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ThemObilityofarsenicinthegeothennalenvironmentisinfIuencedbytheaffimtyof
arsenicaqueousspeciestothedominantmineralogicalhost,andthepotentialstabilityofthe
mineralogjcalhostunderprevailingsurftlceenviromnentgcochemicalconditions
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bearingsnlectites,andisshowntoberesistanttoligorouschemicalleaching‘

Basedonphyllosilicatesynthesisexperiments，tlletimingofarsenicuptakecan
ploviCleinsightsonthecrystallographiclocationofarsemcinphyllosilicateslnitialAs3+-Si
complexationpliortoprecipitationofthephyllosilicateimpliesincorporHtionintotlle
tetralledralstructure・AdsorptiontoprecursorypoorlycrystallineMg-silicatephaseswould
mostftUvorablyenableAs3＋tosubstituteintooctahedralsitesins幅adofthetetrahedralsites・

SorptionofAs3+-SiaqueouscomplexesaretllusresponsiblefbrthesimUltaneous
uptakeofdissolvearseniteandsilicaingeothennalfluidsusingpoorlycrystallineinorgamc
sorbents（e､gschwertmamite)．However，thCretrievalofuseablesilicatesfromspent
geothennalbrineisbesetbytheaccumulationofarsenicintheretlievedmaterialsasCa-As-
Siphases．

1.Introduction

ThePhilippinesandJapanaretwoofthelargestusersofgeothennalenergyresources
(Ｆｉｇｌ)Itisoftenvaguelytoutedtllatgeotllermalenergyexploitationisthelnost
envlronment-fiPiendlyamongsttlleelectricitygeneratingschemes(egnuclear,coalandoil)．
TheenviromnentalmpactsofgeothemalenergyexploitationrangefiPomgrounCl
disturbances(e・glandslides),gasemissions,noisepollutionandcontaminationbyhanCUing
ofsolidandliqUidgeothemalwastestllatcontainstraceamountsoftoxictraceelements(e,g
particularlyarsenic)．

ArsenicisnaturallyabundantintllegeothennalenviromnentSurprisingly,therehas
beennoreportedseriouscontanlinationofareassurroundingactivegeothennalfieldsand
powerplantsThisimpliesthatnaturalattenuationofdissolvedarsemctakesplaceintl1e
geothcnnalenvironment、
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Themobilityofarsenicintllegeothennalenvironmentwouldbeinfluencedbyits
aqueousspeciesdistributionanditsaffimlytoavailablemineralo夢calhostsSulpllide
mineralsarethecomnlonlyknownmineralogicalhostsfbrarsemcintllegeotllennal
enviromncnt・However,itsstabilityunderSurfaceoxidizingconditionsislimitedandwould
eventuallyreleasearsemc叩ondissolutionFe-oxyhydroxidesarecapableoftalKingup
dissolvedarsemcinthenaturalenvironInentsuchthatithasbecomepopularinremediation
studiesHowever,itisonlyselectivetoarsenatespecies(As5勺andwouldrequireoxidation
ofdissolvedarsemtespecies(As3+)wllicharemoredominantinthe=eotllennalenvironment・
Tllemobilityofarsemtespeciesisenhancedduetoitsslowrateofoxidationtoarsenateand

subseqUcntsorptiont０冊oxyhydroxidesEveniftheoxidationofarsemetakesplace，
dissolvedsilicawllichisalsoabundantinthegeotllennalenviromnentwouldcompetcwith
arsenatefbrsolptionsitesinre-oxyhydroxides

C1aymineralsalthouEjlconnoningeothemalsystemshavenotbeenattributedto
influencearsemcmobilityinthegeothennalenvironment・Thismisconceptionarisesffoln
sorptionexpelimentsthatｈａｖｅusedcrystallmephyllosilicates帥ｓ伽aCldedtoarsemc
contaminatedsiteslnthisstudy，mineralogical，Chemical,spectroscopicevidences
complelnentedbysyntllesisexperimentswouldshowtllatjm〃fbrmedminelHlogicalhosts
particularlyphyllosilicates（i､eclayminerals）influencethemobilityOfarsemcintlle
geothermalenvironment．

Ⅱ､MaterialMndMetlnods

GeothermalprecipitatesbothnaturalandfiPomgeotllennalpowerplantsfiomtlle
PhilippinesandJapanｈａｖｅbeencollectedtoassessarsenicdistlibutioninthegeotllerlnal
enⅥromncntBulksamplecllalacterizationwasdoneusingpetro厚aphy,X-rayDiffraction，
X-rayF1uorescenceandFoulier-TransfbnnInfinredSpectroscopywithanAttenuatedTotal
ReflectioncellScammngE1ectronMicroscopyfittedwitllEnergyDispersiveSpectrometIy
wasusedinmicroscopicimagingandmicro-analysesSelectivechemicalextractions
complelnentedbylnductiVelyCoupledP1asmaMassSpectrometIywereusedtodetermne
arsemcConcentrationsinthegeothermalprecipitates・X-rayPhotonSpectroscopywasalso
donetoprobesurfajcesofgeothennalplecipitatesandtodetectsmallamountsofdiscrete
phase・Synchrotron-basedX-rayAbsorptionSpectroscopy,itsXANESandEXAFawasused
toprobearsemcoxidationstatesandcoordinationenvironments・

Syntllesisexperilnentswereconductedtovalidatehypotllesesonmechanismsof
arsenicuptakeinthenaturally-occurnngarsemc-bearingsmectitesfbundinanorthwestem

JapangcotllennalfieldTheexperimentsalsoprovidedavenuetoduplicatethesenatural
attelmatiOnprocessesoccurringinthegeothcmalenvironmenttodctern血etlleir
applicabilityintherenlediationofarsemc-contaminatedsites．

ⅡLDiScussionMmlConclusions

ThegeotllermalenvironlnentisageochemicallyClynamicenviromnentwheretlle
variationsinpH,redoxandtemperaturegreatlyaffbctthestabilityofaqueousligandspresent、
Arsemccolnplexesdominanceandstabilitiesare恩eatlyinfluencedbythesephysicochemical
variations,andtllustheiraffimtywithmineralogicalhosts・AtreClucingconditionsinlow
temperaturecnvironlnents,theytendtoprecipitateasarsemcsulpllidesorassociatedwith
ironsulphides､Athighertemperaturesandreducingconditions,theyarestableasH3AsInO3
aqUeousspcCieswhichdonothaveacertainaffImtytodocumentedmineralogicalhostintlle

lll二ifM1夛鯛:ご鼠鰯麓雛(1);瓢晋X:i〕野i鯏孟:､miilfilli:､鯉r;翼:誤i
affimtyfbrsorptionuntoFe-oxyhydroxides．
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Sulphidemineralsaresparinglystableunderoxidizingsurfaceconditions､Ｆｅ‐
sulphides，however，ｔｅｎｄｔｏｆｂＩｍ出oxyhydroXidesduringitsoxidativedissolutionlf
arsemtespeciesaresimultaneouslyoxidizedtoarsenate，ｔｌｌｅｓｅｉｒｏｎｐｈａｓｅｓｗｉｌｌｂｅａｂｌｅｔｏ
controlthemobilityofarsenicinthegeothemalenvironmentandimplementnatural
attenuationofarsemcinthegeothennalenvironment・However,thesecanbeconsideredas

short-temsinksinthe伽eofarsenicimllcgeothernlalenvironlnent・Duringtheageingand
crystallizationofFe-oxyhydroxidestomorestablephases(eggoethite),arsemccouldbe
releasedintosolutionandresumeitslabilityintheaqueousphase・ThecmTentfbcusofmost
researchesliesintheshort-tem伽eofarsenic,andtllusthelong-tennfateofarsemcinthe
geothemalenvironmentisstilllargelyunknown

InthestudyareasinJapananClthePhilippines,ａｍｏｒphoussilicaandasmectitewelc
fbundtouptakMrsenicstablyTheirresistancetorigorousleachingineitherhigillyaMine
orhigdllyacidicsolutionsuggeststhattheymustbestructural1yincorporated,especiallyinthe
smectitefbundinJapanX-rayspectroscopyhasfnrthcrshoWnthatthearsenicisdominantly
inthefbrmofAsm-OspeciesandonlylninorcontributionsffombothAsv-OandAsIII-S
ftmns、ThcpotentialoftheclaytouptakearsemcwasfiJrtherinvestigatedinsynthesis
experimentsdesiEmedtodeteminethemechamsminvolvedBothco-precipitationwith
smectitesthrougilimtialAsm-Sicomplexation,andsorptiontoprecursolypoorlyclystalline
phyllosilicateswasabletouptakearsenicinlargeamountsandofIerssignificantstability

DespitedifficultiesincharacterizingthepoorlyclystallinesynthesizedPhyllosilicates，
thetimingofarsenicuptakebaseCＩＯncoprecipitationandsorptionexpenmentsprovide
insightsonthepossibleclystallographiclocationofarsenicinthephyllosilicatestructure
Arsenicuptakethroughinitialcomplexationwitlldissolvedsilicawouldsuggest
incolporationintothetetrahedralstructure，andwouldalsosupportitsaffInitywith
amorphoussilicaintllenaturalcnvironment，Initialadsorptionwithapoorlycrystalline
phyllosilicateandlaterincorporationwouldmorefklvorablyenableittosubstituteinto
oclahedralsites(i・ｅＭｇ２+)ratherthanthetetraheCllalsitesInbothcasesofuptake,itis
iｍｐｌｉｅｄｔｈａｔａｒｓｅｍｃｃａｎｇｏｉｎｔｏｔｈｅｐｈyllosilicatestructurewiththej〃ｓ伽fbmed
mineralogicalhostssimilartothedocumentedarsenic-bearingsmectite

Intheretrieva]ofusefillsilicatesfromgeothennalfluids,arsenicaccumulationinthe
SACS-derivedmaterialscouldhavebeenCluetotlleAsIl1-Sirelationmentionedearlier・Even

insorptionwitlltheinorganicsorbents，thepresenceoftlleAsm1-Sicomplexcouldbethe
likelyscenariointhesimultaneousuptakeofAsandSifiDmgeothermalfMds､Thiswould
implythatretrievalofuseablematerialsjfomthegeothemalfIuidisbesetbyaccuInulation
ofarsenicintheSACS-retrievedmaterials・However,tllepotentialstabilityofarsenicinthe
Ca-Si-Assolidswouldenabletheiruseinnon-environmentallycrucialapplications（e・g
cementadmixtures)．

Onanenvironmentalstandpoint,thiswouldmeanthatthelong-temfateofarsenicin
thegeothennalenvironmentisinflUencedbydissolvedsilicaltisquitelogicaIsincesulphide
mineralsarenotascomnonandasstableassilicateminerals,ThemeChanismsinvolvedin
theuptakeofarsemcinsilicateｓ（i・eparticularlyphyllosilicates）couldbebenefIcialfbr
wastewatertIcatmentteclmologyandintheremediationofarsemc-contalninatedsites．
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Ⅲ

Figurel・ThedistributionofgeotllemalfleldsinthePhilippinesandJapanwl1ichare
exploitedfbrthegenerationofelectricity
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学位論文審査結果の要旨

提出学位論文について各審査委員が個別審査を行うとともに、平成１８年２月１０曰開催の口頭発表を踏

まえて、同曰開催の論文審査委員会にて検討し、以下の通り判定した。

本論文は、地熱水環境におけるヒ素の挙動を解明し、廃水中のヒ素の回収や地熱発電所の配管から出るス

ケールの安全な処分方法を開発するための基礎研究であり、その要点は次の通りである。

フィリピンルソン島や秋田県にある地熱発電所で、ヒ素を比較的高濃度に含む熱水の配管から出るスケー

ルを精織に調べた結果、配管を通過する間にヒ素は自然に浄化され、生成されたスケール中に取り込まれて

いた。逐次選択抽出法を適用してこれらのスケール中のヒ素の分配を定量的に調べたところ、フィリピンの

スケールでは非晶質シリカに、秋田県のスケールでは３八面体型スメクタイトに分配され、特に後者のヒ素

はフシ酸で処理を施さなければ抽出できないほど強固に構造内に組み込まれていた。放射光を利用したＸＡＳ

分析やEXAFSの分析の結果、固体中のヒ素は３価で３八面体型スメクタイトの構造内に取り込まれており、

通常の熱水環境下で認められるような硫化物として存在するものは僅かであった。また、スケールの生成環

境を模擬した合成・吸着実験の結果、３八面体型スメクタイトや非晶質シリカの生成時にヒ素が存在してい

る場合にのみ、構造内に強固に取り込まれることが判明した。

以上のように、本研究は熱水環境におけるヒ素の挙動の理解や、その安全な処理・処分のための技術開発

に大きく貢献するものであり、本論文は博士（理学）の学位に十分値すると判断される。
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