weathering．However，these works on weathering pronIes have not been

Writtenwiththeintentiontoestimatelong－termWeatheringratesbecauseof

thedifncultylntimeestimation．

ThemeanlngOftheterm’weatheringrates’variesamongresearchers

（Yatsu，1981；Matsukura，1994）．Insomestudies，thetermhasbeenusedasa

SynOnym fbr chemical denudation rates（Colman and Dethier，1986；

MatsukuraandHirose，1999），Whileotherstudiesusethetermtoindicatethe

Changingratesofrockpropertiesduetoweathering（Kimiya，1975a，b；Crook

and Gliesple，1986；Oguchi et a1．，1994，1996，1999a，b；Suzuki and

Hachinohe，1995；Sunamura，1996；White et al．，1998；Hachinohe et a1，，

1999a，b）・These researchers estimated the weathering period usingfluvial

andmarine terrace deposits andlava domes．This type ofresearchbecame

POSSiblethroughtherecentdevelopmentofthe Quaternarystratigraphyand

dating methods．However，Studies onthe changesinrockproperties dueto

mineraloglCal，Chemical，PhysICal and mechanical weathering have been

limitedin number（e．g．，Chigira and Sone，1991；Oguchi et a1．，1999a，b；

Hachinoheeta1．，1999a，b）．

Analyses of the mechanical，PhysICal and chemical properties of

Weathering products are alsoimportant because these rock properties are

Closelyrelatedto eachother．Forexample，Chemicalchangesoftenresultin

thereductionofrockstrength（Matsukuraeta1．，1983；OguchiandMatsukura，

1996）．Sofaralimitednumberofstudies（Saitoeta1．，1974a，b；Oguchietal・，

1994）haveinvestigatedchemicaland／ormineralogicalpropertiesalongwith
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mechanicaland／orphysICalproperties．Furtherinvestlgationis necessaryto

estimatethechanglngrOCkpropertiesduetoweathering．

1．2．PreviousresearchesonweatherlngOfsandstone

Sandstoneiscomposedoffburprincipalingredients：（1）quartzgrains，

（2）fbldspar grains，（3）rock fiagments and（4）matrix and／or cement．The

matrixconsists ofclaymineralsthatfillporesduringdiagenesis．Sandstone

is dividedinto arenite－tyPe and wacke－tyPe．Arenite－tyPeis sandstone

COntainlngless than15％fine－grained matrix，While wacke－tyPe COntains

morethan15％　fine－grainedmatrix．

The physICal properties of sandstone have been studied丘om the

Viewpoint ofpetroleum geology by many researchers（e．g．，Scholle，1979；

Doyen，1988；Krohn，1988a，b；Uchida and Tada，1992）．These studies

discussedthepore geometryandpermeability ofsandstone as asimulation

modelofanoilreservoir．

Previous studiesontheweatheringprocesses ofsandstonehavebeen

limitedin number（e・g・，Bell，1978；Chigira and Sone，1988a，b，1991；

Pentecost，1991；RobinsonandWilliams，1994；Urusayeta1．，1994；Halsey，

1996；TugrulandZarif，1998；Butenutheta1．，1998；BellandRinsay，1999），

andresearchinvoIvingmeasurlngrOCkpropertiesasawayofresearchingthe

Weatheringprocesshasbeenevenmorelimited（ChigiraandSone，1988a，b，

1991）．Tablel shows some studies dealing with the changesin rock

PrOPerties due to weathering．Chigira and Sone（1991）discussed the

Chemicalweatheringofsandstonecementedbyzeoliteindetail．Inthatsame

Study，they showed that changesin rock properties due to weathering are

CauSedbyzeolitedissolutionandironprecIPitationinmatrix・Thusleaching

Ofzeolite plays animportant rolein the changesin rockproperties due to

Weathering．Since Chigira and Sone（1991）discussed・Only tuffaceous
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Sandstone cemented by zeolite，itis not clearthat their conclusion can be

appliedtodifferentkindsofsandstone．

Studies on the weathering rates ofsandstone have beenlimitedin

number（e．g．，Matsukura and Matsuoka，1996；Hachinohe et a1．，1999）．

Furtherinvestlgationis necessary to evaluate the rates and mechanisms of

Sandstoneweathering．

1・3．Thepurposeofthisstudy

Clarifying the rates and mechanism of sandstone weatheringis

necessaryfbrresearchersworkinglntheearthsciencesbecausesandstoneis

Widelydistributedinearth’slandsurface．Thereviewofpreviousstudieson

thissubjectshowsthattheratesandmechanismofsandstoneweatheringare

not wellunderstood．In orderto soIve the rates andmechanism ofsandstone

Weathering，this studylnVeStlgateS the rock properties ofsandstone gravel

takenfrom terrace depositsin a series of datedfluvial terracesin the

MiyazakiPlain．Theratesoflong－termWeatheringareestimatedbasedonthe

assumptlOnthattheweatheringperiodisequaltotheperiodbetweentheage

Ofemergence ofthese terraces andthe present．This study can discuss the

Changesinrockpropertiesduetoweatheringduring350ka．

The measured sandstone propertiesinclude the fbllowing：（l）rock

texture and mineralogicalproperties（Observation ofthin sections，mineral

COmPOSitionsusingX－raydi魚actionandvisiblediffusespectra），（2）colours，

（3）physical properties（efftctive porosity，POre－Size distribution，SPeCific

Surface area，Permeability and distribution of density），（4）chemical

PrOPerties（chemical compositions using X－rayfluorescence analysis and

distributions of chemical elements uslng energy dispersive X－ray

SPeCtrOmetry）and（5）mechanicalproperties（POintload strength）・Using

these data，therelationshipsbetweenrockproperties andweatherlngPeriod
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inanattempttoclarifytheratesandmechanismofweatheringofsandstone

gravel．
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2・GeomorphologlCalandgeologlCalsettingofMiyazakiPlain．
●　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　●

2・1．GeomorphologlCalandclimatologlCalsettlngOftheMiyazaki

Plain

The MiyazakiPlainislocated along the Pacific coast ofSoutheast

Kyushu（Fig．1）．OnthenorthwestsideoftheMiyazakiPlainlietheKyushu

Mountains，Which are chiefly composed of Mesozoic to Cenozoic

sedimentarycomplex．Theplainhas anareaofca．900krd andaltitudes

fromOto200mabove sealevel・Threelargerivers（Omaru，Hitotsuseand

Ohyodo）flowacrosstheplainfromnorthwesttosoutheast．

Many terrace surfaces are developedin the Miyazaki Plain，aS

describedlater．PaleoredsoilsarewidespreadinSouthKyushu（Fig．2），and

SOme Of the terrace deposits are topped with paleo red soils．

TephrochronologlCalinvestlgations haveindicated that allofthe paleo red

SOilswere fbrmedinthemiddlePleistocene．Paleoredsoils areconsideredto

havebeenfbrmedunderthewarmerclimateduringtheinterglacialstagesin

themiddlePleistocene（e．g．，MatsuiandKato，1962）．

Figure3summarisesthemeteorologlCaldataattheMiyazakiMeteorologlCal

Station（31055，N，131025，E．6．3ma．S．1．），locatedlOkmsouthofthe

Studied area．The mean air temperatureis6．8℃in the coldest month

（January），27．2℃inthe warmestmonth（August）and17．0℃throughthe

year・Theaverageannualprecipitationis2434．6mm（NaturalAstronomical

Observatory，1995）．

2．2．QuaternarystratigraphyandtephrochronologyoftheMiyazaki

Plain

The Miyazaki Plain（Fig，1）has the best－developed middle tolate

Quaternary depositsin Kyushu．The stratigraphy of this plain has been
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investigatedinpreviousstudies（e．g．，Otsuka，1930a，b；Endo，1968；Hoshino，

1971；Kino et a1．，1984；Nagaoka，1984；1986；Endo and Suzuki，1986；

Kimura et a1．，1991）．A comparison ofthe Quaternary sedimentsin each

Studyis summarisedin Table2・Recently，the stratlgraPhy of marine

Sediments and terrace deposits were discussed by Nagaoka et al・（1998；

1999），and this study used their classincation of marine sediments and

terracedeposits．

The terrace surfacesin the Miyazaki Plain are classinedinto two

groups，themiddletolowerterracegroupandthehigherterracegroup・The

middletolowerterracegrouPcontainsthe fbllowlngterraCeSinorderfrom

the youngest to the oldest：Fukadoshisurface，Ikatsuno surface，Saitobaru

Surface，Nyutabarusurface，BabasurfaceandSanzaibarusurface．Thehigher

terrace group contains thefollowlng terraCeSin orderfrom youngest to

Oldest：Chausubaru surface，Urushinobaru surface，Kukino surface，

Higashibaru surface and Shiibaru surface（Figs．5　and　6）．Projected

longitudinalprofiles ofeach terrace surface along the Hitotsuse River are

Shownin Fig．7．In these terraces，Sanzaibaru surfacehas amarine orlgln，

whileth占othersurfaceshaveaflqvialorlgln．GeologlCalsectionsofthese

terracesareshowninFig．8．Alloftheterracedepositsunconfbrmablycover

theNeogeneMiyazakiGroupand／orthePaleogeneShimantoSupergroup．

The thicktephralayers overlying theterrace surfaces are subdivided

intotheyoungerandthe oldergroupsbasedongeologicage（Table3）．The

younger andthe oldertephra groups were depositedinthelate Pleistocene

and the middle Pleistocene，reSPeCtively．The older tephra groups contain

manymarkertephralayers，SuChas，丘omyoungesttooldest，Ata－Torihama

（Ata－Th），Kakuto（Kkt），Kobayashi－Kasamori（Kb－Ks）and Hiwaki（Hwk）．

The younger tephra also contains many marker tephralayers，SuCh as，

beginning with the youngest，Kikai－Akahoya（K－Ah），Kirishima－Kobayashi

（Kr－Kb），　Aira－Tanzawa　（AT），　Kirishima－Awaokoshi　（Kr－Aw），

Kirishima－Iwaokoshi（Kr－Iw），Aira－Iwato（A－Iw），As0－4，Aira－Fukuyama
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（A－Fk），Kikai－Tozurahara（K－Tz），Ata andAs0－3．Eachtype oftephra was

identined by naked－eye Observation，microscope observation and

measurements oftherefractiveindexofpyroxene，hornblende andvoIcanic

glass．The youngertephra group covers the middletolowerterracesin the

late Pleistocene，andtheoldertephragroup coversthehigherterrace group

inthemiddlePleistocene．

Quaternarymarine sediments distributedinthe MiyazakiPlain were

named the Tohriyamahamaformation by Otsuka（1930a）．Since Otsuka，

OPlnions are diverse concernlng the stratlgraPhic position of the middle

Pleistocene marine sediments（Otsuka，1930a；Endo，1968，Hoshino，1971；

Nagaoka，1986；Endo and Suzuki，1986）．Quaternarymarine sediments are

dividedintothree fbrmationsbymarkertephra，theNanukigawafbrmation，

the Omarugawa（Hedagawa）fbrmation and the Sanzaibaru fbrmation

（Nagaoka et a1．，1998）．The Nanukigawa and the Omarugawa fbrmations

COntain as marker tephras the Kb－Ks and the Kkt，reSPeCtively．The

Sanzaibaru fbrmation fbrmed the Sanzaibaru surface，While the other

fbrmations are overlainunconfbrmablybythe Chausubaruterrace deposits，

theSanzaibarufbrmationandIkatsunoterracedeposits・

The middle to late Pleistocene marine and　fluvial sediments

distributedin the MiyazakiPlain can be dividedinto the12StratlgraPhic

units described below・Columnar sections of each stratlgraPhic unit are

ShowninFigs・9through15，andthe stratlgraPhy ofthe MiyazakiPlainis

SummarisedinTable4．

（1）Recent riverjloo4plain O・eCentrivergraveり：Thefluvialsurface has

beenfbrmedinthepresent．Thegravelismainlycomposedofsandstoneand

Shale with smaller amounts of greenstone，aCidic tuff，granOdiorite and

Weldedtuftwithadiameterof5to30cm．

（2）Fukadoshiterracedqposits：TheFukadoshisurfaceiswidelydistributed

at30to70m elevationin the middle to southpartofthe MiyazakiPlain．

TypICalcolumnarsectionsoftheFukadoshiterracedepositsareshowninFig．
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9・TheFukadoshiterracedepositsarealmostdirectlyoverlainbytheKr－Kb

Pumicefalllayer（16ka：MachidaandArai，1992）．Theterraceis，therefbre，

COnSideredto havebeen fbrmedaround20kabefbrethepresent（BP）．The

gravelis mainlycomposed ofsandstone andshale with smaller amounts of

greenstoneandacidictuff，Withadiameterof5to20cm．Thesedepositsare

about2mthickandunconfbrmablycovertheNeogeneMiyazakiGroup・

（3）Ikatsunoterracedqposits：TheIkatsunosurfaceisdistributedat40to70

m elevation．TypICalcolumnarsections oftheIkatsunoterrace deposits are

ShowninFig・10・TheIkatsunoterracedepositsarealmostdirectlyoverlain

by the Kr一Iw scoria falllayer・The age ofthe Kr－Iw scoria falllayerwas

Calculatedbyproportionalallotment（40ka？）．Thismethodassumesthatthe

Sedimentation rate ofloambedsis constant．Thus the terraceis considered

to have been fbrmed around40ka BP・The gravelis mainlycomposed of

SandstoneandshalewithsmalleramountsofgreenstoneandacidictufCwith

a diameter of5　to　20　cm．These deposits are about　3　m thick and

unconfbrmably cover the Nanukigawa fbrmation，the Omarugawa

（Hedagawa）fbrmationandtheNeogeneMiyazakiGroup．

（4）Saitobaruterracedqposits：TheSaitobarusurfaceiswidelydistributedat

50to80m elevation・TypICalcolumpar sections ofthe Saitobaruterrace

deposits are shownin Fig・11・The Saitobaru terrace deposits are almost

directly overlainbythe A－Iw ash falllayer・The age ofthe A－Iw ash fall

layerwasalsocalculatedbyproportionalallotment（70rka？）．Thustheterrace

is consideredto have been fbrmed around70kaBP・The gravelis mainly

COmPOSed ofsandstone and shale with smaller amounts ofgreenstone and

acidictuff，Withadiameterof5to20cm・Thesedepositsareabout5mthick

andcovertheNeogeneMiyazakiGroup・

（5）坤utabaruterracedqposits：TheNyutabarusurfaceiswidelydistributed

at60to90melevation・TypICalcolumnarsectionsoftheNyutabaruterrace

deposits are shownin Fig・12・The Nyutabaru terrace deposits are almost

directlyoverlainbytheAs0－4pyroclasticflOwdeposits（89ka：Matsumoto
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et a1．，1991）．Thustheterraceis consideredtohavebeenfbrmedaround90

kaBP．The gravelismainlycomposedofsandstone andshalewith smaller

amountsofgreenstoneandacidictuffiwithadiameterof5to20cm・These

deposits are about　5　m thick and unconfbrmably cover the Sanzaibaru

fbrmationandtheNeogeneMiyazakiGroup．

（6）Baba terrace d甲OSits：The Baba surfaceis distributed at90tollO m

elevationinthesouthpartoftheMiyazakiPlain．TypICalcolumnarsections

OftheBabaterracedepositsareshowninFig．13．TheBabaterracedeposits

arealmostdirectlyoverlainbytheAtaashfalllayer（110ka：Matsumotoand

Ui，1997）．ThustheterraceisconsideredtohavebeenfbrmedaroundllOka

BP・The gravelis mainly composed of sandstone and shale with smaller

amountsofgreenstoneandacidictuff，Withadiameterof5to20cm．These

deposits are aboutlO m thick and unconfbrmably cover the Neogene

MiyazakiGroup．

（7）Sanzaibaruterracedqposits：TheSanzaibarusurfaceiswidelydistributed

at90tollOmelevation．The Sanzaibaruterracedeposits（the Sanzaibaru

fbrmation）are thick transgressive deposits madein the middle Pleistocene

（Nagaokaetal．，1998）．Typicalcolumnarsections oftheSanzaibaruterrace

deposits are shownin Fig．14．The Sanzaibaru terrace deposits are almost

directlyoverlainbytheAtaashfalllayer（110ka；MatsumotoandUi，1997）

andtheK－Tzashfalllayer（100ka：MachidaandArai，1992）andcontainthe

As0－3ash falllayer（120ka：Matsumoto et a1．，1991）inthelowermember

（Nagaoka et a1，，1998）．Thus the terraceis consideredto havebeen fbrmed

around120ka BP．The gravelis mainly composed ofsandstone and shale

Withsmalleramountsofgreenstone andacidictufflwithadiameterof5to

20cm．

The Sanzaibaru terrace deposits arelithologlCally subdividedinto

threemembers（Nagaoka，1986；Nagaokaeta1．，1998）．Thelowermemberis

COmPOSed offluvial gravely depositsin the regressive stage．The middle

member consists of alternatlnglayers of sand and silt with fbssils of
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mollusca；itwasfbrmedinthetransgressivestageofMarineIsotopeStage5e

（120ka）．Theuppermemberis composedofsandwithsmalleramounts of

gravely depositsunderdeltaic orbeach condition atthemaximum stage of

thetransgression．

PaleoredsoilsarerecognlSedonthetopofthedeposits．Sincepaleo

red soils are buried under the Ata ash fall deposits（110ka），they are

COnSideredtohavebeenfbrmedduringtheperiodfrom120kato110kaBP・

（8）Chausubaru terrace dqposits：The Chausubaru surfaceis widely

distributedat120to130melevationinthemiddlepartoftheMiyazakiPlain．

TypICalcolumnar sections ofthe Chausubaruterrace deposits are shownin

Fig．15．TheChausubaruterracedepositscontaintheAta－ThpyroclasticflOw

deposits（230－250ka：MachidaandArai，1992）inthemiddlepart．Thusthe

terraceis consideredtohavebeenfbrmedaround250kaBP．The gravelis

mainlycomposedofsandstoneandshalewithsmalleramountsofgreenstone

and acidic tufE with a diameter of5to20cm．These deposits，havlng a

thickness ofabout20m，unCOnfbrmablycoverthe Omarugawa（Hedagawa）

fbrmationandtheNeogeneMiyazakiGroup．

Paleo red soils are recognlSed on the top ofthe deposits．Paleo red

SOilsareburiedunderA－Iwqirfalldeposits（70ka？），Whichareconsidered

tohavebeenfbrmedduringtheperiodfrom250to70kaBP．

（9）Ulushinobaru terrace dqposits：The Urushinobaru surfaceis distributed

at190to210m elevationin the southwestern part ofthe MiyazakiPlain・

TypICalcolumnarsectionsoftheUrushinobaruterracedepositsareshownin

Fig．13．The Urushinobaru terrace deposits are almost directly overlainby

theAta－ThpyroclasticflOwdeposits（230－250ka：MachidaandArai，1992）・

Thustheterraceis consideredtohavebeenfbrmedaround300to250kaBP．

Thegravelismainlycomposedofsandstoneandshalewithsmalleramounts

Ofgreenstoneandacidictuffiwithadiameterof5to30cm．Thesedeposits

areaboutlOmthickandunconfbrmablycovertheKukinofbrmation．

Paleo red soils are recognised on the top ofthe deposits．Paleo red
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SOils are buried under the Ata－Th pyroclastic　flOw deposits，they are

COnSideredtohavebeenfbrmeddurlngtheperiod300to250kaBP・

（10）Higashibaruterracedqposits：TheHigashibarusurfaceisdistributedat

150to230m elevationin the middle to south part ofthe MiyazakiPlain・

TypICalcolumnarsectionsoftheHigashibaruterracedepositsare shownin

Fig．9．TheHigashibaruterracedepositsarealmostoverlainbythepaleored

SOilsandtheKktashfalllayer（300ka：MachidaandArai，1992）・Thusthe

terraceisconsideredtohavebeenfbrmedaround350kaBP，Thesedeposits

areabout20mthickandunconfbrmablycovertheNeogeneMiyazakiGroup

and the Paleogene Shimanto Supergroup．Some outcropslack the marker

tephraKktandaredirectlyoverlainbytheAta－Thashfalllayer．

Paleoredsoilsarerecognisedonthetopofthedeposits（Akagietal・，

1997）．PaleoredsoilsareburiedunderA－Iwairfalldeposits（70ka？）andare

COnSideredtohavebeenfbrmedduringtheperiod300to70kaBP．

（11）Kukinoterracedqposits：TheKukinosurfaceisdistributedat200to240

melevationinthesouthwesternpartoftheMiyazakiPlain．TypICalcolumnar

SeCtions ofthe Kukino terrace deposits are shownin Fig．13．The Kukino

terrace deposits are almost directly overlain by the Kkt pyroclasticflOw

deposits（300ka：M竺ChidaandArai，1992）チndcontaintheHwkpyroclastic

flOw deposits（600ka：Machida andArai，1992）andthe Kb－Kspyroclastic

flOwdeposits（500ka：MachidaandArai，1992）inthelowerpart・Thusthis

fbrmationisconsideredtohavebeenfbrmedduringtheperiod600to300ka

BP．The gravelis mainly composed of sandstone and shale with smaller

amountsofgreenstoneandacidictuff，Withadiameterof5to50cm・These

deposits are about　60　m thick and unconfbrmably cover the Neogene

MiyazakiGroupandPaleogeneShimantoSupergroup・

（12）Shiibaru terrace dqposits：The Siibaru surfaceis distributed at

200to300melevationinthenorthpartoftheMiyazakiPlain．The Siibaru

terrace deposits are directly overlain by an unidentined weathered tephra

layer（Hwk？，600ka：Machida and Arai，1992）．In addition，the Siibaru
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Surfaceisstronglyeroded，anddistributionoftheterracesurfaceisscattered・

Therefbre，theterraceis consideredtohavebeenfbrmedbefbre500kaBP・

The gravelis mainly composed of welded tuff and granodiorite，With a

diameter of　5　to　50　cm．These deposits are distributed around Mt・

Osuzuyamaandconsistofweldedtuffandgranodiorite．Thesedeposits are

aboutlOmthickandunconformablycovertheOsuzuyamaacidicrocks・

2．3．GeologlCalfbatures ofsampling points and rock samples fbr

analysIS．

Thelocations ofthe eight rock sampling sites are shownin Figs・6

and8．Allsamplingpointsaredirectlycoveredwithtephralayers（Fig・16），

except fbrthe recent riverfl00dplain．Allsampling points at each site are

abovethegroundwaterleveltoavoidthepossibleinfluenceofgroundwater

levelsonweathering（Nishiyamaeta1．，1999）．

Figure251ists the characteristics ofthe rock based on naked－eye

Observations of cutting surfaces．All examined sandstones belong to the

Paleogene Shimanto Supergroup．Allsandstone gravelsamples are fine一・tO

medium－grainwacke－tyPe．About20samples ofroundedsandstonecobbles

andpebblesweretakenfromeachsamplingpolnt．Thecharacteristicsofthe

eight sampling sites and sandstone sample graveltaken丘om the sampling

Sites are as fbllows：

（1）Recentriverj700％Iain（0－karockF）：Thesamplingpointislocatedona

gravelbarofriverfl00dplainintheOmaruRiver（Fig．17）．Thegraveltaken

from this siteis not visibly weathered．The cuttlng Surface ofthis gravel

Showsthatitisdarkgraycolouredandhasnoweatheringrind．Thisgravelis

hard，andsoundsmadebyhammerblowstoitareclear．

（2）Fukadoshi terrace dqposits PO－ka rockS）：Gravely deposits of this

SamPling point are almost directly coveredbythe tephra Kr－Kb andblack
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humicsoils（theso－Called’Kuroboku’）．Thecoveringtephralayerisaboutl

mthick（Fig．18）．Thegraveltaken丘omthispointisslightlyweathered，and

its colourislight gray・This gravelhas no weatheringrind・Itis hard，and

SOundsmadebyhammerblowstoitareclear．

（3）Saitobaru terrace dqposits（70－ka rocks）：Gravely deposits of the

SamPlingpointarealmostdirectlycoveredbythetephraA－Iw．Thecovered

tephralayeris about3mthick（Fig．19）．Thegraveltakenfromthis siteis

Slightly weathered，andits colourislight gray・This gravelis hard，and

SOundsmadebyhammerblowstoitarealittledim．

（4）坤utabaru terrace dqposits P0－ka rockS）：Gravely deposits of this

SamPlingpolntarealmostdirectlycoveredbythetephraA－Fk・Thecovered

tephralayerisabout7mthick（Fig．20）．Thegraveltakenfromthissiteis

Slightlyweathered，anditscolourislightgraytobrown・Thisgravelisbrittle，

andsoundsmadebyhammerblowstoitaresomewhatdim．

（5）Babaterracedqposits〃10rkarockF）：Gravelydepositsofthissampling

POlntarealmostdirectlycoveredbythetephraAta．Thecoveredtephralayer

isabout7mthick（Fig・21）．Thisgravelisslightlyweathered，anditscolour

isbrown・Thisgravelisbrittle，andsoundsmadebyhammerblowstoitare

dim．

（6）Sanzaibaru terrace dqposits〃20rka roc桓ノ：Gravely deposits ofthis

SamPlingpolntarealmostdirectlycoveredbythetephraK－Tz・Thecovered

tephralayerisabout6mthick（Fig．22）．Thegravelydepositsarecorrelated

Withthenon－marineuppermemberoftheSanzaibarufbrmation．Thegravel

takenfromthissiteisstronglyweathered，anditscolourisbrowntoreddish

brown・This gravelisbrittle，andsoundsmadebyhammerblowstoitare

dim．

（7）Chausubaru terrace dqposits P50－ka rockF）：Gravely deposits ofthis

SamPlingpolntarealmostdirectlycoveredbythetephraKr－Iw．Thecovered

tephralayerisabout4mthick（Fig．23）．DepositscontaintheAta－Thinthe

middlepart・The graveltaken ftomthis siteis stronglyweathered，andits
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COlourisreddishbrown・Thisgravelisbrittle，andsoundsmadebyhammer

blowstoitaredim．

（8）Higashibaru terrace dqpositsβ50－ka roc桓）：Gravely deposits ofthis

SamPling point are almost directly covered by the tephra Ata－Th・The

COVeredtephralayerisabout4mthick（Fig．24）．Thegraveltakenfromthis

Siteis stronglyweathered，anditisreddishincolour・Thisgravelisbrittle，

andsoundsmadebyhammerblowstoitaredim，
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3．Analysesandresults

3・1・RocktextureandmineraloglCalproperties

3・1．1．Rocktexturebasedonmicroscopeobservation

The petrographical，mineraloglCal and chemical properties of

SandstoneinKyushuShimantoterrenehavebeendescribedbyOkada（1977），

Teraoka（1977；1979），Teraokaetal．（1995；1999）andKimuraetal．（1991）．

These papers show that the sandstoneis mostly fine－tO medium－grained

WaCke－tyPe，Which consists of phenocrysts of quartz and feldspar

（plagioclase and alkali ftldspar）with smaller amounts of chert，rOCk

fragments，heavymineralsandmica．Thematrixinsandstonemostlyconsists

Ofclayminerals．Okada（1977）recognisedasmallamountofcalcitecements

inthematrix．

Microscope observation was carried out uslng three rock samples

taken　缶om each sampling site．Figs　26　and　27　Show representative

photomicrographsofsandstoneinthethinsections．Mostoftherocksamples

are fine－grained wacke－tyPe，COnSisting of phenocrysts of quartz and

PlaglOClase，and clay andiron mineralsin the matrix．Although the

appearance ofquartzphenocrystshas notchanged astheweatheringperiod

has grownlonger，PlaglOClasehasbeendecomposedduringthepast350ka・

Matrix minerals have also decomposed，aS Shownby the fact that the thin

SeCtions of matrix becomeincreaslngly unclear as the weathering period

increases，WhileironmineralswithadiameterofaboutlOtolOO FLmhave

gradually concentratedin matrix during350ka．Small particles ofiron

minerals surround sandgrains）andbigparticlesofironmineralsin350・ka

rocksnlltheporespaceproducedbyleachingofftldspargrains・

Observationsofporesinthinsectionshavebeenincludedinprevious

Studies（e．g．，Takahashieta1．，1992；SuzukiandTakahashi，1994；Nishiyama

et al・，1992；Hirono and Nakashima，2000）・Since pores are filled with
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PetrOPOXyreSin，the areaofpores canberecognisedas ayellowishzonein

matrix，aSShowninFigs・26and27・Poresarestretchedandconnectedfrom

theouterpartstotheinnerparts．

3．1．2．Mineralcompositions

MineralswereidentinedbyX－raydimactionanalysis（XRD；Rigaku

Co・，Ltd・，RAD－C System）．The operating conditionsincluded an Xqray

targetofCuKα，tube voltageof50kVandtube currentof20mA・Matrix

SamPleswereanalyseduslngthreerocksamplestakenateachsamplingsite・

TheanalysisfbllowedthemethodsofSuzuki（1992）usingsiltsizespecimens

inadditiontotreatmentswithethylene－glycol．

The results of XRD are shownin Table5　and Fig・28・Samples

includequartz，PlaglOClaseandclaymineralssuchaskaolinite，Chloriteand

illite．Chloritecanbeidentifiedbecausethe20　0fdif敵actedpatternhasnot

Shifted after treatments with ethylene－glycol．Theintensity of diffracted

Peaks ofplaglOClase，illiteandkaolinite graduallydecreasedduring350ka，

While adiffractedpeakofchloritecannotberecognlZedafter250－karocks．

These results are compiledin Fig．29，Showlng that plag10Clase and clay

mineralsdecomposeastheweatheringperiodincreases．

3．1．3．Identificationofironminerals

The visible diffuse reflectance spectra ofrocks and minerals have

beenusedrecentlyto characterisethe origins ofthe colours ofrocks（e・g・，

Nakashima et a1．，1989，Matsunaka andUwasawa，1992；Nakashima，1994；

KuchitSueta1．，1999；SasakiandOtani，1999；Hiroi，1999）．Forexample，iron

mineralssuchasgoethiteandhematitecanbeidentinedbythistechnique・

Using about20pleCeS Of gravel from each sampling site，Visible

diffuse reflectance spectra on the cutting surface of rock samples were
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measured uslng a Minolta CM－500　Spectrophotometerin a visible

WaVelength region（400to700nm）．The measuring area was3mmin

diameter・There are two kinds of reflection processes oflight on solid

materials：（1）thatoccurringwhenlightisreflectedfrom apolishedsurface

Ofthemineral（Specularreflection），and（2）thatoccurringwhenthelightis

reflected by the finely powdered mineral（diffuse reflection）．Thelatter

arisesfromradiationthathas penetratedthe crystals andreappeared atthe

Surface after multiple scatterings．Whenlightis reflectedfrom the rock

Surface，diffuse reflection occurs．If theintenslty Of the diffuse spectra

reflectancelightfromthesurfaceofawhiteplate（BaSO4）isIoandthatfrom

therocksampleisZ，thediffusereflectanceRisglVenby

属＝J／ん　　　…（3－1）

The results ofthe measurements are shownin Fig・30・Reflectance

SPeCtra ranged ffom　8　to　42　％，increasing as the weathering period

increases，While reflectance slightlydecreases at480nm・As a slgnificant

trend from90－tO250－karocks，increase at500to600nm．Reflectance fbr

350－karocksincreasesfrom540to700nm．

Nakashima（1994）and Kuchitsu et al．（1999）haveinvestigatedin

detailthe visible reflectance spectraofironminerals goethite：α－FeOOH，

andhematite：α－Fe203）・Theyhavepointedoutthatthe spectraofthetwo

ironmineralsshowdifferentpatternsinthevisiblereglOn‥thereflectanceof

SPeCtra Of goethiteincreasesin the500－tO600－nm range and slightly

decreases at480nm，and that of hematiteincreases at540to700nm．

According to these previous studies，the reflectance spectrum of90－tO

250－karocks seemstobe correspondtothe spectraofgoethite，andthatof

350－ka rocks to the spectra ofhematite・These findings suggest thatiron

mineralsin the sandstone of the present study changes ffom goethite to

hematiteastheweatheringperiodincreases．
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3．2．Colour

Soil colouris closely related to the soil’s goethite and hematite

COntentS（e．g．，Torrenteta1．，1983）．Recentresearchersinearthscienceshave

usedaspectrophotometertomeasurethecolourofrocks，minerals andsoils

（e・g・，Nakashimaeta1．，1989，1992；Naganoeta1．，1992；Oguchieta1．，1995；

Nakashima，1994；OtaandKiya，1996；Mitsushitaeta1．，1998；Shinoharaet

a1．，1998；Wakizakaeta1．，1998）．

ThecolourofrocksamplesweredetermineduslngaMinoltaCM－500

SpectrophotometerashavlngCOmPOnentSL＊，a＊andb＊，i．e．，L＊a＊b＊colour

SPaCe・TheL＊－Valueisthedegreeoflightness：L＊＝Ocorrespondstoblack，

andL＊＝100correspondstowhite．Apositivevalueofa＊expressesred，and

a negative value green．A positive value of b＊indicates yellow，and a

negative valueblue・Positivea＊－andb＊－Values express anincreaseiniron

minerals such as goethite and hematite（Nakashima1994）．Colour

measurementswere carriedouton ameasurlnglineonacuttlng Surface of

each rock sample atintervals of5mmuslng about20intact rock samples

takenffomeachsamplingsite．

All data of the L＊一，a＊－and b＊－Values are shownin Table6．An

example ofcolourmeasurements ofthe b＊－Valueis showninFig．31．This

figure shows thatdistributions ofthe b＊－Value are almostunifbrmfromthe

Surface to theinnerzone．Thus the meanvalue ofallthemeasuredvaluesin

eachmeasurlngline ofindividualrock samplesis the representativecolour

Valueofeachrocksample．

Theresultsofcolourmeasurements arrangedbyweatheringtime are

ShowninFig・32・Thea＊－Valuerangesfrom－l・45to18・78，andtheb＊TValue

rangesfrom－4．51to27．05．Thea＊－Valueincreasesdurlngthe250－tO350－ka

Period，and the b＊．valueincreases during the O－tO250－ka period・These
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results support that the colour of rock samples becomes more yellowish

durlng the O to250ka period and then more reddish durlng the250－tO

350－kaperiod．

The a＊－b＊diagram shows that the gradient ofthe trendlinefrom

Plotted datais higher during the O－tO250－kaperiod，Whilethe gradientis

gentle during the　250－　tO　350－ka period（Fig．33）．Nakashima（1994）

SuggeStedthatanincreaseinthe b＊一Valueexpressedanincreaseingoethite

and than anincreasein the a＊－Value expressed anincreasein hematite・

Therefbre，the present data of the a＊－b＊diagramindicate that goethite

increases durlngthe O－tO250－kaperiod，andhematiteincreases durlngthe

250－tO350－kaperiod，

3．3．PhysICalproperties

3．3．1．Effectiveporosltyandapparentspecificgravity

Theeffectiveporosity，ne（％），andthe apparentspecific gravity，Gn，

are widespreadindices fbr physICalproperties ofrocks．The methods of

analysIS Were uSed employed by theJapanese Geotechnical Englneerlng

Society（1989）．The effective porosity，ne（％），and the apparent specinc

gravlty，Gn，WereCalculatedbythefbllowlngequations：

G乃＝町／（－均一肝4）　　　　　…（3－2）

乃e＝100×（昭一坪ち）／（ア均一勒）　…（3－3）

Where WTlisthesampleweightinnaturalconditions，Wiisthesampleweight

indryconditions，I巧isthesampleweightinasaturatedcondition，andWiis

thesampleweightinwater・Themeasurementswerecarriedoutuslngabout

20samplestakenffomeachsamplingsite．

Table7showstheeffectiveporosltyandtheapparentspecincgravlty
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ofallthesamples．TheefftctiveporosityrangesffomO．75to30・19％，and

theapparentspecincgravltyrangeSfroml・72to2・77・Temporalchangesin

theeffectiveporosltyandtheapparentspecincgravltyareShowninFig・34・

TheefftctiveporosltylnCreaSeSaStheweatheringperiodincreases，Whilethe

SPeCific gravity decreases during350ka・The effective poroslty raPidly

increasesduringOto20ka，and90to120ka，andafterthatalittleincrease

inthene－Valueoccursduring120to350ka．Ontheotherhand，theapparent

SPeCincgravltyraPidlydecreasesduringOto20ka，and90to120ka，andits

decreaslngrateisslowduring120to350ka．

3．3．2．Poresizedistribution

Using three rock samples taken from each sampling site，POre－Size

distribution（PSD）was measuredwith amercuryintrusionporosimeter，the

Porosimeter2000manufacturedbytheKaru10－EIvaCo・，Italy・ThePSD of

Various rock types has beeninvestigatedin previous studies（e・g・，Tamura

andSuzuki，1984；Uchida，1984；Uchinoeta1．，1984；YamashitaandSuzuki，

1986；Yamaguchi et a1．，1988；Nishiyama et a1．，1990；Uchida et al・，

1991，1992；SuzukiandMatsukura，1992；Oguchietal・，1996；Matsukuraqnd

Matsuoka，1996；Tanakaetal．，1996；Rineta1．，1998；1999a，b；Takahashiet

a1．，1999）．ThemethodwasdevisedbyWashburn（1921），Whoassumedopen

POreS With cylindrical shape．The pore diameter，d，is calculated by the

fbllowingequation：

d＝4γCOSβ／P　　　…（3－4）

Where　γis the surface tension of mercury（484　dyne／cm），Ois the

contactanglebetweenmercuryandsolid（about1310）andPisthepressure

Ofmercuryintrusion．

TheslgnificantrangeofPSDreadingsisfrom3×101FLmtO3・3×
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10－3FLm，Poresaretentativelydividedintothefbllowingfburranges（Suzuki

and Matsukura，1992），d。through dd：large（3．3×101≧d。＞3．3×100），

medium（3．3×100≧db＞3．3×10Jl），Small（3．3×10‾1≧d。＞3．3×10－2）and

verysmall（3．3×10－2≧dd＞3，3×10．3）．Porevolumesperunitweightofrock

samples are denoted as払，Vb，Vt and粕（mm3／g）fbr the fbur grades，

respectively．The sum offL，Vb，Vt and Vdis calledthetotalpore volume，

坑〟椚（mm3／g）．

AllPSD dataare showninTable8．Arepresentative example ofthe

histogramofporesizedistributionisshowninFig．35．Thepatternofpore

Sizedistributionof70－tOl10－karocksmostlyshowsthenormaldistribution．

In histograms fbr120－tO350－ka rocks，the mode－Value ofpore volumeis

except10nally rich．Both the mean pore radius and the totalpore volume

increasewithastheweatheringperiodincreases・

Temporalchangesintheporevolumefractions Vi，Vb，佐and Vdare

Shownin Table9and Fig．36．The values of TL and Vbincrease rapidly

during the120－tO　350－ka period and durlng the90－tO120－ka period，

respectively．On the other hand，V。and粕increase only slightly as the

Weathering periodincreases．These facts show that the pore radius of

Sandstonejncreasesastheweatheringperiodincreases，andincreaslngPOre

SizeismostlymorethanlFLm（TLand朽）・

Themeanporeradius，r（FLm），andthespecificsurfacearea，S（m2／g），

WereCalculatedffomtheporesizedistributiondataftomeachsample・These

results are shownin Table9andFig．37．The meanpore radius，r，rangeS

fromO・005to4・994　FLm，andthespecificsurfacearea，S，rangeS丘omO・46

to6・01m2／g・The mean pore radiusincreases as the weathering period

increases，mOSt raPidly during90to120ka．The specific surface area

increases at a nearly constant rate during350ka．Thus the pore radius

increases varylng amOuntS，but the specific surface areaincreases at a

COnStantrateaStheweatheringperiodincreases．
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3．3．3．Permeability

The permeabilityofsandstoneis usuallymeasured by the transient

Pulse technique（e．g．，Ishijima et a1．，1991，1993）．This method uses a

Cylindricaltestspecimen．ThegravelusedfbrthepresentanalysISistoohard

to fbrminto a cylindrical specimen because the pebbles areirregularly

Shapedandsmall．Therefbre，thepermeabilitywascalculateduslngPSDdata

based on the hydraulic radius model（Peterson，1983）．Calculation was

Carried outbyemploying the method ofRin et al．（1999a），Which uses the

fbllowlngequation：

た＝Gγ〆‡1／2［∑勅）／月）2／〃　　…（3－5）

Wherekis thepermeability（cm／S），Csis aconstantvalue ofO・5，γisthe

Weightperunitvolume，≠istheeffectiveporosity，f（ri）isthefrequencyof

POre Size distribution，riis the capillary diameter（FLm）and FLis the

coefficientofviscosity（dyne・S・cm，2，FLislfbrwater）．

The results are shownin Table9and Fig．38．The permeability of

sandstoneranges ffoml0－11tol0－7cm／s andincreases astheweathering

Periodincreases・Therewasanespeciallyrapidincreasedurin亭Oto20ka

and90to120ka・Afterthat，aSmallincreaseinpermeabilityoccurredduring

120to350ka．

3・3・4・Distributionofdenslty

X－rayCOmPutedtomographyanalysis（X－rayCT），Originallyusedfbr

medical analysIS，has been applied as a new non－destructive method of

measuringinternaldensityandporestructureofrockandsoilsamples（e・g．，

Raynaud et a1．，1989；Nishizawa eta1．，1995；Ikehara，1997；Nakano et a1．，

1997；Sugawaraetal．，1998，1999；Duliu，1999；Geetetal，1999；Otanieta1．，

2000a，b）・AnX－rayCTscannergeneratesacross－SeCtionalimagethroughthe
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rock samples by digitizlng Shadow pICtureS takenfrom various directions・

The methodis based on the measurements ofthe attenuation ofthe X－ray

beam．For monochromatic radiation of knownintenslty，Io，aCrOSS a

homogeneous substance，theintenslty，L received after attenuationin the

materialisgivenbyLambert’sLaw（Raynaudeta1．，1989），aSfbllows：

J＝んe‾′〟クエ　　…（3－6）

where FListheabsorptionvalueperunitmass（cm2／g），Pisthedensity

（g／cm3）andxisthelengthofthematerialalongtheX－rayPaSS．IntensityIis

COnVertedtotheC71valueuslngthefbllowingequations：

J＝んexp（一坊βズ）　　…（3－7）

Cr＝g（拓くん）／【ん　…（3－8）

Where坊istheabsorpt10nValueofthesample，こんistheabsorptlOnValueof

Water（0．171）andKis a constant ofl，000．The CT－Value ofwateris zero．

Sincetheabsorpt10nValueofairisverysmall，0・29×10－4，theCTIvalueof

qir becomes－1，000・The CT－Value depends＿mainly on material denslty

reflectlngPOreStruCture．

Using8to12Sarpplestakenateachsamplingsite，X－rayCTimages

Were meaSured with an X－ray CT scanner，a Toscanar　23200　mini

manufactured by Toshiba Co．，Japan，With　300－kV tube voltage and a

O・5－mm X－ray beam・The equlPment Can analyse a resolution area ofless

thanO．2×0．2mm2．

Representative CTimages are shownin Fig．39．The Crvalue

distributionofeachsandstoneismostlyunifbrminthewholesectionofeach

typeofgravel．WeatheringrindcannotberecognlSedonCTimages・

Decreasing CT－Value seems toindicate decreasing density（i・e・，an

increased porous zone）．This shows that the distribution of poresin
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Sandstoneisunifbrminthewhole sectionofeachspecimen，Distributionof

POreSintheCTimagesisingoodagreementwiththeresultofmicroscope

Observationshowingunifbrmporedistributioninthethinsections（Figs・26

and27）．

Innercracksareexpressedas alowCr－ValuezoneonCTimages，aS

recognisedin120－ka rock（Fig．39）．CTimagesfor samples havinginner

CraCksarecollectedinFig．40．Thisfigureshowsthattheapparentwidthof

eachcrackis aftwmillimeters．

AlthoughX－rayCTanalysIS Showsthatnoweatheringrinds existin

most of the samples shownin Fig・39，a ftw samples haveindistinct

Weathering rinds（Fig．41）．These results arein good agreement with the

resultsofnaked－eyeObservationsofthecuttingsurfacesofrocksamples．

A rapid decreasein the mean CT－Value as the weathering period

increasescanbenotedonCTimagesoftheperiodbetween90and120kaBP

（Fig．39）．Fig．42shows the detail ofthe changesin CTimages ofthe

Sandstone between90and120ka．This figure shows that the Crvalue

rapidly decreases during the periodllO to120ka．In the CTimages of

ll0－karock samples，the CT－Value atthe corner areasinthe outer zoneis

higherthanthat oftheinnerzone．Thisphenomenonis consideredto be a

falseimagecausedbytheX－rayCTmethoditself（Nakanoeta1．，2000）．

TheaveragevalueofC71value，denotedas C㍍，Ofeachrocksample

WaS CalculatedfromthedataofCTimages．Theresults areshowninTable

lO and Fig．43．The value ofC77nrangesfrom807to1594and fbllows a

trend ofdecreasing as the weathering periodincreases，Particularly during

the　90－　tO120－ka period．This findingindicates that sandstone pored

increasedduringthatperiod．

3・4・Chemicalproperties
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3．4．1．ChemicalcompositionuslngX－rayflOrescenceanalysIS

Chemical composition of three rock samples taken　丘om each

SamPlingsitewasdeterminedusingX－rayflorescenceanalysis（XRF：Rigaku

mode13270）withatubevoltageof50kVandatubecurrentof50mA・The

POWderedsamplesweremixedwithawaxbinderataproportionof30：l・The

mixedpowderwasputintoaluminumrlngSandpressedfbroneminutewith

a25－tOnload to make tablet－like pellets3cmin diameter and2mmin

height．

ThefollowingtenmaJOrelementswereanalysed：SiO2，TiO2，A1203，

FeO＋Fe203，MnO，MgO，CaO，Na20，K20andP205．Allchemicaldataare

ShowninTablell．Temporalchangesinchemicalcompositionsareshownin

Fig．44．Plotted datain this figure arelimitedto SiO2，Al203，FeO＋Fe203，

MgO，CaO，Na20andK20．

Figure44Showsthatthe chemicalcompositions ofSiO2，MgO，CaO，

Na20andK20graduallydecreaseastheweatheringperiodincreases，While

thoseofA1203andFeO＋Fe203aremOStlyconstantduring350ka．Although

SiO2isacompoundwith10WSOlubilityinnaturalwater，itleachesouteasily

duetoweathering．Alkalielements suchasMgO，CaO，Na20andK20With

high solubility alsoleach out easily due to weathering，While A1203and

FeO＋Fe203tend to remainin theinternal part of gravel because both

COmPOundshavealowsolubility．Quartz，Plagioclaseandclaymineralssuch

asilliteandkaoliniteconsistofsilica．DecreaslngSilicais consideredtobe

CauSedbyleaching ofclayminerals because they are more soluble thanis

quartz．PlaglOClaseconsistsofalkalielementssuchasNa20，K20andCaO・

The decrease of these elementsis considered to be caused by the

decompositionofplaglOClase．

SincethesolubilityofAlandFeinnaturalwaterislowerthanthatof

alkali elements，it remainsin the matrix of sandstone．Aluminumis

COnSideredtobe suppliedbythedecompositionofplaglOClase，Chlorite and

kaolinite，andironisconsideredtobesuppliedbytheleachingofchlorite．
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TheC］A－andPI－Valuesareexcellentindicesofleachingofchemical

elementsduetoweathering（Reiche，1943；NesbittandYoung，1982）・CIA－

andPI＿Values are calculatedas fbllows：

CIA＝100×Al203／（A1203＋Na20＋K20＋CaO）…（3－9）

〃＝100×SiO2／（SiO2＋（FeO＋Fe203）＋Al203）…（3－10）

whereA1203，Na20，K20，CaO，SiO2andFeO＋Fe203aregivenbyweight％．

The CL4－Value expresses the degree ofleaching ofSiO2，and thePI－Value

expressesthedegreeofleachingofalkalielements（CaO，Na20andK20）・

TemporalchangesinthecalculatedCL4－andPI－Valuesareshownin

Tablell and Fig・45・The CL4－Value ranges from70・14to89・17，While

PI－Valuerangesfrom77．58to84．09．C山一andPI－Valueschangeataconstant

rate during350ka・Using theleast squared fit method，the relationship

between CIA－Value and weathering period，t（ka），and PI－Value and t are

calculatedasfbllows（R2isthecontributionratio）：

C揖＝0．05け70．22，R2＝0．89　…（3－11）

〃＝－0．01日82，81，R2＝0．58　…（3－12）

3．4．2．Distribution ofchemicalelements uslng energy dispersive X－ray

SPeCtrOmetry

Energy dispersive X－ray SPeCtrOmetry（EDS）was conducted to

examinetheconcentrationmapofmaJOrelementsinpolishedthinsections・

Usingthreesamplestakenateachsamplingsite，thechemicalmapplngOfSi，

Fe，Al，K，Na，CaandMgwascarriedout・

TheresultsofaconcentrationmapofSi，Fe，Al，KandNafbr0－，70－，

120－，250－and350－karocks are showninFigs・46to50，reSPeCtively・The

EDSmappingimages showthat（1）theamountofSiinmatrixdecreasesas

27



theweatheringperiodincreases（Fig．46），and（2）theamountofKandNain

Plagioclasedecreasesastheweatheringperiodincreases（Figs・49and50）・A

decrease ofSiinmatrixis consideredto be causedbytheleachingofclay

mineralssuchaskaolinite，illiteandchlorite．DecreasesintheamountofK

andNaarecausedbyleachingofplaglOClase・The amountofFeinmatrix

graduallyconcentratedduring350ka（Fig．47）．TheamountofAlinmatrix

gradually concentrated durlng O to　250　ka，and after that the amount

decreasedduring250to350ka（Fig．48）．

3．5．Mechanicalproperties

The pointloading tensile test（Hiramatsu et al．，1965）is a simple

method fbr examinlng the mechanicalproperties ofrocks．The strength of

about20samples ftomeachterracedepositwasmeasuredwithapointload

Strength apparatus（ModelTS－40；Maruto Co．，Japan）．Tensile strength，qt

（kgf／cm2），iscalculatedbythefbllowingequation：

Jr＝0．肝β／〆　…（3－13）

WhereF。isloadatfailure（kgf），anddisthediameteroftherocksampleat

failure（cm）．Pointloadingtensilestrengthwascalculatedtobetheindexof

POintloadstrength，T，WhichisdefinedbyKimiya（1975a）asfbllows：

r　＝logJ′　　　…（3－14）

AlldataofthepolntloadstrengthtestareshowninTable12．The qt

rangesfrom O．41to　5400（kgf），and the zrranges　銃・Om－0．10to　3．48・

Temporalchangesinthe T areShowninFig．51．Thisfigureshowsthatthe

Valueof T decreases durlng Oto120ka，butafterthatthevalue of z－is
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COnStant during120to250ka．The rock strength decreases most rapidly

durlng90to120ka．

3．6．Summaryoftheresults

Figure52summarisestemporalchangesinthequantitativeparameters，

including colour，PhysICalproperties，Chemicalproperties and mechanical

PrOPerties．The average ofthe measured valuesin each rock propertylS

Plottedinthisngure．

（1）Changesincolour

Figure52showsthatthea＊－Valueincreasesdurlngthe250to350kaperiod

andtheb＊－ValueincreasesduringtheO－tO120－kaperiod，indicatlngthatthe

COlourofrock samples changes丘om greyto yellowish during O to250ka

and subsequently changes to reddish during250to350ka．These results

SuggeSt thatiron mineralsin rock samples change　from ferrihydrite to

goethiteduringOto250kaandfromferrihydritetohematiteduring250to

350ka．

（2）Changesinphysicalproperties

聯ctiveporosiO）：Figure52showsthattheeffectiveporosity，ne，increases

as the weathering periodincreases．The effective porosltymOStlylnCreaSeS

duringthe O－tO120－kaperiod，andafterthat a smallincreasein neoccurs

duringthe120－tO350－kaperiod．Thisresultshowsthatthevolumeofopen

POreSraPidlyincreasesduringOto120ka．

Poresizedistribution：Figure36show亭thatthe pore volumes，粒，and抱，

increase slightly as the weathering periodincreases，While Vb raPidly

increasesduring90to120kaand TLrapidlylnCreaSeSduring120to350ka．

This result shows that the pore radius of sandstoneincreases as the

29



Weathering periodincreases，but that enlargement occurs mainlylnlarge

POreS mOre thanliLm（Vi and Vb）・AsShownin Fig・52，the mean pore

radius，r，lnCreaSeS aS the weathering periodincreases，Particularly rapidly

during90to120ka．Ontheotherhand，thespecificsurfacearea，S，increases

ataconstantrateduring350ka．

Distributionqfldensity：Figure52showsthattheCTn－Valuedecreasesasthe

Weatheringperiodincreases，andinparticularitdecreasesrapidlyduring90

to120ka．Thelatter supports the result that the pore radius ofsandstone

increasesduring90to120ka．

（3）Changesinchemicalpr？Perties

Figure44Showsthatthe chemicalcompositions ofSiO2，MgO，CaO，Na20

andK20graduallydecreaseastheweatheringperiodincreases，Whilethose

Of Al203and FeO＋Fe203are mOStly constant during350ka．This result

ShowsthatSiO21eaches easilyduetoweatheringdespiteitslowsolubility・

High－SOlubilitycompoundssuchasMgO，CaO，Na20andK20（COnSistingof

alkali elements）alsoleach easily due to weathering，but A1203　and

FeO＋Fe203tend to remainin theinternal part of gravel because both

CO．mPOundshavelowsolubility・AsinFig・52，theCu－Valueincreasesand

thePI－Value decreases constantlyastheweatheringperiodincreases．Thus，

ChanglngrateSOfchemicalweatheringareconstantduring350ka．

（4）Changesinmechanicalproperties

Figure52Shows thattheindex ofpolntloadstrength，T，decreases during

theO－tO120－kaperiod，butafterthatitisconstantduringthe120－tO250－ka

Period．Rockstrengthdecreasesmostrapidlydurlng90to120ka．
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4．Discussion

4．1．Temporalchangesinrockproperties

Thetemporalchangesinrockpropertiesduetoweatheringduring350

ka are examined using the above results．Patterns oftemporalchangesin

rockproperties showninFig．52canbe subdividedintothefbllowing81ree

types：

伽e－1）：b＊－Value，efftctive porosity，ne，mean POre radius，r，mean CT

Value，CTn andindexofpolntloadstrength，T．Theserockpropertieshave

highratesofchanglngduring90to120ka，Whiletheychangeonlyslightly

duringOto90kaand120to350ka，

作岬e－2）：a＊－Value・Theserockproperties changerapidlyduring250to350

kabutonlyslightlydurlngOto250ka．

伽e－3）：Specific surface area，S，and two chemical weatheringindices

（C］A－andPI－Values）．These rockproperties change constantly during O to

350ka．

Quantities showing the Type－l patterninclude physical properties

except fbr the specific surface area，meChanicalproperties and the colour

index of the b＊－Value：the patterns of temporal changesin physICal and

mechanicalproperties andthecolourindexoftheb＊一Valueare similar・The

ChanglngPatternS OfphysICalproperties are similartothose ofmechanical

PrOPerties．

ThephysICalpropertiesandthecolourindiceschangedurlngtheOrt0

120－ka period．Theindex of polntload strength has decreased to the

minimum value befbre120　ka，i・e・，rOCk strength nrst decreasesin

COmParisonto the otherrockproperties ofType－1．This resultcorresponds

Welltotheresultsofpreviousstudies（i．e．，Oguchietal．，1994）．Thisrelation
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SuggeStS that rock strengthis reduced by even slightlyincreaslng POre

VOlume and／orinnercracks．

The Type－2　pattern occurs onlyin the a＊－Value．The a＊－Value

increases with the amount of hematite and degree of mineralization of

hematite（e．g．，Nakashima，1994）．The changes ofiron minerals due to

Weatheringarediscussedindetailinsection4．3．2．

TheType－3patternincludesthespecincsurfaceareaandthechemical

Weatheringindices（CIA－andPI－Values）．Thechangingratesofbothindices

are almost constant during350ka．This changlng Pattern SuggeStS that

Chemicalreactions occurred actively at the surface ofthe materials with a

large specific surface area，aSindicated by Oguchi et al．（1994）and

Matsukura et al．（2000）．Since the specific surface area of sandstone

increases ataconstantrateduring350ka，the chemicalweatheringindices

Changeataconstantrateduring350ka．

TemporalchangesinrockpropertiesofType－laccelerateduring90to

120　ka・The period corresponds to the LastInterglacial Stage（Marine

Isotope Stage5：MIS5）during70to120kaBP．The age ofthemaximum

interglacial stage（MIS5e）is estimated to be about120ka BP．Thus the

rapidchangesintheserockproperties occurredduringthe LastInterglacial

Stage（MIS5）．This agreementmaysuggestthatawarmclimateduringthe

MIS5accelerated changesin rock properties・However，nOt all the rock

PrOPerties changed rapidly during the MIS5，anditis not clear that the

relationshipsbetween changlngrOCkproperties were dueto weathering and

effbctsofchangesofclimateduringtheQuaternary．

4．2．Relationshipsbetweenrockproperties

Rockproperties belonglngtOthe sametype maybe consideredtobe

Closelyrelatedto eachother・Therelationshipsoftheserockpropertiesand
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ChanglngmeChanismsarediscussedbelow．

At first，relations with clear causality are discussed．Although no

discussionwascarriedoutaboutporevolume，Vb，andpermeability，k，both

ParameterSbelongtoType－1．Rockstrengthisaffectedbypropertiessuchas

the effectiveporoslty，ne，the mean CT－Value，CTn，theindex ofpolntload

Strength，T，andporevolume，Vb．Therelationshipsbetweenz・，CTnandne

areshowninFig・53，andthatbetween T・andVbisshowninFig．54．These

figures showthat T hasahighcorrelationwithC㍍，neand Vb．Usingthe

least－SquareS flt method，the relationships between z・and the other three

valuesareexpressedasthefbllowingequations（R2isthecontributionratio）：

r＝0．003C㍍－0．872，R2＝0．690　　…（4－1）

r＝－0．064乃e＋2．862，R2＝0．682　　　…（4－2）

r＝－0．022朽＋2．571，R2＝0．792　　…（4－3）

The maximum amount ofthe contribution ratio was obtained uslnglinear

equations・Since R2　reaches more than O・6in these equations，the

relationshipsamong z・，C7L7，neand VbCanbesignincant．Equations（4－1），

（4－2）and（4－3）showthatdecreasing Tis a鱒ectedbyphysicalproperties

SuCh as CTn，neand Vb．The scatterlnglntherelationship of T tO CTL，ne

and Vbis recognlSed・The reason fbr this scatterlnglS that strengthis a

SenSitive parameter that depends on the existence ofinner pores and／or

cracks．

TherelationshipbetweenC㍍andneisshowninFig．54b．Thisngure

Shows that C㍍has ahigh correlation with ne．Using theleast－SquareS nt

method，therelationshipbetweenC77nandneisexpressedasfbllows‥

C㍍＝－23．39〝e＋1459．92，R2＝0．869　　…（4－4）

Themaximumamountofthecontributionratio was obtainedusingalinear
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equation．SinceCTnreflectsthedensltyOfmaterials，ltSeemStObeingood

relationtothevolume ofpores，i．e．，the effectiveporoslty・AlthoughX－ray

CT analysISis not a common method fbr estimation of rock properties

becauseitinvoIves the use of very expensive equlPment，C㍍is easily

estimated丘omneusingEquation（4－4）．

The permeability，k，has a high correlation with r and ne（Fig・55）・

Usingtheleast－SquareSfitmethod，therelationshipsbetweenkandrorneare

expressedasfbllows：

た＝7×10－10rO・96g，R2＝0．877

た＝3×10・12乃eL964，R2＝0．855

…（4－5）

…（4－6）

The maximum amount ofthe contribution ratios was obtaineduslngPOWer

function・SinceR2reachedmorethanO・8inbothequations，Permeabilityof

rocksseemstobestronglyaffectedbythemeanporeradiusandtheeffective

POrOSlty・

The relationships between the chemicalweatheringindices ofCL4－

andPI－Values and the specific surface area，S，are Shownin Fig．56．This

figure showsthatShas ahighcorrelationto CIA－andPI－Values．Usingthe

least－SquareS ntmethod，therelationshipsbetween CJA－OrPLvalues andS

areexpressedasfbllows：

C〟＝5．182∫＋67．664，R2＝0．940　　…（4－7）

PJ＝－1．410g＋83．718，R2＝0．917　　…（4－8）

Themaximumamountofthe contributionratiowasobtaineduslngalinear

equation．R2reachesmorethanO．9inbothequations．Equations（4－7）and

（4－8）showthatincreasingCu－ValueanddecreasingPI－Valueareaffectedby

increaslngS．IfSincreases due to weathering，the CIA－Valueincreases and

thePI－Valuedecreases．SinceincreaslngrateSOfthespecincsurfaceareaare

34



COnStantduetoweathering，rateSOfchemicalweatheringseemtobeconstant

during350ka．

Although causalitylS nOt Clear，COrrelationis observed between the

mean pore radius，r，andthe pore volume，Vb，Orthe effective poroslty，ne

（Fig．57）．Thisfigureshowsthatrhasahighcorrelationto Vbandne．Using

theleast－SquareSntmethod，therelationshipsbetweenrandVb，randne，are

expressedasfbllows：

γ＝0．051穐0・878，R2＝0．772

r＝0．004乃el・935，R2＝0．767

…（4－9）

…（4－10）

The maximum amount ofthe contribution ratio was obtained uslng POWer

function・R2reachesmorethanO・7inbothequations・Theseequationsshow

thatrincreaseswith VbValueandne，Ther－Valuecan，therefbre，beestimated

丘om朽and乃g．

The relationships between chemical weatheringindices（C7A－and

PI－Values）andne are showninFig．58．Usingtheleast－SquareS ntmethod，

therelationshipsbetweenchemicalweatheringindices andne are expressed

as‾bllows：

C以＝0．635乃e＋69．249，R2＝0．775　　　…（4－10）

〃＝－0．194乃e＋83．567，R2＝0．956　　　　…（4－11）

Althoughthetwochemicalweatheringindicesandeffectiveporosltybelong

toanothertypeoftemporalchange，thecontributionratiointheseequations

ishigh・Therefbre，ifthe CIA－Valueincreases and／orthePI－Valuedecreases

due to weathering，ne Willincrease．These relationshipsindicate that the

increasedporosltyWaSCauSedbyleachingofchemicalelementssuchasSiO2

and alkalielements（K20，Na20，MgO and CaO）．As shownin Fig．52，a

Similar patternis recognised between the colourindex（b＊－Value）and the
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effectiveporoslty．

Relationshipsbetweentheb＊－Value，theeffectiveporoslty，neandthe

Permeability，k，areShowninFig．59．Changesoftheb＊一Valuehaveahigh

COrrelation to the effective poroslty and the permeability・Using the

least－SquareSfitmethod，therelationshipsbetweentheb＊－Valueandneork

areexpressedbythefbllowlngequations：

乃g＝2．526eO朋4占＊，R2＝0．814　　…（4－12）

た＝10‾lleO・208ゐ＊，R2＝0．680　　…（4－13）

The maximum amount ofthe contribution ratio was obtained using power

function．Intryingtodeterminetheweatheringmechanismofsandstone，the

high correlationamongne，kandthe b＊－Value cannotbe explainedbecause

these parameters areirrespective of each other directly．However，high

COrrelationsamongne，kandtheb＊－Valuearerecognisedbecause（l）changes

inthe effectiveporoslty，thepermeabilityandcolouroccurredinthewhole

rock samples，and（2）these changes progress with a similarpattern as the

Weathering periodincreases．Since changesin colour（b＊－Value）confbrm

Withchangesinporosltyandpermeability，SOme Changesincolourseemto

begoodindicatorsofcertainrockproperties．

Therelationshipsbetweenrockpropertiesaredescribedquantitatively

byEquations（4－1）to（4－13）．Equations（4－12）and（4－13）canbeappliedto

theproblemsinenglneerlnggeOlogydescribedinsection4・4・

4．3．MechanismofweatherlnglnSandstonegravel

4．3．1．Changeinpore structurein sandstone due toleaching ofmatrix

minerals

The weathering mechanism of sandstone has been explained by
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increasing pore volume and radius caused byleaching ofmatrix minerals

（e．g．，ChigiraandSone，1991）．Theprimaryporegeometryofsandstonehas

been examinedin previous studies　丘om the viewpolnt Of oil reservoir

assessmentinpetroleumgeology（e．g．，Krohn，1988；UchidaandTada，1991）．

Thepore geometryofsandstoneis approximatedtotheskeletonnetworkin

PreVious studies（e．g．，Peterson，1983；Doyen，1988）．Doyen（1988）has

COnStruCtedamodelofporestructure，ShowninFig．60，thatassumesthatthe

distribution ofpores andtheporeradius areunifbrmthroughoutthe whole

rock．

The changlngPOre StruCturein sandstone due toweatheringcanbe

explainedasshowninFig．61basedontheskeletonnetworkmodellikethat

ShowninFig・60・Observations ofphotomicrographs（Figs．26and27）and

PSDdata（Figs・35and36）showthat（1）connectedandelongatedporeswith

adiameterofltolOiLmaremainlyfbrmedinmatrix，and（2）micro－POreS

With a diameter ofless thanl FL m are rare・Observations of

Photomicrographs and CTimages suggest that the distribution ofporesis

unifbrmthroughoutthewholegravel・Theprocessofporefbrmationseems，

therefbre，tO OCCur Simultaneouslythroughoutthe gravel．This supports the

fieldevidencethatsandstonehasnoweatheringrind・

Themeasurementsoftheeffectiveporosltyandpore－Sizedistribution

Showthattheporevolumeandthemeanporeradiusofsandstoneincreaseas

the weathering periodincreases，aS fbllows：（1）pore volume，Vb，and

effectiveporosity，ne，raPidlyincreaseddurlng90to120ka，aSShowninFigs・

34and36，reSPeCtively，and（2）although Virapidlyincreasedduring120to

250ka，neincreasedonly slightly during120to250ka（Figs．34and36）．

Thesechangesareexplainedbytheconnectionofporesthatcausedchanges

totheporestructure．Forexample，ifneighboringporesrunnlngParallelare

COnneCted byleaching of matrix with each other，the V”m－Value would

increasebuteffectiveporosltyWOuldremainconstant．CTnrapidlydecreased

duringllO t0120ka（Fig．43），Which seems to have been caused by the
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increaslngPOreradius，nOtbytheincreaslngPOreVOlume・

The changlng Pattern Ofthe CT－Value corresponds to the changlng

Pattern Of Vb．On the other hand，the rate of change of the chemical

Weatheringindices of sandstoneis constant during350ka，The apparent

inconsistency of the changlng Pattern between the chemical weathering

indicesandtheCT－Valuecanbeexplainedbytheincreaseofconnectedpores・

XRF data shows that thereis no evidence ofrapidleaching ofchemical

durlng the　90－　tO120－ka period．Theincreased r－Value and decreased

C71value seems to be caused by the degree ofincreased pore connection

duringthe90－tO120－kaperiod．

Some studies ofthe weathering ofsandstone have been carried out

（e・g・，Chigira and Sone，1991；Buntenuth et a1．，1998）・Chigira and Sone

noted that weathered tuffaceous sandstoneis cemented by zeolite，and

Buntenuthetal．wrotethattheweatheredsandstonetheystudiediscemented

bysilicagels．Thesestudiesbothindicatedthatleachingofmatrixminerals

Plays animportant rolein weathering ofsandstone・Itis wellknown that

Calcite，ZeOlite，Silica gels and pyrlte are eaSily dissoIved．Asdescribed

above，XRDresultsshowthatthesemineralsarenotincludedinsandstoneof

the present study．In general，PlaglOClase changesinto some kinds ofclay

mineralssuchaskaoliniteduetoweathering（e．g．，Ollier，1969；Chida，1996）・

However，Clay minerals and plag10Clase monotonously decrease as the

Weatheringperiodincreasesduring350ka，andincreasingclaymineralsdue

toweatherlngCannOtberecognlSedffomtheXRDresults．

ChigiraandSone（1991）discussedthat（1）concentratedironminerals

鎖lledthepore spaceinmatrixwithweathering，and（2）decreasedeffective

POrOSlty andincreased denslty OCCurred as a result ofiron concentration・

Photomicrographic observation and PSD data show that the effbctive

POrOSity，ne，increases as the weatheringperiodincreases（Figs・26，27，34

and46），althoughiron minerals concentratein the matrix of sandstone・

Cementation of sand particles bylrOn mineralsis not．clearin sandstone
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gravelofthepresentstudybecauserockstrengthdecreasesastheweathering

Periodincreases．

Although the pore volume and the pore radiusincrease as the

Weathering periodincreases，the specific surface area and the chemical

Weatheringindices change at a constant rate during350ka，Microscope

Observation showsthattheporescausedbyleachingofmatrixminerals are

mostly straight and cylindricalin shape．The specific surface area of

Straight－like cylindrical pores seems to be small，eVen though the pores’

radiusis big・Characteristicproperties ofsandstoneweatheringarethat（1）

the pore radiusincreases as the weathering periodincreases，and（2）the

Changlng rate Ofthe specific surface areais constant．In general，Chemical

reactionoccurredatthe surfaceofthematerials．Chemicalweatheringrates

are constant because theincreaslng rate Of the specific surface areais

COnStant・ChanglngPatternSOfchemicalweatheringofrockscorrespondsto

that ofthe specific surface areaofrocks．The results ofXRF data connrm

thattheratesofchemicalweatheringareconstant．

The weathering mechanism of sandstone can be understood as the

Sequentialleaching ofmatrix，aS Shownin Fig．61．At the early stage of

Weathering，the porosltyOfsandstoneislowbecause thematrix consists of

Clay minerals such asillite，kaolinite and chlorite．At thelater stage of

Weathering，elongatedandconnectedporesfbrminthematrixasaresultof

theleachingofclayminerals．

PSD data and the results of microscope observation show that

geometrically，the pores are elongated and connected to each other．The

POreS arein accordance with an elongate pore modeldescribedby Scholle

（1977）・Thustheleachingofmatrixinsandstoneismostlyunifbrmineachof

thewholerocksamples．Aweatheringrindcannotbe seeninthesandstone

because of theleaching that has occurred・The pore shapeis alsoin

accordancewiththemodelofDoyen（1988）（Fig．60）．Doyen（1988）suggests

that the pore space morphology of sandstoneis similar to the skeleton
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StruCture，havinganetworkofcylindricalchannels．Insandstone，Cylindrical

ChannelsseemtobefbrmedinmatrixlikethoseinthemodelshowninFig．

60．In addition，the pore volume and the meanpore radiusincrease as the

Weathering periodincreases，and，thus，the radius ofcylindrical channels

SeemS tOincrease as the weathering periodincreases．To summarise，the

leachingofmatrixandtheresultinglnCreaSedporevolumeplayamq70rrOle

intheweatheringofsandstone．

4．3．2．Concentrationofironmineralsinmatrixofsandstone

ThechanglngPrOCeSSOfironmineralsduetoweatheringaffectsrock

StruCture and changesin colourofsandstone．The results ofobservationof

microphotographs show thatiron minerals accumulatedin matrix as the

Weatheringperiodincreased．SmallamountsofironmineralsarefbundinO－

to20－karocks，andtheamountsincreasein70－tO350－karocks．Particles of

iron minerals with a maximum diameter oflOO FLm are reCOgnisedin

350－ka rock．In addition，the results ofEDS show that Fe concentratesin

matrix as the weathering periodincreases．In O－　tO　70－ka rocks，the

COnCentrationofFeislowovPrthewholethinsection，WhileconcentratedFe

fbrmsparticlesin120－tO350－karocksinmatrix，Withamaximumdiameter

ofas much aslOO FLm・Fe2＋is fbrmed byleaching ofchlorite due to

weathering・Fe2＋iseasilyoxidizedtoFe3＋inanoxidativeenvironmentsuch

asinterracedeposits・Fe3＋isprecIPitatedwithintherockbecauseFe3＋hasa

low solubilityin naturalwater（e．g．，Ichikuni，1972）．Hydroxides such as

ferrihydrite are fbrmed by precipitation of Fe3＋・The reaction ofiron

PreCIPltationisexpressedbythebIlowlngequations：

Fe3＋＋30汀→Fe（OH）3　　　　　　…（4－14）

5Fe（OH）3→Fe5HO8・4H20＋3H20　　…（4－15）
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Where ferrihydrite（Fe5HO8・4H20）is an amorphous mineral commonly

recognisedin red soils（e，g．，Torrent et a1．，1982；Schwertman and Murad，

1983，1988；CampbellandSchwertman，1984；ArakiandKyuma，1987）．

Thecolourofsandstonegravelchangestoyellowishorreddishasthe

Weathering periodincreases．The colour of rocksis affected by theiron

minerals contained therein．For example，ifhematiteis added to powdered

WhitealminabyO・77andO・05weightpercent，thepowderchangestoredand

Pink，reSPeCtively．Thissuggeststhatwhensandstonebecomesreddishdueto

Weathering，itiscausedbyanincreaseinironmineralssuchashematite．The

typeofironmineralscouldnotbedetectedbyXRDanalysISOfthesandstone

becauseit has a relativelylowiron mineral content．The results ofcolour

measurement and spectroscopy analysIS SuggeSt thatiron mineralsin rock

SamPles changefrom fもrrihydrite to goethite（α一FeOOH）during the O－tO

250－kaperiodandfromferrihydritetohematite（α，Fe203）duringthe250－tO

350－kaperiod．

Several studies have been carried out that examined the changlng

mechanism ofiron mineralsin red soils（e．g．，Torrent et al．，1982；

SchwertmanandMurad，1983，1988；CampbellandSchwertman，1984；Araki

and Kyuma，1987）．Ferrihydrite could notidentined by XRD becauseitis

amorphous・Mizukamietal．（1999）haveshownhydrogen－COntainingminerals

inweatheredsandstoneuslngnearinfraredspectroscopyanalysIS・Inaddition，

manyamorphousironmineralswereincludedinredsoilsontheHigashibaru

terraceintheMiyazakiPlain（Akagietal，1997）．Thesehydrogen－COntaining

minerals and amorphousiron mineralsin the present study seem to be

COnSideredftrrihydrite．

Experimental studies of the dehydration of ferrihydrite have been

Carried out by Torrent et al．（1982）and Schwertmann and Murad（1983）．

Thesestudiesshowthathematiteincreasesathightemperature，lowhumidity

and neutrality conditions，and goethiteincreases atlow temperature，high

humidity，and acidic and／or alkaric conditions．The fbrmation process of

41



goethite and hematite　from ftrrihydrite（Fe5HO8・4H20）is discussed by

Torrent et al・（1982）．The results ofthis paper show that ferrihydrite can

transfbrm to hematite and goethite at high relative humidity，about93％

（Torrent etal，1982：Fig．62）．Whenthereis alowerrelativehumidityanda

high temperature，the transfbrmation to hematiteis highly favored over

transfbrmation to goethite．These reactions are described by the fbllowlng

Chemicalequations：

2Fe5HO8・4H20→5α－FeOOH＋2H20　…（4－16）

2Fe5HO8・4H20→5α－Fe203＋5H20　　…（4－17）

The results ofcolourmeasurement and spectroscopIC analysIS Show

thatgoethiteincreaseddurlng70to250kaBP，andhematiteincreasedduring

250to350kaBP（Figs・30and33）・Althoughchangesofironmineralsseem

tobecausedbychangesinenvironmentalconditionssuchastemperatureand

humidity at　250　ka，this contradicts the many studies concernlng the

Quaternaryenvironmentalchanges．Forexample，aSglacial－interglacialcycles

arerecognisedinthe Quaternary，drastic environmentalchanges around250

ka contradict the above results・Because ofthis，Changesinirop minerals

CannOtbe explainedbyenvironmentalchangesthatoccurredaround250ka・

These considerations suggest that theformation ofhematite required more

timethandidthefbrmationofgoethite・ThereactioninEquation（4－16）Seems

tohaveoccurredduringtheearlystageofweathering，between70and250ka，

andthereactionin Equation（4－17）Seems tohave occurredduringthelater

StageOfweathering，between250and350ka．

Thepaleoredsoilsarerecognisedatthetopofterracedepositsduring

llO to350ka・The soils are yellowish durlngllO to120ka and reddish

during250to350ka・ThechanglngPatternOfsoilcolouriscorrelatedtothe

Changing pattern ofsandstone graveldue to weathering．Matsui（1963），fbr

example，discussed that paleo red soils are fbrmed by oxidation of soil
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fbrmlng minerals under high temperatures during theinterglacial period・

Formation processes ofboth reddish weathered gravel and red and yellow

SOils arethoughtto have occurredbecausetheweatheringofgravelandsoil

OCCurredathightemperaturesintheinterglacialperiod・Fieldevidenceshows

thatweathered gravelbeds graduallytransforminto red andyellow soils on

thesurface．Oxidationofironmineralsmayaccelerateunderhightemperature

COnditions，aSintheinterglacialstage．The CIA－andPI－Values change at a

COnStant rate during350ka．Thereis no evidence ofrapid changesin the

Chemicalweatheringindices during the90－tO120－kaperiod．The effect of

global climate changes on chemical weathering was not observedin the

PreSent Study．Furtherinvestigation willbe needed to clarifythe efftct of

globalclimatechangesonrockweathering．

4・3．3．Summary

The behavior and crystallization ofironin sandstone graveldue to

WeatheringaresummarisedinFig・63・IronorlglnateSfromchlorite・Changlng

ironbyoxidation，hydrationandmineralizationduringweatheringultimately

PrOducesgoethiteandhematite・Therockstructurァandcolourofsandstone

gravelseemtobeaffbctedbychangesofironmineralsinmatrix．Insummary，

the weathering mechanismofsandstone，aSillustratedin Fig・64，is that an

increaseinporevolumeandporeradiusiscausedbyleachingofclayminerals

inmatrix．Inaddition，theporevolumeandthemeanporeradiusincreaseas

theweatheringperiodincreases．IncreaslngPOreVOlumeandconcentrationof

ironmineralsinmatrixleadtotheconclusionthatchangesinrockproperties

Ofsandstoneareduetoweathering・

4・4・ApplicationtoenglneerlnggeOlogy
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Studyoftheeffectsofweatheringonrockmassisofgreatimportance

in the neld ofenglneerlng geOlogy．For example，the rock mass qualitylS

Slgnificantlyaffectedbydeteriorationcausedbyrockweathering・Considered

asanenglneeringmaterial，rOCkdisplaysextremevariationinthreeimportant

engineering properties，namely（1）strength，（2）permeability and（3）

defbrmability（Japan Society of Engineering Geology，1992）・In general，

Weathered rock usually becomes weak，highly defbrmable and highly

Permeable（e．g．，Nishida，1986）．

The physICalandmechanicalproperties ofsmallrockpleCeS SuCh as

drilling cores or hand specimen samples can be easily obtained，but these

PrOPerties oflarge rock masses cannot be easily obtained，Since they are

assemblies ofrockpieces andvariouskinds ofgeologlCaldiscontinuitysuch

asbeddingplanes，SChistosity，jointsandfaults（e．g．，Goodman，1976；1989）．

Therefbre，SOmeSimplemethodsmustbedevelopedfbrtechnicallyevaluatlng

thefbundationrockmasses．Arockmassclassincationsystemhasbeenused

to evaluate the fbundation rock masses（Tanaka，1964；Japan Society of

Engineering Geology，1992），butit provides onlylimitedinfbrmation．This

SyStem fbcuses on factors related to the degree ofweathering．In the rock

mass classification，W＿eathered rocks are roughly classifiedinto several

degreesofweatheringwiththeaidofthefbllowingproperties：（1）colourand

Change ofstructure observedwith the naked eye，and（2）Strength whenhit

With a rock hammer．However，PreCise determination of the degree of

Weatheringbasedonrockcolourishardlycarriedout，eVenthoughthechange

incolouristhefirstobservedfeatureofweatheredrocks．

Rockmassclassificationhasbeenwidelyusedtodesigndams，tunnels，

deep underground caverns and fbundations of electric power plants（e・g．，

Tanaka，1964；Makita et a1．，1991；Japan Society ofEnglneerlng Geology，

1992）．However，this classincationis mostly based on the experience of

englneering geologlStS．Itisimportant to develop clear standards fbr rock

mass classification．Ifit were possible to quantitatively record rock colour，
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One might achieve a somewhat objective view of classincation based on

Weathering．As mentionedin section4．3．1，COlourmeasurement and visible

SPeCtrOSCOPyanalysIS areSlgnificanttooIsfbrtheclassincationofweathered

rock．

As mentionedin section4．2．，therelationships amongrockproperties

Canbedescribedquantitativelybyequations（4－1）to（4－13）．Theseequations

Can be applied to englneerlng geOloglCalproblems．In particular，effective

POrOSlty and b＊－Value are closely related to many other rock properties．In

addition，Sinceboth parameters canbe measured easily，they can be widely

applicable fbr many englneerlng PrOblems．Colour measurementis an

especiallyusefultechniquefbrenglneerlnggeOlogy・Forexample，Sincerock

COlour canbe obtainedbyrapidmeasurementin a fbw secondsinthe neld，

efftctiveporosityandpermeabilitycanbecalculatedbyEquations（4－12）and

（4－13）・Colour measurement can be applied to the evaluation ofaggregate

materials，tOO・ThejudgementofaggregatesrequlreSthattheresearcherknow

the absorpt10n ratio ofwater，ab，andthe apparent dry specific gravity，Gd．

Therelationshipsbetweenb＊－Value andab and GdCanbediscussed，because

these parameters were obtained as shownin Tables　6　and　7．These

relatiopships are shownin Fig・65・Changes of b＊－Value have a high

COrrelationtotheabsorptlOnratioofwaterandapparentdryspecificgravity・

Usingtheleast－SquareSfitmethod，therelationshipsbetweenb＊－Valueandab

andGdareeXPreSSedbythefbllowingequations（R2isthecontributionratio）：

α占＝0．927eO・107∂＊，R2＝0．830　　…（4－18）

Gd＝－0．028占＊＋2．699，R2＝0．781　…（4－19）

Aggregate materials fbr dam concrete requlre that the upperlimit of the

absorption ratio ofwaterbe3　％　andthatthelowerlimit ofapparent dry

SPeCincgravitybe2．5（JapanSocietyofCivilEngineers，1996）．Theresultsof

CalculationusingEquations（4－18）and（4－19）showthattheupperlimitofthe
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b＊－ValuecorrelatedtotheabsorptlOnratioofwaterisl．17，andcorrelationto

the apparent dry specinc gravltyis　7．10．Using colour measurement of

Sandstonein the field，the judgment of aggregates can be donein a ftw

SeCOnds．In orderto use aggregate materials，therelationships between each

rocktypeandcolourvaluemustbeclarined．

Goodrelationshipsbetweentherockmass classificationrank，SuChas

D，CL，CMandCH，andthecolourvalue（b＊－Value）areexpected．Whenthose

relationships have been established，a mOre Objective classification ofrock

masses willbe possible uslng COlour measurement．However，relationships

between rock types and colour value differ depending on the rock type，SO

each type of rock and colour value will have to be classined befbre an

Objectiverockmassclassincationsystemcanbecompleted．

In summary，COlour measurement can be a very useful methodin

englneerlnggeOlogyfbrthe estimationofavarietyofotherrockproperties

SuChastheefftctiveporosityandthepermeability．
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5．Conclusions

Changesin several rock properties due to weathering have been

investlgated，and the weathering mechanism ofsandstone has been clarined

uslngSandstone gravelindatedterrace depositswhosefbrmative ages areO，

20，70，90，110，120，250and350ka・ThefbllowlngCOnClusionscanbedrawn

fromthisstudy：

（l）Although the appearance ofquartz phenocrysts does not change as the

Weatheringperiodincreases，PlaglOClasehasdecomposeddurlng350ka・Clay

mineralsinmatrixalsodecomposedastheweatheringperiodincreased，While

ironmineralshavegraduallyconcentratedinmatrixduring350ka・

（2）Thea＊－Valueincreasedduring250to350ka，andtheb＊－Valueincreased

durlng O to120ka・This result suggests thatironmineralsinrock samples

Changeld］from fbrrihydrite to goethite between O and250ka andfrom

ftrrihydritetohematitebetween250and350ka．

（3）Efftctive porosityincreases as the weathering periodincreases．Pore

VOlumeindicators such as竹，and粕increased slightly as the weathering

Periodincreased，While Vbincreased rapidly during90to120ka and Vi

increased rapidly during120to350ka・These results show that the pore

diameter ofsandstoneincreases as theweatheringperiodincreases，andthe

increasedpore sizeismostlymorethanl FLm（VLand Vb）．Themeanpore

diameterincreases as the weathering periodincreases，Particularly rapidly

duringthe90－tO120－kaperiod・Ontheotherhand，thespecincsurfacearea

increases ataconstantratedurlng350ka・ObservationofX－rayCTimages

Showsthatthedistributionofporesinsandstoneisunifbrmthroughouteach

Sandstonegravel．

（4）The chemicalcompositionofSiO2，MgO，CaO，Na20andK20gradually

decreases as the weathering periodincreases，While that of Al203　and

FeO＋Fe203ismostlyconstantduring350ka．TheseresultsshowthatSiO2is

leached easilydue to weathering，eVenthoughithaslow solubility・Highly
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SOlublecompoundssuchasMgO，CaO，Na20andK20alsoleacheasilydueto

Weathering，butAl203andFeO＋Fe203tendtoremainintheinternalpartof

gravelbecausebothcompoundshavelowsolubility．TheCL4－Valueincreases

andthePI－Valuedecreasesatconstantratesastheweatheringperiodincreases．

Thusratesofchemicalweatheringareconstantduring350ka．

（5）Theindexofpointloadstrengthdecreases during Oto120ka，but after

that remains constant during120to250ka．In particular，rOCk strength

decreasesduring90to120ka．

（6）Therockstructureandcolourofsandstonegravelseemstobeaffectedby

Changesintheironmineralsinmatrix．ThebehaviorandcrystallizationofFe

due to weathering caused by oxidation，hydration andmineralization during

Weatherlng，Whichultimatelyproducesgoethiteandhematite．

（7）Weathering causes theleaching ofmatrix materialsin sandstone，Which

increases pore volume and pore radius．In addition，POre VOlume and mean

POre radiusincrease throughout gravelas the weathering periodincreases・

These findingslead us to conclude that changesin the rock properties of

Sandstone duetoweatheringaretheresultofincreasedpore volume andthe

COnCentrationofironmineralsinthesandstonematrix，
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Table4Agesoftheterracesbasedontephrochronology

Name SymboI Age（ka）
d
n
O
払
再
占
d
霊
山
払
∃
O
A

n
n
O
払
u
u
再
ヒ
0
｝

JOp【○

Fukadoshisurface

Ikatsunosurface

SaitobaruSurfhce

NyutabaruSurface

Babasurface

SanzaibaruSurface

ChausubaruSurface

UruShinobaruSurface

HigashibaruSurface

ShiibaruSurface

20

40

70（？）

90

110

120

250

300～250

350

500（？）
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Table5ResultsofX－raydiffractionanalysis

Qtz：Quartz，Pl：Plagioclase，Kln：kaolimite，Ill：illite，Chl：Chlorite

Gt：Goethite，Hem：Hematite
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Table6ResuItsofcolourmeasurement

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　a＊av．　b＊av．

P－l

P－2

P－3

P－4

P－5

P－6

P－7

P・8

P－9

P－10

P－11

P－12

P－15

P－16

P－18

P－19

P－20

P－21

41．46　　　1．11

53．23　　　3．72

50．46　　　1．41

49．94　　　－1．16

53．66　　　－0．35

52．24　　　－0．57

49．31　　　0．23

38．89　　　－0．58

42．65　　　－0．47

45．78　　　－0．37

34．28　　　－0．40

47．63　　　　0．54

38．65　　　－0．28

34．26　　　－0．47

54．18　　　1．55

44．49　　　－0．62

44．53　　　－0．13

50．24　　　－0．05

3．34　　　36．95　　　－0．76

11．02　　　48．74　　　2．12

7．63　　　41．87　　　－0．87

－0．02　　　45．98　　　－1．45

4．45　　　44．86　　　－1．20

2．84　　　45．81　　－1．07

－1．16　　　40．91　　－0．21

－1．28　　　36．17　　　－0．84

－3．45　　　40．79　　．0．60

1．71　　40．52　　　－0．76

－3．01　　29．89　　　－0．54

－0．80　　　36．＄7　　　－0．21

－3．03　　　31．71　　－0．83

－2．18　　　28．61　　－0．68

4．12　　　4臥12　　　1．26

0．94　　　38．65　　　－1．48

－1．06　　　36．11　　－0，41

7．58　　　46．94　　　－0．51

－1．51　　40．30　　　－0．46　　　－0．19

8．95　　50．69　　　2．76　　　9．84

2．03　　　44．73　　　0．10　　　3．67

11．32　　48．46　　　－1．32　　　－0．82

0．81　　49．87　　　－0．94　　　2，08

・2．45　　　49．57　　　－0．84　　・1．05

－2．35　　44．75　　　0．03　　　－1．55

－3，04　　37．79　　　－0．70　　　－2．35

－3．99　　42．01　　－0．56　　・3．84

－1．68　　41．88　　　－0．52　　　－0．50

－3．75　　32．69　　　－0．48　　・3．30

－1．90　　　40．01　　　0．30　　　－1．27

－4．51　　33．80　　　－0．56　　　－3．80

－3．31　　30．89　　　－0．57　　　－2．66

2．28　　　51．05　　　1．40　　　3．01

－2．50　　40．75　　　－1．26　　　－1．31

－3．03　　　39．50　　　－0．25　　　－2．23

5．78　　　48．94　　　－0．30　　　6．75

Average 45．88　　　0．17　　　1．54　　39．97　　　－0．50　　　－0．86　　42．65　　　－0．23　　　0．03

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av，　a＊av．　b＊av．

FT－l

FT－2

FT－3

FT＿4

FT－5

FT－6

FT－7

FT－8

FT－9

FT－10

FT－ll

FT－12

FT－13

FT－14

FT・15

FT－16

FT－18

FT－19

FT－20

FT－21

FT－22

55．73　　　2．45

53．38　　　－0．55

57．62　　　1．33

62．09　　　－0．48

61．81　　　0．73

56．95　　　0．59

63．23　　　1．73

53．92　　　3．63

59．81　　　0．91

56．83　　　1．42

58．96　　　－0．58

59．73　　　1．78

55．97　　　3．12

54．84　　　0．39

57．23　　　1．56

50．36　　　－0．09

51．44　　　1．07

58．99　　　3．05

62．13　　　0．61

62．10　　　0．76

51，77　　　2．50

10．70　　　53．81

8．10　　41．49

13．83　　　50．66

4．40　　　51．54

9．90　　　53．46

6．30　　　47．45

16．10　　　60．98

10．72　　　48．71

7．46　　　53．89

11，20　　　53．19

6．90　　　51．29

16．44　　　58．27

13．61　　51．31

13．24　　　52．72

16．31　　51．64

7．60　　　46．72

8，34　　　48．03

12．92　　　50．75

7．44　　　55．48

8．95　　　57．57

9．30　　　44．90

－0．70　　　7．69　　　54．92

－1．23　　　　5．07　　　49．09

0．56　　11．85　　　54．14

・1．05　　　3．14　　　54．73

・0．78　　　6．77　　　56．87

－0．05　　　1．96　　　50．63

1．10　　12．75　　　62．46

0．92　　　6．62　　　51．57

－0．31　　　4．21　　56．69

0．60　　　8．03　　　55．12

－1．06　　　4．71　　53．71

0．89　　14．23　　　58．94

1．39　　11．61　　53．47

0．08　　11．79　　　53．33

1．11　14．84　　　55．26

0．29　　　4．94　　　4臥54

0．43　　　6．39　　　49．17

0．13　　　9．46　　　55．51

0．54　　　4．29　　　5臥25

－0．57　　　7．04　　　59．48

－0．17　　　8．36　　47．22

0．18　　　8．65

－0．95　　　　5．87

0．93　　12．60

－0．71　　　3．88

・0．19　　　7．81

0．33　　　3．77

1．34　　13．84

2．26　　　8．84

0．18　　　5．91

0．98　　　9．26

－0．81　　　5．77

1．34　　15．65

2．38　　12．76

0．31　12．47

1．35　　15．72

－0．20　　　6．20

0．75　　　7．41

0．71　　11．01

0．02　　　6．44

0．00　　　8．01

1．51　　　8．86

Average 57．38　　　1．23　　10．46　　51．61　　0．10　　　7．89　　54．24　　　0．56　　　9．08
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Table6ResultsofcoIourmeasurement（COntinued）

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　a＊av．　　b＊av

SA－l

SA－2

SA－3

SA－4

SA－5

SA－6

SA－7

SA－9

SA－10

SA－ll

SA－12

SA－13

SA－14

SA－15

SA－16

SA－17

SA＿18

SA－19

SA－20

58．08　　　6．76

62、37　　′5．22

56，08　　　　4．8

69．31　　　4．91

56．98　　　1．02

60．09　　　0．21

55．1　　　0．77

59．67　　　4．72

66．54　　　　2．3

63，27　　　2．81

66．08　　　6．29

57．94　　　1．64

57．53　　　2．56

67．77　　　1．99

59．56　　　0．84

54、67　　　3．05

59．43　　　6．48

61．01　　　2．84

69．05　　　6．29

20．57　　　50．66

17．44　　47．65

19．08　　　41．35

16．95　　　53．73

11．99　　　49．19

10．23　　　54．57

12．07　　　51．5

13．79　　　52．53

15．42　　　55．86

13．27　　　50．19

18．54　　　44．89

13．88　　　44．95

13．31　　54．08

19．33　　　59．01

10．84　　　40，26

11．22　　　44．16

18．13　　　49．61

21．79　　　45．07

23．57　　　47．57

－0．04　　　8．73　　　54．31　　1．46　　11．69

1．76　　　　8，9　　57．45　　　2．98　　12、27

－0．68　　　5．69　　　53．3　　　　0．3　　　8．19

tO，61　　　5．09　　64，36　　　1．43　　10．08

0．03　　　9．73　　　52．16　　　　0，4　　11．17

－0．77　　　4．71　　　57．6　　　－0．43　　　6．75

－0．72　　　6，17　　　52．79　　　－0．33　　　7．21

1．23　　　9．63　　　55．85　　　　2．8　　11．94

0．02　　　7．44　　62．42　　　0．72　　10．31

－1．05　　　6．67　　　55．88　　　－0．25　　　8．08

－0．62　　　5．29　　60．87　　　2．02　　11．55

－0．17　　　8．28　　　50．18　　　0．73　　10．13

0．87　　　8．88　　　56．37　　　1．53　　10．89

0．01　　　8．94　　　61．05　　　1．02　　16．38

0．14　　　5．76　　　47．23　　　0．51　　　6．88

0．83　　　7．37　　　47．1　　1．62　　　8．99

0．96　　　9．05　　　55．01　　　3．39　　13．17

0．08　　　　6．3　　　51．69　　　1．29　　10．07

－0．4　　　9．49　　　59．28　　　2．74　　14．39

Average 61．08　　　3．45　　15．86　　49．31　　0．05　　　7．48　　55．52　　1．26　　10．53

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　a＊av．　　b＊av．

NT－l

NT－2

NT－3

NT・4

NT－5

NT＿6

NT－7

NT－8

NT－9

NT－10

NT－ll

NT－12

NT－13

NT－14

NT－15

NT－16

NT－17

NT－lS

NT－19

NT－21

NT－22

NT－23

NT－24

57．72　　　4．89

58．84　　　2．60

62．30　　　0．66

49．03　　　1．44

68．97　　　3．98

57．55　　　　8．53

59．22　　　　5．97

61．13　　　1．74

61．77　　　1．95

51．24　　　1．81

59．81　　　2．30

66．80　　　2．34

62．79　　　　4．95

59．35　　　7．70

51．81　　1，14

57．06　　　3．72

55．75　　　1．30

57．71　　1．24

58．17　　　0．74

65．48　　　3．83

45．52　　　1．52

61．85　　　0．63

52．36　　　1．50

14．54　　　54．08

18．65　　　57．00

15．77　　　57．39

11．26　　　43．34

23．53　　　61．79

25．95　　　48．80

18．67　　　56．42

12．65　　　56．49

18．92　　　59．07

10．25　　　47．98

14．09　　　53．26

11．22　　63．22

14．63　　　57．96

25．13　　　52，16

11，34　　　45．51

15．42　　　52．93

10．37　　　51．16

13．37　　　54．13

11．89　　　52．96

14．15　　　61．95

10．10　　　43．74

10．68　　　59．52

10．11　　47．42

2．69　　12．48　　　55．61

0．12　　　9．14　　　58．08

－0．21　　12．55　　　59．33

0．3S　　　7．79　　　46．95

－0．78　　　6．88　　　66．16

6．25　　19．63　　　54．76

4．90　　14．74　　　57．89

1．42　　　　9．42　　　58．76

1．31　16．73　　　60．96

1．38　　　7．79　　49．71

1．53　　10．55　　　57．24

1．71　　　5．82　　　64．30

3．85　　13．23　　　60．23

5．47　　19．02　　　55．84

－0．30　　　1．94　　　47．98

1．94　　12．51　　54．33

0．67　　　8．33　　　53．10

0．46　　　8．97　　　56．07

0．14　　　8．52　　　54．66

2．35　　10．28　　　63．99

0．43　　　9．59　　　44．63

－0．14　　　6．80　　　60．73

0．79　　　7．33　　　49．79

3．66　　13．40

1．07　　13．13

0．18　　14．43

1．08　　　9．23

1．15　　13．36

7．45　　　23．26

5．31　　16．44

1．59　　　日．04

1．53　　17．94

1．59　　　8．93

1．90　　12．03

1．97　　　7．53

4．34　　14．08

6．32　　　21．03

0．47　　　6．70

2．89　　13．73

0，93　　　9．20

0．87　　　日．05

0．49　　10．20

3．03　　　日．91

0．98　　　9．85

0．14　　　8．58

1，18　　　8．47

Average 58．36　　　2．89　　14．90　　53．84　　1．58　　10．44　　56．13　　　2．18　　12．41
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Table6ResultsofcoIourmeasurement（COntinued）

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　a＊av．　b＊av

BB・l

BB－2

BB＿3

BB－4

BBt5

BB－6

BB－7

BB－9

110

110

110

110

110

110

110

110

BB－10　　　　　　　110

BB－11　　　　　　　110

BB－12　　　　　　　110

BB－13　　　　　　　110

BB－14　　　　　　　110

BB－15　　　　　　　110

BB－16　　　　　　　110

BB－17　　　　　　　110

62．91　　1．45

59．31　　　2．64

64．32　　　2．25

57．93　　　2．95

60．55　　　4．21

60．57　　　2．73

56．43　　　3．86

59．71　　　2．08

50．86　　　1．43

61．79　　　1．05

57．76　　　2．22

56．86　　　3．80

59．26　　　2．36

63．07　　　3．89

61．41　　　2．92

60．05　　　3．04

19．95　　　60．45　　　0．86

20．02　　　57．75　　　2．28

20．92　　　61．82　　　1．65

20．40　　　55．81　　　2．76

22．66　　　59．53　　　3．16

23．07　　　58．77　　　1．95

22．58　　　54．51　　　3．01

21．03　　　57．74　　　1．41

13．49　　　47．71　　　0．13

15．43　　　57．36　　　－0．34

16．74　　　54．42　　　1．27

19．20　　　52，58　　　1．06

20．45　　　58．48　　　2．00

16．44　　　61．44　　　1．34

23．75　　　60．10　　　2．21

23．16　　　58．68　　　2．39

17．98　　　61．64

18．54　　　58．68

19．21　　63．35

18．28　　　56．81

21．11　　60．14

22．05　　　59．92

19．64　　　55．46

17．77　　　58．90

9．79　　　49．33

12．28　　　59．14

13．78　　　55．69

14．37　　　55．07

17．69　　　58．83

14．38　　　62．34

22．30　　　60．60

22．13　　　59．48

1．18　　19．02

2．50　　19．38

1．86　　19．97

2．87　　19．20

3．76　　　21．99

2．42　　　22．75

3．58　　　21．04

1．61　　18．74

0．62　　11．38

0．54　　13．71

1，67　　15．04

2．01　　15．70

2．12　　18．85

1．95　　15．20

2，48　　　22．67

2．74　　　22．53

Average 59．55　　　2．68　　19．96　　57．32　　1．70　　17．58　　58．46　　　2．12　　18．57

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　a＊av．　b＊av，

SZ－l

SZ－2

SZ－3

SZ・5

SZ－6

SZ－7

SZ－8

SZ－9

120

120

120

120

120

120

120

120

SZ－10　　　　　　　120

SZ－11　　　　　　120

SZ－12　　　　　　　120

SZ－13　　　　　　　120

SZ－14　　　　　　　120

SZ－15　　　　　　　120

SZ－16　　　　　　　120

SZ－18　　　　　　　　120

SZ－19　　　　　　　120

SZ－20　　　　　　　120

SZ・21　　　　　　　120

SZ－22　　　　　　　120

SZ－23　　　　　　　120

SZ－24　　　　　　　120

SZ－25　　　　　　　120

SZ－26　　　　　　　120

SZ－27　　　　　　　120

62．85　　　6．39

63．72　　　4．97

68．37　　　6．01

61．09　　　2．02

60．07　　　1．18

64．08　　　3．72

63．27　　　1．80

64．03　　　3．93

66．31　　　0，80

69．61　　　6，62

64．71　　　2．66

67．91　　　2．06

62．31　　1．18

63．06　　　2．70

67，97　　　0．62

60．12　　　　2．64

68．97　　　0，44

62．86　　　3．38

64．55　　　3．18

66．19　　　1．79

60．67　　　1．97

63．42　　　4．25

61．73　　　3．64

57．85　　　1．33

62．63　　　4．83

30．00　　56．59　　　2．34

29．11　　60．75　　　1．54

24．00　　　60．00　　　1．74

19．49　　　45．19　　　0．65

17．91　　53．92　　　－0．01

26．66　　　61．68　　　0．86

21．20　　　55．70　　　－0．53

27．50　　　56．48　　　1．41

21．30　　　64．31　　－0．66

28．79　　　59．48　　　－0．59

22．72　　　54．58　　　1．40

16．36　　　55．38　　　－1．14

20．73　　　55．g4　　　－0．27

21．06　　　56．22　　　1．09

19．35　　　56．83　　　0．10

22．78　　　49．46　　　　0．67

20．37　　65．21　　－0．21

26．55　　　60．55　　　1．50

28．80　　　60．27　　　0．64

14．19　　　64．23　　　1．02

25．35　　　58．58　　　1．34

21．93　　　54．51　　1．48

27．13　　60．82　　　3．44

20．39　　　51．11　　　0．53

23．10　　52．28　　　0，80

24．07　　　61．14

23．44　　　62．32

20．01　　64．37

16．98　　　55．25

11．67　　　56．72

18．99　　　63．15

13．05　　　60．60

20，14　　　60．30

15．18　　　65．23

13．47　　　63．26

17．45　　　58．58

10．28　　　61．25

13．46　　　59．81

19．93　　　59．07

11．03　　　63．71

6．64　　　56．38

15．50　　　66．74

23．73　　　62．01

19．05　　　63．13

11．31　　64．74

21．75　　　59．34

20．24　　　60．08

26．38　　61．21

17．96　　　55．22

2．63　　　58．64

3．57　　　26．80

2．79　　　26．51

3．97　　　22．07

1．18　　18．01

0．47　　14．57

1．89　　　21．06

0．80　　17．45

2．81　　22．48

－0．11　　17．70

2．05　　19．35

2．00　　18．92

－0，25　　12．66

0．57　　18．22

2．00　　　20．41

0．37　　16．30

1．79　　12．63

0．10　　17．28

2．43　　　25．00

1．54　　　22．40

1．43　　12．82

1．73　　　23．27

2．32　　　21．07

3．55　　　26．79

0．94　　19．02

2．21　　17．23

Average 63．93　　　2．96　　23．07　　57．20　　　0．77　　16．57　　60．89　　1．69　　19．60
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Table6Resultsofcolourmeasurement（COntinued）

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　　a＊av．　　b＊av．

CH－2　　　　　　　　250

CH－3　　　　　　　　250

CH－5　　　　　　　　　250

CH－6　　　　　　　　250

CH－7　　　　　　　　　250

CH－8　　　　　　　　250

CH－9　　　　　　　　　250

CH－10　　　　　　　250

CH－11　　　　　　　250

CH－12　　　　　　　　250

CH－13　　　　　　　　250

CH・14　　　　　　　　250

CH－16　　　　　　　　250

CH－18　　　　　　　　250

CH－19　　　　　　　250

CH－21　　　　　　　250

CH－22　　　　　　　　250

CH－23　　　　　　　　250

CH－24　　　　　　　250

CH－25　　　　　　　　250

57．27　　　4．35　　　23．56

57．07　　　4．47　　　22．73

61．05　　　8．48　　　29．20

55．89　　　4．61　18．41

59．61　　　7．35　　　29．99

65．46　　　4．16　　17．09

60．57　　　6．12　　　27．30

63．82　　10．39　　　29．97

61．51　　13．11　　31．53

52．日　　15．88　　18．96

59．01　　　5．33　　　23．01

69．05　　13．22　　　36．73

60．32　　　7．31　　23．53

67．43　　　5．32　　　28．64

63．71　　7．55　　31．51

58．04　　　7．59　　　28．47

58．63　　　7．57　　　28．23

66．63　　　6．36　　　23．97

54．38　　　8．00　　　28．22

58．39　　　4．45　　　24．73

54．38　　　0．32

53．72　　　2．81

52．21　　　4．19

48．44　　　2．88

56．73　　　3．27

60．44　　　3．39

59．09　　　4．41

57．77　　　7．61

53．96　　　　6．33

43．53　　　日．09

55．01　　　3．76

53．79　　　5．44

58．55　　　6．55

57．78　　　3．98

60．03　　　5．38

55．44　　　5．49

47．49　　　5．23

57．53　　　2．29

47．47　　　6．68

49．18　　　3．16

12．22　　　56．00

19．28　　　55．20

24．80　　　58．86

14．73　　　53．21

24，57　　　58．66

12．63　　　63．38

25．38　　　59．80

18．66　　　60．90

26．85　　　57，69

15．35　　　46．76

19．15　　　57．23

23，72　　　59．02

21．23　　　59．55

20．57　　　62．30

25．82　　　61．18

26．50　　　57．31

24．52　　　55．43

1臥42　　　63．08

25．30　　　49．64

20．27　　　55．44

2．28　　18．60

3．67　　　20．77

5．26　　　26．04

3．52　　16．52

4．65　　　26．55

3．77　　15．42

5．27　　　26．46

8．87　　　23．47

9．85　　　29．20

13．g1　　17．18

4．69　　　20．71

7，90　　　28．53

6．93　　　22．46

4．51　　26．97

6．22　　　29．45

6．30　　　27．19

6．26　　　26．46

4．52　　　20．26

7．24　　　27．05

3．76　　　22．67

Average 60．50　　　7．58　　26．29　　54．13　　　4．71　　21．00　　57．53　　　5．96　　23．60

SampleNo．Time（ka） L＊max a＊max b＊max L＊min a＊min b＊min L＊av．　a＊av．　b＊av．

PC．l

PC－2

PC－3

PC－4

PC－5

PC－6

PC－7

PC－8

350

350

350

350

350

350

350

350

PC－10　　　　　　　　350

PC－11　　　　　　　350

PC－12　　　　　　　　350

PC－13　　　　　　　　350

PC－14　　　　　　　　350

PC－15　　　　　　　　350

PC－16　　　　　　　　350

PC－18　　　　　　　　350

PC－21　　　　　　　350

60，47　　18．89

56．36　　1臥64

58．34　　17．37

55．59　　19．52

56．74　　17．82

59．86　　12．50

58．15　　15．78

60．60　　15．39

50．05　　　20．96

54．36　　14．13

54．11　　18．07

52．94　　17．73

56．98　　13．32

53．10　　16．26

55．45　　19．12

53．05　　11．13

51．06　　　20．22

24．82　　　48．99

25．76　　　49．23

24．45　　　54．84

28．23　　　51．79

24，34　　　48．63

21．61　　51．47

22．12　　54．36

20．76　　　53．78

30．56　　　45．65

24．20　　　51．26

23．77　　　51．34

25．22　　　49．80

22．76　　　52．92

27．77　　　48．12

22．04　　　53．33

23．98　　　48．79

29．84　　　49．81

10．87　　18．54

9．73　　19．97

14．93　　　23．07

17．12　　　25．76

12．43　　19．62

6．86　　16．28

11．31　17．52

12．80　　18．27

18．78　　　27．17

11，31　19，08

15．97　　　22．58

16．65　　　22．73

10．41　　18．24

9．68　　19．15

14．63　　19．93

9．23　　　21．84

1臥17　　　27．05

57．25　　12．46　　　20．31

52．63　　14．59　　　22．30

56．63　　16．44　　　23．76

54．05　　18．43　　　27．20

53．62　　15．80　　　21．90

50．31　　　8．84　　17．11

56．19　　12．82　　　20．02

57．64　　14．37　　19．22

48．12　　　20．08　　　28．51

52．52　　12，98　　　20．36

52．53　　16．82　　　23．09

51．99　　17．29　　　23．97

54．60　　11．68　　　20．76

50．21　　14．18　　　23．05

54．36　　16．09　　　20．86

51．34　　10．41　　23．10

50．25　　19．07　　　27．95

Average 55．72　　16．87　　　24．84　　50．83　　12．99　　20．99　　53，19　　14．84　　22．56
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Table8Resultsofporesizedistributionanalysis

P－1（Oka）　　P－2（Oka）　　P－3（Oka）

POreSize（〟m）　porevolume（mm3／g：porevolume（mm3／g二porevolume（mm3／g）

0．0041－0．0051

0．0051－0．0064

0．0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－

5．1000－

6．4000－

8．0000－

10．0000

13．0000

16．0000

5．1000

6．4000

8．0000

10．0000

－13．0000

－16．0000

－19．0000

19．0000－

0．28

0．50

0．44

0．47

0．49

0．36

0．25

0．35

0．19

0．18

0．11

0．09

0．08

0．08

0．06

0．06

0．05

0．07

0．04

0．08

0．04

0．08

0．05

0．08

0．07

0．07

0．04

0．06

0．07

0．11

0．08

0．00

0．00

0．31

0．12

0．75

0．00

0．00

Fb0．3300－3．3000　　　　0．82

㌢。0．0330－0．3300　　　　0．64

FdO．0030－0．0330　　　1．37

tota1　　　　　　　　　　　　6．16　　　　　　16．44　　　　　　6．51
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Table8Resultsofporesizedistributionanalysis（COntinued）

FT－1（20ka）　FT－3（20ka）　FT－4（20ka）

POreSize（FLm）　porevolume（mm3／g二porevolume（mm）／g二porevolume（mm3／g）

0．0041－0．0051

0．0051－0．0064

0．0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－

0．02

0．18

0．09

0．12

0．16

0．14

0．22

0．61

0．51

0．89

0．90

0．98

0．98

1．00

0．95

0．61

0．36

0．47

0．22

0．17

0．05

0．05

0．02

0．03

0．00

0．00

0．00

0．00

0．00

0．00

0．00

0．00

0．00

0．09

0．19

0．00

0．00

0．52

0．60

0．69

0．46

0．46

0．46

0．37

0．42

0．44

0．50

0．76

0．67

0．82

0．86

1．05

1．76

1．65

1．85

4．24

3．76

3．45

1．19

0．76

0．42

0．3g

0．28

0．20

0．13

0．23

0．15

0．20

0．18

0．09

0．26

0．18

0．81

0．00

0．00

1．16

0．31

0．37

0．26

0．14

0．14

0．18

0．26

0．70

0．76

1．51

1．11

1．03

0．72

0．59

0．51

0．33

0．16

0．20

0．08

0．08

0．07

0．06

0．04

0．06

0．06

0．04

0．06

0．04

0．04

0．04

0．06

0．08

0．17

0．08

0．34

0．00

0．00

0．69

F。3．3000－33．0000

㌢占0．3300－3．3000

㌢。0．0330－0．3300

㌢d O．0030－0．0330

2．05

7．36

0．32

0．80

4．40

17．42

7．19

2．88

3．12

6．24

0．55

1．46

total lO．53　　　　　　31．89　　　　　11．37
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Table8Resultsofporesizedistributionanalysis（COntinued）

SA－5（70ka）　SA－11（70ka）　SA－13（70ka）

POreSize（〟m）　porevolume（mm3／g二POreVOlume（mm3／g：porevolume（mm3／g）

0．0041－0．0051

0．0051－0．0064

0．0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．】000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－

0．27

0．36

0．15

0．11

0．12

0．14

0．12

0．25

0．25

0．50

0．56

0．90

1．14

1．84

1．87

1．09

0．73

1．19

0．57

0．66

0．31

0．12

0．06

0．04

0．04

0．02

0．02

0．02

0．02

0．04

0．04

0．01

0．09

0．36

0．17

0．00

0．00

0．34

0．55

0．58

0．38

0．33

0．32

0．20

0．21

0．31

0．21

0．41

0．44

0．58

0．71

1．06

1．73

1．75

1．75

2．98

2．37

2．96

1．28

0．72

0．41

0．22

0．18

0．12

0．06

0．12

0．09

0．12

0．09

0．08

0．24

0．44

0．44

0．00

0．00

1．34

0．51

0．56

0．27

0．24

0．28

0．22

0．19

0．31

0．26

0．41

0．42

0．58

0．81

0．99

1．37

1．29

1．26

2．27

1．33

2．17

1．08

0．92

0．48

0．41

0．30

0．21

0．12

0．23

0．21

0．27

0．15

0．07

0．10

0．31

0．52

0．00

0．00

0．85

打。3．3000－33．0000

㌢占0．3300－3．3000

㌢。0．0330－0．3300

rdO．0030－0．0330

1．77　　　　　　　3．09

10．39　　　　　　13．78

1．31　　　　　　　6．16

1．05　　　　　　　2．75

2．84

10．73

6．13

2．27

total　　　　　　　　　　　　14．52　　　　　　25．78　　　　　　21．97

84



Table8Resultsofporesizedistributionanalysis（COntinued）

NT－10（90ka）　NT－17（90ka）　NT－24（90ka）

POreSize（lJm）porevolume（mm3／g）porevolume（mm3／g）porevolume（mm3／g）

0．0041－0．0051

0．0051－0．0064

0．0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－

0．73

0．77

0．38
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0．26
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0．27

0．10
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0．11
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0．99

1．08

1．81
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0．10
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0．15
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0．10

0．02

0．00

0．32

0．16

0．66

0．00

0．00

0．96

F。3．3000－33．000（

F占0．3300－3．3000

㌢。0．0330－0．3300

㌢dO．0030－0．0330

3．85

16．36

7．22

2．99

4．36

16．07

16．32

3．10

6．23

17．57

5．53

2．22

total　　　　　　　　　　　　　30．42　　　　　　　39．85　　　　　　　　31．55
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Table8Resultsofporesizedistributionanalysis（eontinued）

BB－3（110ka）　　BB－7（110ka）　　BB－9（110ka）

POreSize（FLm）porevolume（mm3／g）porevolume（mm3／g）porevolume（mm3／g）

0．0041－0．0051

0．0051－0．0064

0．0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－

0．94

1．00

0．60

0．48

0．52

0．38

0．32

0．65

0．51

0．81

0．71

0．94

1．00

1．17

2．00

2．30

2．13

5．06

3．13

3．14

1．76

1．24

0．59

0．38

0．33

0．16

0．11

0．21

0．日

0．16

0．11

0．08

0．19

0．38

0．78

0．00

0、00

0．95

0．90

0．73

0．56

0．55

0．61

0．45

0．53

0．65

0．48

0．76

0．60

0．73

0．68

0．73

1．01

0．83

0．83

1．64

1．31

3．13

3．80

4．94

5．24

5．89

6．60

2．97

1．16

1．21

0．60

0．66

0．60

0．13

0．71

1．08

0．88

0．00

0．00

2．14

0．93

1．07

0．63

0．63

0．60

0．50

0．40

0．68

0．52

0．85

0．71

0．87

0．93

0．93

1．35

1．33

1．13

2．48

2．30

5．06

6．39

6．02

4．46

2．20

1．15

0．65

0．46

0．50

0．40

0．45

0．40

0．23

0．35

0．73

1．05

0．00

0．00

2．31

F。3．3000－33．000（

Fゎ0．3300－3．3000

㌢。0．0330－0．3300

㌢dO．0030－0．0330

5．40

19．25

8．03

2．65

5．46

9．12

35．54

6．20

5．96

12．88

27．29

5．52

total　　　　　　　　　　　　　35．33　　　　　　　　56．32　　　　　　　51．65
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Table8Resultsofporesizedistributionanalysis（COntinued）

SZ－3（120ka）　　SZ－12（120ka）　SZ－16（120ka）

POreSize（〟m）porevolume（mm3／g）porevolume（mm3／g）porevolume（mm3／g）
0．0041－0．0051

0．0051－0．0064

0，0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－

0．60

0．83

0．49

0．52

0．60

0．46

0．32

0．97

0．43

0．64

0．92

0．77

0．78

1．06

1．23

1．12

0．95

1．84

1．44

2．84

2．96

4．13

4．45

5．69

9．13

8．68

4．33

4．22

1．27

1．06

0．23

0．00

0．00

0．00

0．00

0，00

0．00

0．00

1．07

1．18

0．54

0．52

0．54

0．52

0．32

0．69

0．43

0．80

0．64

0．83

0．77

0．90

1．20

1．12

1．18

2．21

1．96

4．37

4．22

5．86

4．77

2．93

1．73

0．86

0．46

0．63

0．23

0．40

0．23

0．15

0．40

0．40

0．60

0．00

0．00

2．84

1．09

1．14

0．59

0．56

0．58

0．68

0．50

0．70

0．59

0，91

0．70

0，76

1．06

0．56

1．41

1．14

0．85

1．74

1．76

2．28

2．79

3．70

5．04

5．28

7．22

6．28

5．75

13．55

2．46

2．00

0．88

0．38

0．85

0．82

1．03

0．00

0．00

2．49

F。3．3000－33．000（

rム0．3300－3．3000

㌢。0．0330－0．3300

㌢dO．0030－0．0330

5．22

10．75

47．70

1．29

5．81

11．61

26．06

5．02

6．43

10．89

54．35

8．45

total　　　　　　　　　　　　　64．96　　　　　　　48．50　　　　　　　80．12

87



Table8Resultsofporesizedistributionanalysis（COntinued）

CH－2（250ka）　CH－19（250ka）　CH－22（250ka）

POreSize（〟m）porevolume（mm3／g）porevolume（mm3／g）porevolume（mm3／g）

0．0041－0．0051

0、0051－0．0064

0．0064－0．0080

0．0080－0．0100

0．0100－0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260－0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－
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3．75

4．19

5．00

4．37

4．28

7．76

6．16

10．34

13．83

7．09

7．58

4．10

2．81

0．00

0．00

3．79

「。3．3000－33．0000

㌢占0．3300－3．3000
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11．40

17．15
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15．11

52．82
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10．75

13．82

45．10

49．54

total l24．23　　　　　　130．86　　　　　　119．21
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Table8Resultsofporesizedistributionanalysis（continued）

PC－8（350ka）　PC－10（350ka）　PC－13（350ka）

POreSize（LLm）porevolume（mm3／g）porevolume（mm3／g）porevolume（mm3／g）

0．0041－0．0051

0．0051－0．0064

0．0064＿0．0080

0．0080－0．0100

0．0100＿0．0130

0．0130－0．0160

0．0160－0．0200

0．0200－0．0260

0．0260＿0．0330

0．0330－0．0410

0．0410－0．0510

0．0510－0．0640

0．0640－0．0800

0．0800－0．1000

0．1000－0．1300

0．1300－0．1600

0．1600－0．2000

0．2000－0．2600

0．2600－0．3300

0．3300－0．4100

0．4100－0．5100

0．5100－0．6400

0．6400－0．8000

0．8000－1．0000

1．0000－1．3000

1．3000－1．6000

1．6000－2．0000

2．0000－2．6000

2．6000－3．3000

3．3000－4．1000

4．1000－5．1000

5．1000－6．4000

6．4000－8．0000

8．0000－10．0000

10．0000－13．0000

13．0000－16．0000

16．0000－19．0000

19．0000－

0

　

4

　

2

　

5

　

2

0
　
0
　
7
　
0
0
　
7

0

　

0

　

0

　

0

　

0

6
6
9
8
1
7
2
5
3
8
2
7
2
7
5
9
7
8
9
3
4
8
9
7
5
2
6
3
5
3
9
4
9
5
9
2
1
6
3
2
1
3
2
1
．

0
5
0
6
9
7
4
2
1
9
7
8
0
0

1
0
2
2
2
3
3
4
3
2
5
2
5
4
5
5
5
8
8
8
．
1
5
日
2
0
7
．
4
2
1
1
0

2．28

2．55

1．57

1．25

1．30

1．08

0．93

1．68

1，68

2．17

2．44

2．44

2．55

2．88

3．04

2．55

2．01

3．52

2．50

3．91

3．63

4．02

4．34

4．66

6．84

4．99

4．78

10．31

8．68

21．59

10．53

1．46

4．61

3．09

3．04

0．00

0．00

4．61

2

　

2

　

5

　

0

4

　

3

　

7

　

′

0

2

　

1

　

1

　

1

1．90

1．39

1．34

2．68

2．12

3．65

3．82

5．40

5．52

6．03

7．62

6．13

15．46

9．95

8．03

22．78

23．03

16．38

6．28

3．20

2．16

1．24

0．72

0．82

0．31

0．42

0．36

0．00

0，00

0．36

0．72

0．00

0．00

1．08

F。3．3000－33．0000

㌢み0．3300－3．3000

㌢。0．0330－0．3300

FdO．0030－0．0330

4．97

33．09

79．31

40．19

14．32

26．10

56．16

48．93

16．52

71．61

76．92

2．94

total l57．56　　　　　　145．51　　　　　167．99
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Table12Resultsofthepointloadstrengthtest

SampleNo．Time（ka）pointloadstrength，CTt（kgf）strengthindex，丁

P－1　　　　　0

2
3
4
5
6
7
8
9
1
0
日
1

2
1
3
1
4
15
16
1
7
1
8
1
9
2
0
2
1
2
2
2

3
2
5
2
6
2
7
2
8
2
9

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

90．31

575．15

363．27

343．75

688．78

367．47

558．68

1065．09

473．34

1940．63

1800．00

540．00

551．02

408．67

1134．00

555．43

282．81

526．30

1350．00

639．84

1012．24

295．54

393．39

207．56

314．19

471．88

349．92

493．71

1．96

2．76

2．56

2．54

2．84

2．57

2．75

3．03

2．68

3．29

3．26

2．73

2．74

2．61

3．05

2．74

2．45

2．72

3．13

2．81

3．01

2．47

2．59

2．32

2．50

2．67

2．54

2．69

Aver喝e O　　　　　　　635．46　　　　　　　　2・71
FT－1　　　　20

2　　　　　　20

3　　　　　　20

4　　　　　　20

5　　　　　　20

6　　　　　　20

7　　　　　　20

8　　　　　　20

9　　　　　　20

10　　　　　　20

11　　　　　20

12　　　　　　20

13　　　　　20

14　　　　　20

5

　

7

　

0

0

　

0

ノ

　

0

　

つ

】

　

3

　

4

　

′

0

1

　

1

　

1

　

1

　

2

　

2

　

つ

⊥

　

2

　

2

0
　
0
　
0
　
0
　
0
　
0
　
0
　
0
　
0

2

　

つ

ム

　

2

　

2

　

2

　

2

　

2

　

2

　

2

580．17

3000．00

197．22

324．85

388．89

45．00

96．69

316．41

86．77

450．00

131．00

102．73

311．54

1750．00

130．80

140．14

275．00

288．89

192．86

74．79

280．00

118．75

74．25

2．76

3．48

2．29

2．51

2．59

1．65

1．99

2．50

1．94

2．65

2．12

2．01

2．49

3．24

2．12

2．15

2．44

2．46

2．29

1．87

2．45

2．07

1，87

406．81　　　　　　　　　　　2．35
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Table12Resultsofthepointloadstrengthtest（COntinued）

SampleNo．Time（ka）pointloadstrength，CTt（kgf）strengthindex，T

SA－1　　　　70

2　　　　　　70

3　　　　　　70

4　　　　　　70

6　　　　　　70

7　　　　　　70

8　　　　　　70

9　　　　　　70

10　　　　　　70

11　　　　　70

13　　　　　　70

15　　　　　　70

16　　　　　　70

17　　　　　　70

18　　　　　70

19　　　　　　70

20　　　　　　70

21　　　　　70

22　　　　　　70

23　　　　　　70

24　　　　　　70

25　　　　　　70

498．27

1597．63

135．54

582．16

159．56

336．33

174．52

413．22

241．83

119．53

2644．90

660．11

1193．88

2208．00

119．01

5400．00

319．83

1687．50

244．32

111．83

120．71

16．00

2．70

3．20

2．13

2．77

2．20

2．53

2．24

2．62

2．38

2．08

3．42

2．82

3．08

3．34

2．08

3．73

2．50

3．23

2．39

2．05

2．08

1．20

Average　　　　70　　　　　　　862．94　　　　　　　　2．58

NT－1　　　　90

2　　　　　　90

3　　　　　　90

5　　　　　　90

6　　　　　　90

7　　　　　　90

8　　　　　　90

11　　　　　90

12　　　　　　90

13　　　　　　90

14　　　　　　90

15　　　　　　90

16　　　　　90

17　　　　　　90

18　　　　　　90

19　　　　　90

20　　　　　90

21　　　　　90

22　　　　　　90

24　　　　　　90

122．50

456．00

119．44

369．00

276．48

154．82

77．78

772．19

135．74

121．88

290．63

261．00

42．47

154．82

314．20

564．80

407．81

263．67

177．93

155．00

2．09

2．66

2．08

2．57

2．44

2．19

1．89

2．89

2．13

2．09

2．46

2．42

1．63

2．19

2．50

2．75

2．61

2．42

2．25

2．19

Aver喝e　　　　90　　　　　　　261．91　　　　　　　　2・32
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Table12Resultsofthepointloadstrengthtest（continued）

SampleNo・Time（ka）pointloadstrength，gt（kgf）strengthindex，T
SZ－4　　　　120

6　　　　　120

8　　　　　120

9　　　　　120

10　　　　120

11　　　　120

12　　　　　120

15　　　　　120

16　　　　　120

17　　　　　120

19　　　　　120

21　　　　120

23　　　　　120

27　　　　　120

28　　　　　120

29　　　　　120

30　　　　　120

31　　　　120

32　　　　　120

34　　　　120

35　　　　　120

36　　　　120

37　　　　　120

38　　　　120

39　　　　　120

41　　　　120

44　　　　120

38．44

63．00

16．00

56．06

5．92

0．62

64．82

32．14

10．34

3．40

47．26

21．77

110．51

47．09

1．65

2．30

66．46

2．47

0．97

0．41

25．93

20．71

17．07

28．13

24．25

358．02

16．89

1．58

1．80

1．20

1．75

0．77

－0．21

1．81

1．51

1．01

0．53

1．67

1．34

2．04

1．67

0．22

0．36

1．82

0．39

－0．01

－0．39

1．41

1．32

1．23

1．45

1．38

2．55

1．23

Average　　　120　　　　　　　50．45　　　　　　　　1．21
CH－1　　　　250

2　　　　　250

3　　　　　250

5　　　　　　250

6　　　　　250

7　　　　　　250

S　　　　　　250

11　　　　250

12　　　　　250

13　　　　　250

16　　　　　250

17　　　　　250

18　　　　　250

20　　　　　250

21　　　　250

23　　　　　250

24　　　　　250

55．56

56．16

236．11

0．80

34．81

259．13

169．0＄

29．20

42．37

209．39

71．05

54．18

65．32

17．56

26．03

394．34

30．39

1．74

1．75

2．37

－0．10

1．54

2．41

2．23

1．47

1．63

2．32

1．85

1．73

1．82

1．24

1．42

2．60

1．48

Average　　　　250　　　　　　103．03　　　　　　　　1．74
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Stratigraphy

FukadoshiTerraceDe OSits：20ka

IkatsunoTerraceDeposits：40ka？

SaitobaruTerraceDe OSits：70ka？

utabaruTerraceDe osits：90ka
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SanzaibaruTerraceDe OSits：120ka

ChausubaruTerraceDe OSits：250ka

UruShinobaruTerracedeposits：250～300ka‾
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聖霊エ

Fig．5Geomorphologicalmapshowlngdistributionoftheterracesurfaces

intheMiyazauPlain．
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