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Abstract

Weinvestigatedthatinfluenceofpercolationpatternsongrow払andyieldof

riceplantsanduptakeofcadmium from pollutedpaddyfleldsuslngsoil

dressingmodels.Theexperimentwasconductedinthegreenhousewithopen

andclosedsystempercolationmodels(M-1,M-2,M-3,M-4,MI5,M-6,MI7,

M-8,M-9andM-10).Thosemodelswereconsistedofstrati丘edsoillayersand

twodiffTerentpercolationsystems(openandclosedsystempercolation)and

operatedby12.5cm(M-1toM-6),15cm(M-7toM-8)and20cm(M-9to

M-10)soildressingwithstratifledpolldedpaddyfields.Thestratifledpaddy

丘eldmodelswereconstructedinanironbox(30Ⅹ50Ⅹ70cm)withthreehyers

ofsoil;thosewereplowlayer(layerI;0-12.5cm),plowsole(layerII;

12.5122.5cm),andsubsoil(layerIII･,22.5-65cm)andconstructedwithAndosol

oralluvial(layerI),Cd-pollutedsoilorCd-pollutedsoilwithalluvial(layerII)

andgravelorCd-pollutedsoilwith gravel(IIIlayer).Inopensystem

percolationmodelswasplanedinplowsoleandsubsoilbut血 theclosed

systempercolationmodels,soillayerswereplanedundersaturatedcondidon.

Thetwopercolationsystemswereappliedtopaddyfieldmodelsbycontrolling

thegroundwaterlevelat57.5cmand12.5cmfortheopensystemandclosed

systemmodel,respectively,uslngaSubsurfa_cedrainageplpe.

Inopensystempercolation,thepressureheadoftheplowsoleandsubsoilwere

negativebutinclosedsystemshowedpositivepresstwe.Intheopensystem

percolationmodels,plowsoleandsubsoiltemperaturealmostsimilartotheair

temperaturebutinclosedsystempercolationmodelswerehigherthantheair

temperature.Thesoilredox(Eh)Valueinplowlayerofbothpercolationswas
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aboutl190mV.Butintheplowsoleandsubsoilwereinoxidativecondition

(650mV)inopensystem percolationmodels.Ontheotherhand,inthe

plowsoleandsubsoilwereinreducdonstate(1200mV)inclosedsystem

percolationmodels.TheaverageSPADvaluesinclosedsystempercolation

modelswerelowerthantheopensystempercolationmodels.Intheharvestmg

period,the14th1eafwasdryabout78%inclosedsystempercolationbut43%in

opensystempercolationmodels;thisresultindicatedthatthedi飴renceof

photosynthesisabilityofriceplantsintwosystemsduringTipemingtime.

Moreover,theplantlength,numberofstem,numberandweightofpamicles,

numberandweightofgrainsWerelowerinopensystempercolationmodels

thantheclosedsystempercolationmodels.Accumuladonofcadmiuminroots

ofeachsoillayer,stemandleavesandricegralnWerehigherinopensystem

percolationthantheclosedsystempercolationmodels.Insoiloxidationstate,

theinsolublecadmium metalinsoilleadingtosolublefom withpresenceof

oxygenwhichcanbeeasilyuptakebyricepla山S.Asabovementioned,itwas

recogmizedthatpercolationpatteminfluencedonthegrow血an4yieldsofrice

plantsanduptakeofcadmium.

Keywords:Percolationpattem,Soildressing,Cadmiun soil,Cadmium accumulationin

riceplants,Growthandyieldofriceplants
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chapter1:Generalhtroduction

1.1Backgroundofthepaddyrleldmodel

percol血 pattemrelatedtohydraulicconductivitiesofsoil.Also,thegroundwater

levelisimportantforpercolationpattem whichinfluencethesoilprofile.Bythis

innuence,wedividedthepaddyfleldmiOtwotypesbasedongroundwaterlevelOneis

ill--drainedpaddyfield(closedsystempercolation)inwhichtherangeofgroundwater

levelis0-0.7mduringthecultivation.Othertypeiswell-drainedpaddyfield(open

systempercolation)inwhichthegroundwaterleveliskeptoverabout1.0m丘omthe

soilsurface(Soildictionary,1993).TokunagaandSasaki(1990)couldconBrmtheopen

systempercolationunderafieldscondition(fig.1).

Wh enthesoilexposed,thesoilairpressureissametotheatmosphericpressure.From

thispointofview,JapanesesciemistshadclassifiedthepaddyfieldsandSasaki(1992)

madetwotypesofthestrati点edpaddyfieldsmodelwithdifferentpercolationsystem,

i.e.closedsystem percolationandopensystem percolation.Theclosedsystem

percolationwascharacterizedbyhighgroundwaterlevelandthewater且owoccurred

underclosedsystem(JSIDRE,2003).
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Fig.1:Aschematicdiagramofthepaddyfleldusedtoconflrm theoccurrenceofthe

opensystempereoladon(TokunagaandSasaki,1990).

Duetosattmtedcondition,severallayersofsoilwerebecamereduced.Ontheother
∫

hand,opensystempercolationwascharacterizedbylowgroundwaterlevelandthe

waterflowoccurredinunderopensystem andsubsoilwasunsaturatedcondition

(JSIDRE,2003).Therearetwotypesofapercolationpatternhappeninthesわillayers

ofopenandclosedsystem percolation.Inopensystem percolation,thesoilair′､

comectedtotheatmospherewhenthewaterpressureheadofsoillayerislowerthanthe

airerltrypressure(Yamazaki,1958)andintheclosedsystempercolationweredesigned

inundationcondition.
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soilairpressureisverylmPOrtantforriceplantsgrowthandproducingsolublemetals

inthesoil.Inastrati丘edsoilcolumnexperiment,Sasaki(1995)hvestigatedthe

pressureheadprofileinpercolationpattemofsoilcolumn･As illustratedFig･2,Sasaki

(1995)血)wedtheconceptsofthedifferetLCeinwaterflow･Wh enthewaterpressure

headofsoillayerishigherthantheairentrypressure,itswatermovementassaturated

flowisknovmasposltlVePreSSureperCOlation.However,waterpressureheadofsoil

layerislowerthantheairentrypressure,itbecomenegativepressurepercolationunder

unsaturatedflow.

Percolationpattemsarerelatedtothehydraulicconductivitiesofthesoillayersand

hydraulicconditionssuchasgroundwaterlevel(Adachietal.,1992),whichmayactsas

acontrollerofsoilredo女potemialandconsequentlytheuptakeofCdinriceplarltS.For

thisreasonthepercolationpattembecomeanimportantfactorforlandimprovement

andtosolveenvironmentalproblems.

Fig.2:Pressureheadprofileandpercolationpatterninastrati丘edsoilcolm (Sasaki,

1995).
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Manyscientistshaveconductedtheirresearchinapotdevice(stratifiedsoilcohmn)

butthtpotexperimentshveonlyplowlayer.Riceplantrootsgrowuptosubsoil.

Thereforeinnuenceofplowsoleandsubsoilonthericegrowth,yieldsand皿etaluptake

byficeplantscould皿Otbeclear.

1.2Cadmiumstudyinricecultivation

Allformsofpollutionhavean adverseeffectontheenvironmerlt.Therefore,suitable

environmentalconditionsmustbemaintainedforlifTetoflomish.Heavymetalpollution

insoilisoneform ofpollutionthathasanadverseeffectonplantgrowthandproduction.

Thedailyexpansionofindustriesandhumanhabitatscontinuestocontributeto

increasinglevelsofpollution.haddition,theincreasehcontamirLantSinagricultural

farmlandhasledtosocialissuesinregardtofoodproductionsafTety.Ⅰntemational

orgamizations,suchastheFoodandAgricultureOrganizationUAO)andtheWorld

HealthOrgamization(WHO),haverecentlycometoanagreementwithrespecttothe

authorizationcriteriaofpollutantsinagriculturalproducts.

hJapan,manyagriculturelandswerecontaminatedbyindustrialefnuerttsanditdoes

createseriousproblemforpublichealth.Thecadmiumcorlte血ofsoilsalsodi飴 rsvery

mpchfromplacetoplaceandthismayberesponsibleforthedifferenceintheamount

4



ofcadmium inplantsfoodsproduced丘omcontaminatedsoil(KawadaandSuzuki,

1998)･ManyreportsshowedthatricecultivarsvariedsigmificantlywithregardtoCd

uptakeandaccumulation,Morishitaetal.,(1987)reportedacomparadvestudyon

cadmium uptakebyseveralricecultivarsinAndosolwithalowtotalcadmium

concentrationinsoil(0.102mgkg-1).Itwasobservedthatjaponicabrownricevarieties

havethelowestaverageuptakeratecomparedtotheothersubspecleSnamely,javamica

andindica.

O UnderlnundatiQn,Hokur'!ku

ら A Under'EnUndat'IOn,Toyama

● Afterdrainage.Hokur-Jku
▲ Afterdraina吉e,Toy即Ia ､

Fig.3:Correlationbetweencadmitm concentrationinsoilandbr… riceindifferent

watermanagement(IimuraandIto,1975).

Cadmiumleakagemightoccurinthesoilsolutioninparticularclimaticconditiondueto

high biologicalacdvityinsoil(MorelandGunckert,1983)AFurthermore,Haghiri

(1973)wasobservedthatbetweensoiltemperatureandCdニuPtakebyplantshada
5



positiverelationship･NtLmerOuSStudiesreportedthattheCdconcentrationinricewas

correlatedwiththeamountofcadmiumcontentins°il一AccordingtolimuraandIto

(1975)studiedthathighCdcontainedsoilcausedthehighamoudofCdco且tentinrice

grainaSShown intheFig.3.

ThechemicalspeciGcationofheavymetalsinsolutionaffectstheiravailabilityand

toxicitytoplants(戸arkeretal.,1995).Fore2CamPle,Cu2'(Graham,1981)and-Cd2+

(Cabreraetal.,1988)haveshownhigh levelofcorrelationwiththeactivityoffTree

metalsionsinsoilsolutionwhenplarltSuptakethesemetals.Solubleheavymetal

concentrationsinsoilsarelikelytobeinfluencedtosomeextezltlbythetotal

concentrationsofheavymetalspresentinsoils.Thus,lnurbCOntaminatedsoils,heavy

metalbioavailabilityislikelytoberelatedtothenatureofthesoilparentmaterialand

thedegreeofsoilweathering(加kLaren,2003).hcaseofcontaminatedsoils,Solutions

ofheavymetalconcentrationsarelikelytoincreasewithtotalloadingco血 inarlt.

Colloidsinsoilthatareabletoabsorbheavymetalswilltherefわrehaveamajor

influenceincontrollingheavymetalavailabilitytoplants.Soilorganicmatterhasa

largecapacibrtoabsorborcomplexheavymetals.Heavymetalsmayalsobeabsorbed

byclaymineralsandoxidesofFe,Al,andMn,butthesemayplayarelativelyminor
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roleinmaintaimingsolutionofheavymetalconcentrationscomparedtotheoverriding

dominanceofsoilorgamicmatter･Thelackofsignificantcorrelationsbetweenheavy

metalsorptlOnandsoilclaycontentscouldbeduetothelowamourltsofthese

constituents.

I.3Cadmiumpo)ltItioneffectOJIPlaJltgrowth

Riceplantgrowsonenvironmentalandbiologicalfactors.Thechemicallyfom ofCdin

soilsolutionisgreatlydependentonsoiloxidation-reductionstate.Accordingto

Alloway(1990),theamountofCduptakebyplantsdependsonthecombinationof̂soil

andplantfactors.SoilfactorsaffectingtheuptakeofCdbyplantsincludespH,soiltype,

temperature,Cdlevel,sorptioncapacityandredoxpotentialandmicroorgamismactivity.

"Cadmium uptakebyriceplantsispromotedunderoxidativeconditionsbecause

cadmium sulfideisoxidizedandcadmium ionsaredissolvedintothesoilsolution"

(Iimuraこ1981)･Consequently:

0Ⅹidation
cd2++so42-

Reduction

ThetoxiceaectsofCdonbiologicalsystemshavebeenreportedbyvariousauthors

(Mukheljeeetal.,1984andSharmaetal.,1985).Cdwhichisanon-essentialmetaland

7



apowerfulenzymeinhibitor(Lockwood,1976),isconsideredtobeanextremely

signi丘cantpollutantbecauseofitshightoxicityandgreatsolubilityinwater.Cadmium

pollutioninsoilwhichishindrancetheuptakeofmicroandmacrom血iedbyplants,

thuseffecto皿theplantsgrow血andproductionAccordingtoRootetal.(1975),Cd

inducedcholorisin,comleavescouldbeduetochangesinZn;Feratio.Inaddition,Cd

toxicityappearedtoinducephosphorusdeflCiencyorreducemanganesetransport

problem(GodboldandHuttermann,1985).hgeneral,CdhasbeenshowntointerfTere

withtheuptake,transportanduseofseveralelements(Ca,Mg,PandK)andwaterby

plants.SoiltemperaturerelatedtotheSoilpH.Wh entempe ratureincreasethenthepH

ofsoilincrease.ⅠncreasingpHusuallyincreasethemortalityinawiderangeofspecies.

AccordingtoHineslyetal.,(1984)decreaseduptakeofheavymetalsbyplantswith

increaseofsoilpH･Inaddition,inthehigh levelofsoilpH,themicroorgani?m's

activityiscomparativelyincreaseasresultsthesoiloxygenlevelwillincreasewhichis

helpstotProducesolubleCadmiumsulfide.Rosasetal.,(1984)reportedthatinplants

exposedtoCdfor24hourstheCdpenetratedintotheinducingcellphysiologicaland

geneticallydamages.ThevalueofSoiloxidation-reductionpotentiilvalueisan

importantfactorforuptakeofCdorotherheavymetalsbyriceplants.Insoiloxidation

conditionpromotestoproduceSolubleCd2+whichiseasilyuptakebyriceplarlts.
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1.4Cadmiumconcentrationinsoil

As of2005,InJapanabout8,000halandwaspollutedbyCdanditistaken40,000歩aa

forsoildressing.h generaltheCdconcentrationinthepaddyiieldofsll血celayer

(0-15cm)is0.265ppm andsubsoilhyer(30-60cm)is0-140ppm.However,the

concentrationofCdinsubsoilislessthanthesoilsurfTace(M F,2001).The

concentrationofCdinthepaddyfieldsishigherthantheuplandGeldandforestin

Japanasshown inTable1.

Table1:ConcentrationofCadmiuminsomefieldsofJapan(MAEF,2001)

(Allumit:ppm)

r)
1.5CotlntermeaSureSagainstcadmitlmCOntaminationofagrictllturalcrops

也caseofJapan,theminimumsoil血essingis12.5cmf♭rpollutedagric山turelandfわr

minimizetheheavymetalpollution.Somescientistconductedtheirressarchwith5-40

cmsoildressing.0dtheotherhand,Yamada(2007)developedthesoildressingsystem.

However,ifthesoildressinglSnotSuWICientlythick,therootsofricewillreachthe

contaminatedsoil,decreasingtheeffectofthecountermeasure.Soappropriatesoil
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dressingandsoilairentryvalueismostimportantforminimizethepolludon.

Moreover,therearemanymethodstopreventCduptakebyriceplantskom

contaminatedpaddyfields.Oneofthemostpopular皿ethodsisunderfloodingofpaddy

丘elds.TheMinistryofAgriculture,ForestryandFisheriesandNationalhstitutefor

Agro-EnvirormentalSciences,Japan(2002)recommPndedfloodingpaddiesbeforeand

a洗erheadingtime,SoilimprovementuslngfTertilizersformimimlZlngCduptakeinrice

plants.SoildresslnglSSimpleandwidelyusedtechmiqueforheavilycontaminatedsites

(Sakuraieial.,1996,Vangronsveldetal.,1998)anddevelopedh-situsoildressing

systeminapplyingremovalofpollutedsoilreplacingofunpollutedsoil(Yamadaetal.,

2007)andhasbeenpracticedphytoremediationindiffererltCOntaminatedgrea(Elliotet

al.,1999andSuthersan,2002).InadditionthatinagriculturesectorforreductionofCd

byriceplantssuchasCdsorptionbyfemicoxide(Kuoetal･,1984)andlimeisa野eaLtly

effectinreducingCdandCuuptakeintheCdandCucontaminatedsoil(Ⅹianetal.,

1989)andCdcomplexdecreasewithCarbonateandtoremovehazardousmetals丘om

soilintoaqueoussolutionwithusingextractingreagents(Elliotetal.,1999).Inpgldy

fields,waterisneededforsaturatingthesoil,surfaceflooded,percohtionseepage(bund

percolation)andevapo-transpiration(Adachietal.,1992).
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鮎ceplantsrootscangrowuptosubsoil.Soiftheplowsoleandsubsoilareoxidized

condition,itisnotsafetyforpaddycultivationduetoinsolubleCdconverttosoluble

Cdformsinsoj】oxi血tionconditionWetrytounderstandandestablishthismethodby

theopenandclosedsystempercolationwithdifferen土soildressingsystem.

1.6ELrectofCadmium(Cd)polhltioAOnhmaAh飴Ith

Suchpollutantlevelsinfoodhavevaried丘omcountrytocountry;forexample,WHO

(1992a)setthecadmium(Cd)levelinricegrainsto0.1ppmbuttheJapangovernment

setitto0.4ppm.InJapan,Cdpollutioninsoil,attributedtomlnlng,growingindustries

andsewagesludge,isamajorProbleminagriculturebecauseanintakeofhigh-Cdrice

maycauseItai-1tai(Softbone)disease,whichwasdocumentedinToyamaprefTectureof

Japan(Ⅹobayashi,1978).AccordingtoKawadaetal.,1998,theintakeofCd舟omrice

gralnSinJapanesecitizenisabout34-50%.Therearemanyresearchesaboutoneffect

ofCdpollutiononhumanhealth.ItisblownthatserioussystematicproblemsCan

developasaresultofhcreasedaccumulationofdietaryheavymetalssuchasCdandPb

inthehmanbody(Oliveretal.,1997).InadditionthatexcessiveaccLumuhtionofLead

O'b)andCadmium(Cd)inhmanbodiescreatestheproblemslikecardiovascular,

kidney,nervousandbonedisease(Jarupetal.,2003,WHO1992bandSteelandetal.,

2000).
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1.7Rationaleofthestudy

Thestudywasconductedtoclarifydleeffectofapercolationpattemongrowthand

yieldsofriceplantsandaccum ulationofCdinvariouspartsofriceplants･

Cd-contah tedsoil,Alluvial,An dosolandGravelwereusedinthestratiAedpaddy

fieldmodel･Manyscientistshaveconductedtheirresearchinthepotdevicetoevaluate

theCdeffTectonriceplants.ThepotdevicesystemdidnotrepresenHheconditionofan

actualpaddyfield.Thereforestratifiedpaddyfieldmodelsweremaintainedtheactual

soilprofileofpaddyfleld.As aresultriceplantrootscangrowuptothesubsoil.Sothis

studywasconductedinthestratifiedpaddyflelds.Therefore,theobjectivesofthestudy

wereas丘)llows:

1.Toinvestigatetheinnuenceofpercohtionpatternongrowthandyieldsofrice

plants.

2.Toinvestigatetheinfluenceofpercolationpattemonaccumulationofcadmiumin

variouspartofriceplants.

3.Toinvestigatetheeffectofpercohtionpa#ernonthesoilphysiCalandwaterquality

4.Toevaluatetheopenandclosedsystempercolationwith12.5,15and20cmsoil

dressingmodels.

Forthecirctmstances,studywereasfollowinthechapter1generalirLtrOduction,

12



chapter2MaterialaJldmethods,chapter3,4and5 Resultsanddiscussion,chapter6

Summaryofthestudy,chapter7ConchsionChapter8Futurepl皿andReferences･

し_
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Chapter2:MaterialsandMethods

2.1btrodtletion

TheexperimedwasconductedinthegreenhouseatH止osakiUmiversity,H止osaki-shi,

Aomod,Japanin2009and2010.Thestudywaspedomedtoinvestigatetheinfluence

ofpercolationpattem ontheoxidation-reductionpotentialofsoillayerandalsoto

observetheeffectofpercolationpattemongrow血andyieldsofriceplants.Moreover,

thestudywasalsodescribedtheinfluenceofpercolationpattem toaccumulationof

cadmiumbyriceplantswithstratifiedpollutedpaddyfieldmodels.Thestratifiedpaddy

fieldmodelswereoperatedwithopenandclosedsystempercolation.Closedsystem

percolationwasan ill-drainedpaddyfieldmodelsandopensystempercolationwasa

well-drainedpaddyfieldmodels.Thestratifiedpollutedpaddyfieldswereconstructed

with12.5,15and20cmsoildressing.AccordingtoSasaki(1998),theclosedsystem

percolationpaddyfleldwassimilartoactualpaddyfield.Sothisstudywasconducted

andcomparewiththeopenandclosedsystempercolationwhichwassimilartothe

actualpaddyfleld･
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2.2ExperimentalDesignandMaterials

Thestratifledpaddyfleldmodelsweresubjectedtotwokinds｡fpercoladonpatternsas

anopensystempercolationandaclosedsystempercolabonasshowninTable2and3.

In2009experiment,thestratifledpaddyfieldmodelsMll,M12andM-3wereopen

systempercolationandM-4,M-5andM-6wereclosedsystempercolationmodelswith

constructed12.5cmsoildressinglayerasausedofAndosol.Thereweretwotypesof

stratifiedpaddyfieldandthreemodelswereappliedtoeachpaddyfield.Thestratified

paddyfleldmodelwasconstructedinanironbox(30x50x70cm)withthreelayersof

soil;plowlayer(layerI;0-12.5cm),plowsole(layerII;12.5-22.5cm),andsubsoil

(layerIII;22.5-42.5cm)thatwereconstructedwithAndosol(layerI),Cd-pollutedsoil

(layerII)andgravel(layerIⅡ)asshowninTable2･

In2010expenmeI吐,thestrati点edpaddy点eldwasconstructedby15and20cmSoil

dressinglayerasausedofalluvialsoil･Everysoildressingsystemhastwomodelswith

openandclosedsystempgcohtionmodelasshowninTable3･Thestratifledpaddy

fieldmodelofM-7,M-8,M-9andM-10wereconstructedinanironbox(30x50x70

cm)withthreelayersofsoil;plowlayer(layerI;0-12.5cm),plowsole(hyerII;

12.5-22.5cm),andsubsoil(layerIll;22･5-42.5cm)thatwereconstructedwithalluvial
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(layerI),alluvialsoilandCd-pollutedsoiland(layerII)andCd-pollutedsoilandgravel

(ⅠⅠⅠlayer)asshowninlもble3.Intheopenpercolationsystem,theplowsoleandupper

subsoilwereopenandplowlayerandlowersubsoilwereclosedpercoladonsystem.As

aresults,theplowsoleanduppersubsoilwerebecameoxidizedduetoatmosphere

enteredeasilyintothoselayerbyexperimentalironbox､shole.As aconsequences,open

percolationsystemasawell-drainedpaddyfieldmodelduetolowgroundwaterlevel

(57.5cm)wasflXedinsubsoil.Ontheotherhand,plowlayerandlowersubsoillayer

werereferringtoreductionlayerduetosatLmtedconditionofthoselayers.Intheclosed

systempercolationmodels,maintainedofallsoillayerswereinclosedatmosphere

conditionandhighgroundwater(12.5cm)tablealsoregulated.As aresult,soilbecame

reductionconditioncorLVentionalpaddyfield.Thismodelisknovmastotheill-drained

paddy丘eldmodel.
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Table2:Soildresslngmodelsof2009.

Table31.Soildressingmodelsof2010.

○:opensystempercolation,●‥Closedsystempercoladon

Andosol:Chitosefarm,HirosakiUniversity,Japan,Pollutedsoil:Cd-accumulated(Polluted)soilwastaken丘oma

Cd-contaminatedareainA-prefecttJre,Japan,AlluviaJsoil:KanagifarmofHirosakiUniversity,Japan,Gravel:

GravelwasobtahedfromthelwakiMountains
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Thecadmium contaminatedsoilwascollectedfrom highCd-accumulatedareain

A-prefTecture,Japan.ThealluvialandAndosolwerecollectedaomHirosakiUmiversity

Farm･ThephysicalandchemicalproperhesofAn dosol,alluvialsoil,Cd-accumulated

soilandgravelwereanalyzeusingairdrysoilandproceduresfollowbytheJapanese

standardmethod(M F,1979a)asshowninTd)le4.FinallyCdconcentrationinsoil

wasmeasuredbytheatomicabsorptionmethod(ModelZ2000, HitachiHigh

TeclmologiesCo.,Ltd.).

Table4:PhysicalandchemicalpropertleSOfsoil

Sample Density Soil MgO Na20 CaO K20 Tbtal Cd T-N T-P OM

(g/cm3) texttwe iron (%) (%) (%)
* *

lmdoso1 2-592 SCL 918 84 1,530 159 5,683 0.19 0.44 0.60 6.0

Ponuted 2.453 L 496 114 2,909 311 2,%20 3.39 0.40 0.15 4.8

soiI

A皿uvia1 2.595 Lic 997 97 1,530 95 34,700 0.27 0.24 0.13 2.9

soil

Gravel 2.680 147 18 539 58 600 0.13 0.00 0.35 0.05

SoiltextureisbasedonthehtemationalSoilSocietyclassification;SCLandLstandfor:L-Loamy;

SCL-SiltClayI,Oam *representsmgnlgdrysoil.Graveldiametersize:2.00-4.75mm.
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2.3ExperimentalequlPment

2.3.1PreparatioJ10fsoil

AllofplantrootsandstonesremovedfromAndosol,alluvialandpollutedsoil.Thesoil

ballsweremadefromrootsandstonesbeesoilwithadequatewaterandthediameter

was10-12cmasshowintheFig.4a.Thepreparedsoilballswerekeptonaboveofthe

polythenesheetf♭rairdryingasshown inFig.4b.Thesoilballswereeasilybrokenby

handandthosesoilballswereappropnateformakingsoilcoarseandusedfor

constructionofsoillayer.Drysoilwerebrokenbywoodenhamm erandthesizeofthe

coarseabout1cmdiameterthencoarsesoilkeptlnPlasticbucketthatshowintheFig.

5.ThecrashsoilkeptontheseepfわrseparatlngOfsoilcoarsewithuslngby2mm

diametersievednetasshowninFig.6.

Fig.4a:Preparationofsoilball
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Fig.5:Crashofthesoilball Fig.6:SievlngOfsoil

2.3.2Constructionofsoillayer

Theeachmodelhasthedimensionof30x50x70cmwaspracticedin血onboxand

operatedat5cmpuddlingdepth.Bothofthepercolationpattem,thebulkdensityofI,II

andIIIlayer､swereOl91,0･66andl･40g/cm3andfortheimpermeablelayerwasO･88

g/cm3asshown inFig.7.Theconstructionprocedureofbothmodelwerefoursteps.

ThefirstStepWasmadeofsubsoillayerwithgravelasaconsequentlyof5cmthickness

partofgravelwasmadeofuniformdensityasshown inFig.8.Thesecondstepswas,

setupofwoodstickalongtheirmersideoftheironboxandfillupofgranulespolluted

soiltomaketheplowsoleasshowninFig.9and10.Theironplatewithporewassetted

ontheplowsoleasshown inFig.11･Thethirdstepwastomaketheimpermeablelayer

whichhasthethickness2.5cmasshowninFig.12.ARerconstructionofthecompact

layerthenobservedthewaterpermeabilityperdayasshowninFig.13･Thesuitable

valueofpercolationratefb∫riceplantsis20-30mm/daybutpercolationrateinalluvial
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Soilofpaddyfleldbecomelessthan10mm/day(TabuchiandHasegawa,1995)･The

averagerange｡fwaterpermed)ilityofcompactlayerwas2-4.75mm/day.Thefourth

stepwasmadeofplowlayer.TheplowlayerweremadeofAn dosolorauuvialsoilwith

puddlingconditionandmixedwithfertilizerasarateofTsugaruromancultivar.After

constructionofplowlayerthenriceplantsweretransplantedontheplowlayer_

ヽ

Ⅰ 12.5(

Plowlayer

2_5

Ⅱ 7.5

Plowsole

ⅠⅡ 42.5

Subsoil J

Fig.7:Soillayersofstratifiedpaddyfieldmodel･
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Fig.8:Fillupofgravelintotheironbox

卓･_A.rF ･.,iL ,LJk_二

Fig.9:Setuporwoodstickininnersideofironbox

Fig .10a):F illingofpollu ted soil
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Fig.10b)Schematicdiagram of

poll山edsoilinto血eironbox.



Fig.11:Settingofironplateintotheironbox.

Fig.12:a)Preparationofimpermeablelayer

<:::=::::::::::::::コ R■mm■r

顎 eabilitylaye ⊆
暮t○2.5cm

l lJLJd o I 75 cmptJ6k)

ⅠⅠⅠIayer42..5亡m

Fig.12:b)Schematicdiagramof

impemeablelayer.

Fig.13:Checkofwaterpermeability
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Inopensystempercolationmodel,thegroundwatertablewaskeptat57.5cmdepth

斤omsoilsurfaceandclosedsystempercolationmodelwaskeptat12･5cmdepthfrom

soilsurfaceasshown inFig･14･Thegroundwatercalculatedbytheequationasfollows

L-H-h,whereHistotalsoildepth,Lisgroundwaterlevelandhiswaterlevelfromsoil

su血ce.

Horseplpe

Fig.14:Layoutoftheexperimentaldevice
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TherewereEh,temperatureandpressuresensorofeachsoillayerf♭rmeasuringthesoil

physicalandwaterconditioninthemodelasshown inFig.15_TheSensorsettedof

eachsoillayerasinSurfacewater(onetemperatureandonepressuresensor),plow

layer(onetemperature,OneEhsensorandonepressuresensors),plowsole(one

temperaturesensor,twoEhsensorsandonepressuresensor)andthesubsoil(one

temperaturesensor,threeEhsensorsandtwopressuresensors).

Sensorposition
5cm 10cm 10cm 5cm

5cm

7ー5cm

10cm

5cm

7.5cm

10cm

10cm

15cm

●:Temperature▲:Ehsensor■:Filtersensor ⊥ fn

Fig.15:Sensorpositionandsettlng
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一 一 一 ■■

a)Temperaturesensor(TypeA)

C)Ehsensor

e)Temperaturerecorder

b)Temperaturesensor(TypeB)

d)Pressuresensor

i)ORPdatalogger

Fig･16:Sensors,temperaturerecorderandORPdatalogger
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Thepressureheaddistributiontubeswereconnectedofeachsoillayerbythepressure

sensor･Thepressureheadofsoilproflleweremeasuredbymanometer･Waterlevelin

themanometertubebeloworhigh tothepressuresensorlevelindicatesnegativeor

posltlVePressureaSShown inFig-17.

jL.

Fig.17:Manometerboard

Positive

preSSure

Negative

preSSure
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2.3.3Designoftransplanting

Therewere150friceplants(Cultivar:Tsugaru-Roman)Weretransplantedineach

paddyfieldmodelwith10cmplantingdistance.Thericeplantlengthrangewas1810-

21.0cmandNumberofleaf4.2-4.6in2009and2010.Thedesignoftransplantlngln

themodelwasshowninf-ig.18.

阿 0｡m匪m10cm10cm阿

Fig.18:DesignoftransplantingIntoironboxandschematicdiagram

2.3.4Applicationoffertilizer

FourtypesoffTertilizerelementswereusedforfTertilization.Thechemicallyfわrmof

thosefTertilizerswereCa(H2PO4)2+CaSO4(20.5%),K2SO4(50.5%),Ca2SiO4(30%)

and(NH4)2SO4(21%)whichwereknownasphosphorus,potassium ,calcium and

nitrogen.ThedoseoffTertilizerofeachironboxwas9.76g(phosphorus),3.96g
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(potassium ),40･Og(calcium )and9.52g(mitrogen).TheapplicationoffTertilizerinone

timewasusedduringprepanngofpuddlinglayer･

2.3.5Propertiesofsupplywater

SupplyofGroundwaterforirrlgationisanimportantforplantgrowth,hum an

consumptionandindustrialusage.TheconcentrationofElectricalconductivitywas

10.43mS/mwhichwasgoodf♭rimgation.TheCdconcentrationintheimgationwater

wasnearabout0andotherelementssuchasferrous(Fe),Potassium(K),Sodium(Na),

Calcium (Ca)andMagnesium (Mg)werewithinthenormalrangeforirrigationas

showninTable5.

Table5:Propertiesofirrigationwater

pH DO EC Fe Cd K Na Ca Mg T-N T-P

(mg/L) (mS/m)(mg/L)(mg/L) (mg/L) (mg/L)(mg/L) (mg/L) (mg/L) (mg/L)

Average 6･5 7･8 10･4 1･2 0･00> 12･9 19･0 9･0 4･1 1･3 0･04

CV(%) 3.53 21.3 24.0 141,9 0 55.2 18.1 19.2 26.3 56.2 25.4
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2.4Meastlrementmethods

Oxidation-reduction potential(ORP)ofeach soillayerwere measured by

electrometriCallyusingORPmeter(CentralScienceCo.,Ltd.,modelUC1203)丘om

plantingtobⅣestingperiod.Manometerbo血dwasset比edto皿eaSureWaterPressure

ofsoilprofllebypressuresensor.Thermorecorderwasusedtorecordthegreenhouse

andsoiltemperature.Dailywaterrequlreme血wagmeasuredbycaliperasshowninFig.

19.Watersamplewerecollected丘omsurfaceandoutletwaterformeasuremerltofpH,

EC,Na,K,Ca,FeandMg.ThepHvalueofthesamplewaterwasmeasuredbypH

〔

meterandelectricconducdvity匹C)wasmeasuredbyECmeter(Horibameter).Onthe

otherhand,Ca,Mg,Na,KandFeweremeasuredofthosesamplesbyatomic

spectrometryanalyzer.(ModelZ2000,HitachiHighTechnologiesCo.,Ltd.).

InthertmnlngtlmeOfexperiment,1migadonwaterwassupplyofeachstratifiedpaddy

twicetimeperdaybyirrigationmachheasJShowninFig.20.Theplantheight,ntmber

ofleafandnumberofstemofeachriceplantsweremeasuredweeklybetweenplanting

toharvestperiodasshoⅥninFig.21.Thecploramountinricebladewasmeasured

withusingsoilandplantanalyzerdevelopment(TypeofNo.SPAD-502)asshownin

Fig.22.ThedatesofbloomingstartiLndendwereinvestigated.The14thleafheightand

colorweremeasureduptoharvestingPeriod.
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Fig.19:Measurementofwatervelocitybycaliper

Fig.20:Automaticwatersupplyimgationmachine

Fig.21:MeasurementorPlantlength
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Fig.22:MeasurementofSPADvalueofriceplant

Fig.231.Sundryingofriceplants.
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a)Rootseparatekomsoil

b)RootseparatefromGravel

C)Rootdryat70oC for7days

Fig･24:Plantsrootswereseparatedfromsoilandgravel
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Cbapter3:Influenceofpercolation pattern on soilredox

conditionandwaterqualityofstratifiedpollutedpaddyfield

3.1htrodtICtion

Thepaddyfieldsweresubjectedtwokindsthosewereclosedandopensystem

percolation.Openpercolationpattemwascharacterizedbylowgroundwatertablein

whichaircanpenetratehtosoillayerhorizQrltallyandthereforeplowsoleandsubsoil

layeroxidized･Intheclosedsystempercolation,thesoillayerswereinsaturated

､L

conditionduetohigh groundwatertablewasadjusted.Thestratifiedpaddyfields

exemplifiedtheactualpaddyflelds･InpreviousJstudy,_Sasaki(1993and1994)stated

tha;tremovalofironandmanganeseinsoilhyerwereinfluencedbypercohtionpattem.

Sasakietal.,(2001)statedthatconce血rationofnitrate,iron,andmanganeseionand

dissolvedoxygeninwateroftheclosedsystempercolationincreasedmorethanthosein

theopensystempercolation.ThegrowthofriceplarltSrootsShowedvegetativegrowth

udero由dativeconditionthatwasdescribedbytheKawaguchi(1978).

Intheopensystempercolation,plowsoleandsubsoilhasnegativepressurebutpositive

pressurewasshowedinclosedsystempercolationduetosaturatedconditionofallsoil

layersbythewater.Thissectionwilldescribetheinfluenceofpercolationpattemon

physicalpropertiesofsoil,supplywateranddminagewaterofstratifledpaddyfleld

models.

35



3.2Presstlreheaddistribution

In2009experiment,theopensystempercol血on(M-1,Ml2andM-3)showedpositive

pressurein plowlayerbutplowsoleandsubsoilwerenegativepressuredueto

tmsaturatedconditionofthosesoillayersandairenterintothosesoilhyersandin

additionalwaterpressureofp16wsoleandsubsoillayerswerelowerthantheairentry

pressure(-2.0cm)inagreementwiththepreviousstudybySasaki(1994).Itindicated

thatthoselayerswereopensyst占mpercolation.Ontheotherhand,closedsystem

percolation(MA,M-5andM-6)Showedpositivepressureofplowlayer,plowsoleand

subsoilatthesoildepthof7.5cm,17.5cm,30cm,50cmand62.5cmrespectivelydue

tosaturatedconditionofthosesoillayerbywaterthatshown inFig.25and26.

In2010experiment,theModelofM-8andM-10whichwereorientedasopensystem

percohtionpattemandshowedpositivepressureinplowlayerbutnegativepressurein

plowsoleandsubsoil.Ontheotherhand,closedsystempercolation(丸か7andM19)

Showedpositivepressureofplowlayer,plowsoleandsubsoilduetosaturatedcondition

bywaterasshowninFig.27and28.Sasakietal.,(2001)describedthatpositive

pressureofsoillayerwereperformedinclosedpercolationpattem andnegative

pressureinanopensystempercolationwhichissupportedthisstudy･Positivepressure

ofsoillayerperformedbyill-drainedpaddyfieldandnegativepressurebywell-
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drainedpaddyfleldduetowatermovementfromhigherpoterltialtothelowerpolntaS

describedHilleletall,(1998)iThetotalpotentialofwaterpressureintheopensystem

percolationwasnearlyequalto也epondlevelinplowlayerThehighlossofwater

potentialoccurredinplowsoleandsubsoilhadwaterlossinproportionwithdepth･The

totalpotentialofwaterpressureinplowsoleandsubsoilofopensystempercolation

werelessthantheclosedsystempercolationbuttotalpotentiallosswaslessthanthatof

theopensystempercolationduetotheconditionofplowsole.
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Fig･27:Thepressureheadprofileinopen(M-8)andclosed(M-7)systempercolationat
50也血y-2010.
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Fig･28:Thepressureheadproflleinopen(M-8)andclosed(M-7)systempercolationat
lOO血day-2010･
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3.3WaterrequlreneAtrate

IrrigationwaterisverylmPOrtantforriceplantsgrowthandyields.Inthisstudy,the

suWICierltimigationwaterwassuppliedcontinuouslyatthelevelof4to5cm.Thewater

requirementrateWasCOntrOlledbytheimpermeablelayerofbothpercolationsystems.

TheaveragewaterrequlrementrateOfmodelsMll,MI2,M-3,M-4,MI5,M-6,MI7,

M-8,M-9andM-10were26.7,37.7,37.6,21.7,40.1,56.3,44,51.7,46.9and40.9

mm/dayasshown inFig.29and30.TheaverageofwaterrequlrementrateWaslowthe

beginnlngtlmeandthelateperiodoftheexperimentandbecamehigherfrom45thto

90thdaysofexperiment･Howeverthedrainedwateraom subsoilwasgradually

decreasedofbothpercolations.Thewaterrequlrementrateintheclosedsystem

percolationwascontrolledbysubsurfacedrainagedeviceasshowninFig.14.Finally,

percolationrateoftheopen-systempercolation(38.9mm/day)waslowerthanthe

closedsystem percolation(41.9mm/day),Thisdifferenceofthepercolationrate

happenedthedecreasedofpermeabili吋 ofplowsole.AccordingtoHasegawaand

Tabuchi(1995),thetotalimigationwateratpaddyfleldsrequires15-25mm/daywith

depthduringariceseason.Thepercolationratewasdecreaselateoftheexperimentof

bothmodelswhichwassimilartothestudyofSasakietal.,(1992).
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Fig.29:Waterrequlrementrateinstrati丘edpaddyfieldmodelunderopenandclosed

systempercolationin2009(M-トM-6).
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Fig･30:Waterrequlrementrateinstratifiedpaddyfieldmodelunderopenandclosed

systempercolationin2010(M-7-M-10)･
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3.4Soiltemperature

Theleaf,stemsandrootsgrowthofriceplantsdependonmanyfactors.Lowsoil

temperaturedmingthegrowingSeasonmayCauseSubstantialreductionsinthegrowth

ofplantsinagronomiCandnativeecosystems.

Inthisstudy,soiltemperatureswereobservedofeachsoillayer丘omtheperiodof

transplantlngtOharvest.Althoughtheairtemperatureofgreenhousewasobserved

duringfromJunetoSeptember.Theaverageairtemperatureofgreenhousein2009and

2010were23･50cand26100C,re!pectivelyasshowedinFig130･Thehighestair

temperatureswereobservedinthegreenhouseinAugustthat'S250C(2009)and300C

(2010)andlowerinJunethat'swere21Oc(2009)and230C(2010).Forthesuitable

plantgrowthundertheoptlmumtePlperatureranges170cto250cduringrlPenlngtlme

(Aimi etal.,1959).Sointhisstudy,thegreenhousetemperaturewasnomalrangefor

riceplantgrowth.

Theaveragefloodwatertemperaturewasabout23℃ in2009and25℃ in2010.

Theseresultsshowedthatairtemperaturewashigherthanthefloodwatertemperature.

Ifthefloodwatertemperatureishigherthantheairtemperature,theplantgrow血might

bedisturbedbythecolddamage(TabuchiandHasegawa,1995).Ontheotherhand,

Takenaga(1995)statedthatthepaddyfieldisdamagebythecoolweatherduetolow

temperatureandlackofsolarradiadon.Inthisstudy,d也 gthecultivationperioddid
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notoccurbycooldamaged.

Eachofsoillayertemperatureindiffeferltpercolationpattemwasobservedeveryday

duringthecultivation.Inclosedsystem percolation;theplowlayer,plowsoleand

subsoiltemperature wereaboutsimilartemperatureandhighertofloodwater

temperaturethatoccurredintheexperimentOf2009and2010,respectivelyasshown in

Fig･32and33.Buttheopensystempercolation,plowsoleandsubsoiltemperature

almostsimilartotheairtemperatureduetosoilwereexposed.Thetemperatureofplow

layerwashigherthantheairandfloodwatertemperatureduetoinundationconditionof

plowlayerasshown inFig.31and33.

The且oodwatertemperatureinbothpercohtionsystemswaslowerthatofallsoillayers

andairtemperaturealteredsuppliedcoolwaterintheexperiment.Theunsaturatedsoil

undertheopensystempercolationcanbecooldown Brstlythesaturatedsoilunderthe

closedsystempercolation.Itmightbeduetothespeci丘cheatofsoilparticlesare
〔

appro由mately0.20cal/gandthedrysoilwith50%porosityhasspeciflCheatis0.75

Gal/g(kohnke,1968).Sothewetsoilhashigherheatcapacitythanthedrysoil.From

theresultsasshown Fig.3233,34and35,theoptimumtendencyofsoiltemperaturein

theopensystempercolationcanbemamiPulatedeasierthanthatintheclosedsystem

percolation,thismightbetheampledifnlSionofheatintheopensystempercolationdue

tohighertemperaturewereincreasethedi乱sionrateofsoilaeration.
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Fig.31:AirtemperaturesofGreenhousein2009and2010.
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Fig.32:Temperaturesofnoodwater,plowlayer,plowsoleandsubsoilinclosedsystem

percolationmodels:2009(M-4model).
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Fig-33:Temperaturesofnoodwater,plowlayer,plowsoleandsubsoilinopensystem

percolationmodel:2009(Mllmodel)_

Fig.34:Temperaturesoffloodwater,plowlayer,plowsoleandsubsoilinclosedsystem

percolationmodel:2010(M-4model)･
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Fig.35:Temperaturesoffloodwater,plowlayer,plowsoleandsubsoilinopensystem

percolationmodel:2010(M-8andM-10model).
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3.5Waterqualityparameters

Intheexperiment,thewaterqualitysuchaspH,EC,Na,Fe,K,MgandCameasured

丘omfloodwaterandoutletwaterinclosedandopensystempercolationmodels.

3.5.1pⅡValtleOffloodandoutletwater

pHvalueinirrigationwaterandsoilisverylmPOrtantforricecultivation.Theaverage

pHvalueofimigationwaterwas6.3.In2009and2010;theaveragefloodwaterpH

valueinclosedsystempercolationwas6.3butinopensystempercolationwas6.4as

showninFig.36andFig.37.Actuallybothofthemodels,thefloodwaterwerealmost

similar,Infact,thepHvalueinfloodwaterwasslightlydiffTerencewithintheclosedand

openpercolationpattem .Inthefloodingwaterbecomehigherbothofthepercolation

comparativelytosupplywaterduetoaoatlngWeedsuppliedoxygenwhichmakehigh

pHcondition.

In2009,theaveragepH valueofdownwardwaterinclosedandopensystem

percohtionwereabout6.6and6.8respectively,asshowninFig.38.Ontheotherhand,

theaveragepHvalueofdownwardwaterinopenandclosedsystempercolationwere

6.9and6.5in2010asshowninFig.39.Actuallyinopensystempercohtion,thelower

plowsoleandsubsoilbecameoxidizedasaresultspHwashigherinやosesoilwaterbut
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inclosedsystempercolation/,theallofsoillayerwerebecameinreductioncondition

andsoilwaterpHbecamereduce･Sasakietal.,(2001)reportedthat,thepHvalueis

lowerinreductionconditionofsoillayercomparativelytounsattwatedconditionofsoil

layerthatissupportedtothepresentstudy.
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Fig.36:ThepHvalueofthefloodwaterinopenandclosedsystempercolation:2009

Fig.37:ThepHvalueoftheRoodwaterinopenandclosedsystempercolation:2010.
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Fig.38:pHvalueino山letwaterin2009

Fig･39:pHvalueinoutletwaterin2010･

50



3.5.2Electricconductivity(EC)

Electricconductivity匹C)wasbnekindofparameterstomeasurethewaterquality.In

thisstudy,thewaterqualityofECwasmeasuredinfloodwaterandoutletwater.In

2009,theaverageECvalueoffloodwaterinopensystempercolationwas1715mS/m

butinclosedsystempercolationwas16.6mS/m,respectively.In2010,inclosedsystem

percolation;theaveragevalueofEC.was15.2mS/mand14.9mS/minopensystem

percolation,respectively.FromthebeginnlngOftheexperiment,theECvalueswere

higherinbothpercolationandgraduallydecreasewithincreaslngthecultivationperiOd

duetotheeffTectoffTertilizationasshown inFig.40and41.AccordingtoSukutaietal.,

(2005)hasstatedthattheECvalueinfloodwaterwas20mS/mwhichwassimilarto

thepresentstudy.

Ontheotherhand,theaverageECvalueinoutletofclosedsystempercoladonwas53.8

mS/mand46.2mS/minopensystempercolation,respectively;asshowninFig･42･The

averageECvaheofowletwas57.9inclosedsystemand45･8mS/minopensystem

percolationasshown inFig.43.

TheECvaluesofbothpercolationpattemsweredecreasedstartfromlateJunetoJuly

andremainaboutconstantvaluefromAugusttoSeptemberof2009and2010soil

columnmodels.TheECvalueofoutletwaterwashigherinclosedsystempercolation

than theopensystem percoladon;thismightbesoilreductionconditioninclosed
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systempercolation.AccordingtoSuknthaietal.,(2005),theECvalueofoutletwaterin

closedsystemishigherthantheopensystempercolationduetosomedissolveelements

precIPltationpassedbyoxidizedlayerwhichwassimilartothepresentstudy.
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Fig.40:Electricconductivityvalueinnoodwater:2009
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Fig.41:Electricconductivityvalueinnoodwater:2010
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Fig.42:Electricconductivityvalueinoutletwater:2009

Fig.43:Electricconductivityvalueinoutletwater:2010
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3.5.3Concentrationofionsinfloodwater

Inthepercolationmodelsof2009and2010,theionsof且oodwitterinopensystem

percohtionweremeasuredandtherangeofNa,K,Fe,CaandMgwere18-41mg/1,

9-25mg/1,2-3mgn,6-10mgnand1.5-4mgn,respectivelyasshowninFig･45and

47.Theionsinfloodwaterofclosedsystempercolationweremeasuredin2009and

2010,andtherangeofNa,K,:Fe,CaandMgvalueoffloodwaterwerel8-38mg4,

5-29mgn,2-3mg4,6-12mgnand1.5-9mgn,respectivelyasshown inFig.44and

46.TheaverageionsconcentrationoffloodwaterinbothpeFCOlationpattemmodels

hasnosigmificancediffTerence.Inboth percolationpattems,thefloodwaterNa

concentrationwashigherthantheotherK,Fe,CaandMgin2009and2010.hthe

begirmlngOfthestudy,theionsconcerltrationswerehigherandgraduallydecreasedue

tothee庁Tectoffertilizer.

3.3.4ConcentratioILOfioTLSinoutletwater

Inopensystempercolationmodelof2009and2010,theconcentrationofions(Na,K,

Fe,CaandMg)rangeinoutletwaterwere21-76mg/I,14-29mg4,0,1-0･6mgn,

40-120mg/Iand4-limgn,respectivelyasshowhinFig.49and51.0ntheotherhand,

theconcentrationofNa,K,Fe,CaandMgionsinoutletwaterof,closedsystem

percolationweretheaveragerangeof19-58mgn,6-20mgn,2-3mgn,35-80mgn

and3-15mg/I,respectivelyin2009and2010asshown inFig.48and50.Theaverage
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ionsconcentrationinoutletwaterwereNa(31mgn),Fe(2.8mg/I),K(15mg/1),Ca(59

mgn)andMg(10･7mg/I)inclosedsystem percolationbutintheopensystem

percolationwereNa(31mg/I),K(20mg/1),Fe(0.5mgn),Ca(66mg/1)andMg(12

mg/1)in2010and2009.Theconcentrationsofionsinoutletwaterwerehigherthanthe

floodwaterduetothemixedoffertilizerofthepercolatedwater.Moreover,theaverage

concentrationofironsinoutletwaterwaslowinopensystempercolationthanthe

closedsystempercolationduetoplowsoleandsubsoilbecameoxidizedandprecip血ted

onthesoil.AccordingtoSasakietal(2001)statedthatNa,KandMnconcerltrationin

outletwaterwerehigherinclosedsystempercolationthantheopensystempercolation

buttheFeconcentrationwerelowinopensystempercolationthatstatementwas

supportedtothepresentstudy.)
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Fig.44:ConcentrationofNa,K,Fe,Caandmginfloodwaterofclosedsystem

percolation:2009.
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Fig.45:ConcentrationofNa,K,Fe,CaandMginmoodwaterofopensystem

percolation:2009･
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Fig.46:ConcentrationofNa,K,Fe,Caandmginnoodwaterofclosedsystem

percolation:2010.

Fig.47:ConcentrationofNa,K,Fe,Caandmginfloodwaterofopensystem

percolation:2010
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Fig.48:ConcentrationofNa,K,Fe,CaandmglnOutletwaterofclosedsystem

percolation:2009.

Fig.49:ConcentrationofNa,K,Fe,CaandmglnOutletwaterofopensystem

percolation:2009.
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Fig.50'.ConcentrationofNa,K,Fe,CaandmglnOutletwaterofclosedsystem

percolation:2010

Fig.51:ConcentrationofNa,K,Fe,CaandmglnOutletwaterofopensystem

percolation:2010
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3･60Ⅹidation-redtlCtionpotential(Eh)

0Xidationreductionpotentialisknownasredoxpoterltia1匹h).Inthisstudytheredox

potentialvalueweremeasureOfplowlayer,plowsoleandsubsoilofeachmodelin2009

and20101Manyscientistshavebeenreported;mostofthemetalsareuptakebyrice

plants,especiallycadmiumduringthecultivationperiodsanddependsontothesoil

oxidation-reductionstate.

3.6.1Reductionpotentialinclosedsystempercolation

ThepercolationmodelsofM4 M-5,M-6,M-7andM-9wereclosedsystem

percolationinthestudy･TheEhvaluesofsoilweremeasuredatthedepthof7･5cm,

17.5cm,22.5cm,30cm,40cmand50cmineachmodel.Inclosedsystempercolation

models,theEhvalueweregraduallydecreasedduetobecamesaturatedconditionof

soil_TheEhvalueinplowlayerofallmodelswasabout1190mVafterflooding
､1

conditionandthattendencyislikeasactualpaddyfields.Fromthestartofthe

experlment,theEhvalueinplowlayer,plowsoleandsubsoilwerelessthan300mV

andgraduallydecreaseandupt0-200mVwereobservedinlateJunetoOctober.This

similarresultwasreportedbySasakietal.,(1998).Intheclosedsystempercolation

models,theplowlayerandplowsolebecamehigherreductiveconditioncomparatively

tosubsoilduetopresenceofloworgamicmatterandbacterialactivityandsoil

microorgamismconsumeoxygen&omthepercolatedwater･Ontheotherhand,subsoil

61



waslowerchangefromoxidativetoreductivestateduetolackofmicroorgamisminthat

layer･Soflnally,thesoillaye,rofallclosedsystempercolationmodelswereinreduction

conditionasshowninFig.55,56,57,58and60.

3.6.20ⅩidatioJIPOtentialinopensystempercolation

TheORPvaluemorethan300mVisanindicatorofoxidadonconditionandlowerthan

300mVindicatesreductioncondition.ThemodelsofM-1,M-2,M13,M-8andM-10

wereopensystempercolationandtheEhvalueofplowsoleandsubsoillayerwas

graduallyincreaseduptoabout300-650my(Fig.52,53,54,59and61)duetothose

layerwereinunsaturatedcondition.TheEhvalueinplowsoleandsubsoilgreaterthan

300mV,thismeansthatthoselayerwerebecameoxidized.Ontheotherhand,thelower

subsoilwasbecomeinreductioncon血ion.ThiscausewasguessedbySasaki(2001)as

follow;thegravellayerconminedlowamountoforgamicmatterTeSulting血Iessgrow血

ofmicroorgamisms.ThustheEhvalueofgravellayerwasdecreasedslowly.Asstate

above,theEhvalueofallsoillayerswerecorltrolsbythegrorundwaterlevelwith

percolatedwatervelocity･Inopensystempercolation,theplowsoleandsubsoillayer

wereinoxidationconditionbutplowlayerwasinreductionstate･Thereductionし

conditionofsoilisapnncipaltoreduceuptakeofCdbyriceplants･Accordingto

limura(1981),whentheredoxpotential(Eh)ofsoilsdecreaseabout-130mV,the

proportionofsolublecadmiumdecreaseabruptly･
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Finally,mostofthemetalsareuptakedmingthebloomingPeriod･Sothesoil

oxidation-reduc血)n state indicattd in the Fig.51 to Fig.60,The soil

oxidation-reductionstatedependsonpercolatewaterwhichwascolltrOlledby

impermeablelayer.Inoxidationstateofsoil,solubleCdionsformationwiththe

presenceofatmosphericoxygen.Ontheotherhandinreductionstateofsoil,formation

oflowamountofsolubleCdionsduepresenceoflackofoxygenwhichwasconsumed

bysoilmicroorgamisms.Sopercolationpattemcancontrolledsoiloxidation-reduction

andformationofsolubleandinsolubleCdions.
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Fig.52:Oxidation-reductionpotentialinsoillayersoftheopensystem percolation

model:M-1.
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Fig.53:0Xidation-reductionpotentialinsoillayersortheopensystem percolation

model:M-2.
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Fig･54:Oxidation-reductionpotentialin soillayersoftheopensystem percolation

model:M-3.
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Fig.55:Oxidation-reductionpotentialinsoillayersoftheclosedsystem percolation

model:M-4.
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Fig.55:0Xidation-reductionpote山ialinsoillayersortheclosedsystem percolation

model:M-5.
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Fig.57:Oxidation-reductionpotentialinsoillayersoftheclosedsystem percolation

model:M-6.
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Fig.58:Oxidation-reductionliotentialinsoillayersoftheclosedsystempercolation

model:M-7.
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Fig･59:Oxidation-reductionpotentialinsoillayersoftheopensystempercolation

model:M-8.
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Fig.60:0Xidation-reductionpotentialinsoillayersoftheclosedsystempercolation

model:M-9.
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Fig.61:Oxidation-reductionpotentialinsoillayersoftheopensystem percolation

model:M-10.
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