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ABSTRAKT

Teplotni a hydrataéni vlivy na stabilitu bentonitovych bariér hlubinnych uwloZist
radioaktivniho odpadu byly studovdny vramci dvou multidisciplinarnich
projektii — ,,Mineralogicky, chemicky a geochemicky vyzkum stability dlouhodobé
tepelné zatizeného materiadlu bentonitové bariéry na vzorcich ziskanych z experimentu
Mock-Up-CZ“ a ,Sledovani dlouhodobé stability inZenyrskych bariér na bazi
bentonitu s vyuzitim zatéZovacich procedur a experimentd in situ a hodnoceni jejich
retarda¢ni funkce. Mineralogické zmény byly studovany pomoci RTG difrakce.

Cilem projektii bylo zhodnoceni stability zakladnich mineralogickych, chemickych
a geochemickych parametrti bentonitové smeési a popis zmeén chovani daného materialu
s ohledem na jeho vyuziti jako inZenyrské bariéry v hlubinném ulozisti radioaktivnich
odpadti. Zdrojem bentonitu bylo i ¢eské lozisko Rokle a jednim z dilezitych cila
projektu bylo zjistit pouzitelnost tohoto mistniho zdroje pii realizaci tuzemského
hlubinného tlozisté.

Bentonitova bariéra V experimentalni nadobé Mock-Up-CZ byla tvofena smési
bentonitu z loziska Rokle (85 %), kiemenného pisku z loziska Provodin (10 %)
a grafitu ze zavodu Netolice (5 %). Hydrotermalni zatéz bentonitu (syceni syntetickou
granitickou vodou pii teplot¢ max. 90 °C) probihala 45 mésict. V zadném ze
70 analyzovanych vzorkd odebranych z riznych vzdalenosti od zdroje tepla a vody
nebyly zaznamenany novotvofené faze ani mineralogické pfemény. Ve vzorcich
pochazejicich ze zasypu experimentalni nadoby (od zdroje syntetické granitické vody)
se vytvotila okem viditelna zrna sadrovce s illitovou aureolou.

Vramci druhého projektu byly pouzity tfi druhy bentonitovych materialt
(Mock-Up-CZ, Rokle, FEBEX) a pét typtu satura¢nich médii, jak piirodnich (Josef),
tak syntetickych, namichanych v laboratoiich VSCHT a obohacenych draselnymi
(SGW-K, SGW-K-10), resp. hofe¢natymi (SGW-Mg, SGW-Mg-10) ionty. Experiment
probihal v tlakovych nadobach a ve fyzikalnich modelech (za teplot dosahujicich
95 °C), v perforovanych patronach (v jadrovych vrtech v ptirodnich podminkach Stoly
Josef) a v laboratornich podminkach na VSCHT (za teplot 20 °C a 80-90 °C). Ve
stanovenych intervalech (3, 6, 12, 18 mésici) byly provadény odbéry materidlu
tlakovych nadob, fyzikalnich modelti a patron k provedeni laboratornich zkousek.
Odbér vzorkt v laboratofich VSCHT probihal v intervalech 1 tyden, 2 tydny, 1 mésic,
2, 3 a 4 mésice, 5, 7, 8, 10 a 12 meésict. VétsSina vzorkli z projektu sledovani
dlouhodobé stability inzenyrskych bariér (suspenze v tlakovych nadobach, fyzikalni
modely, vzorky z procedury in situ, experimenty scementy a cementovou vodou,
material z Mock-Up-CZ, bentonity Rokle i FEBEX zatizené médii SGW-Mg,
SGW-Mg-10, SGW-K, Josef ¢i destilovanou vodou) byla mineralogicky stabilni.
Vzorky bentonitu  FEBEX podrobené zatézi saturaénim médiem SGW-K-10



(koncentrace K* 1083 mg/l) vykazovaly pfitomnost illitizace a to nezéavisle na teplotg.
Po zatézi timto médiem se v materidlech FEBEX a Rokle vytvotila zrna sadrovce,
piipadné bassanitu.



ABSTRACT

The influence of temperature and hydration on the long term stability of the buffer
material was studied during two experimental studies — “Mock-Up-CZ” experiment
and “Long-term stability of engineering barriers” project. The objectives of these
studies is to identify mineralogical, chemical and geochemical changes and describe
transformation processes in the bentonite materials due to heating and interaction with
various saturation media (with different chemical composition) under controlled
laboratory and in situ conditions. The Rokle bentonite suitability for its use in the
Czech deep repository of high-level radioactive waste was investigated. Mineralogical
changes in the bentonites were evaluated by X-ray diffraction.

The material of the barrier of the Mock-Up-CZ experiment is a mixture
of non-activated Rokle bentonite (85 vol.%), quartz sand (10 vol.%) and graphite
(5 vol.%). The barrier has been subjected to thermal stress (up to 90 °C) and synthetic
granitic water for 45 months. No sample from 70 analysed samples taken at different
depth levels and distances from the source of the heat and/or water showed measurable
transformation of original smectites. Newly formed gypsum bordered by illite aureole
was detected in the upper part of the experimental set-up (backfill samples), i.e. in the
zone in direct contact to the source of the water.

During the second study, three bentonite buffer materials (Rokle bentonite, FEBEX
bentonite, and Mock-Up-CZ mixture) interacted with natural water collected from
Josef Underground Educational Facility, and four different types of artificial
groundwater enriched in K* and/or Mg®*. The experimental material was prepared in
the form of (1) highly compacted samples, (2) dispersion of bentonites (both
at temperature of 95 °C), (3) drill hole filling during in situ tests at the Josef UEF
(at ordinary temperature), and (4) common batch laboratory experiments (at 20 °C and
at 80-90 °C). Partial samples were extracted after 3, 6, 12, and/or 18 months
of interaction in the first three set-ups, and after 1 week, 2 weeks, 1month, 2months,
3months, 4months, 5months, 7months, 10months, and 12months in the batch
experiment. In the first three experimental set-ups, no changes were identified. For the
batch experiment, formation of illite was detected in FEBEX bentonite saturated with
artificial groundwater with K* concentration of 1083 mg/L. By using the same
saturation medium, gypsum and/or bassanite formed in the Rokle and FEBEX
bentonite.
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1. UvoD

V roce 2065 by mélo byt v Ceské republice uvedeno do provozu hlubinné tlozisté
radioaktivnich odpadt. Ackoliv se technologie pfepracovani jaderného paliva neustale
vyvijeji, dokud nebude mozné tento proces zdokonalit tak, aby zadny nebezpeény
odpad nezbyval, neustale bude existovat ur¢ité mnozstvi radioaktivnich odpadu, které
bude nutné izolovat od biosféry takovym zplisobem, aby po celou dobu jeho existence
nemohlo dojit k ohrozeni ¢lovéka a Zzivotniho prostfedi. V soucasné dobé je projekt
vybudovéni hlubinného ulozisté v Ceské republice ve fazi vyhledavani vhodné lokality
pro umisténi tlozist¢ a laboratornich a in situ zkouSek pro vybér nejlep$ich materialt
a technologickych postupti, pomoci kterych bude zajisténa jeho maximalni bezpecnost.
Jednim z klicovych ukolii téchto praci je vybér dostatecné kvalitniho materialu pro
tésnici a zasypovou zonu inzenyrskych bariér hlubinného uloziste.

Tato diserta¢ni prace shrnuje vysledky studia mineralogickych zmén, resp. fazové
stability kli¢ového materialu tésnici a zasypové zony — bentonitu, jenz byl pouzit ve
dvou multidisciplinarnich projektech — ,,Mineralogicky, chemicky a geochemicky
vyzkum stability dlouhodob¢ tepeln¢ zatizeného materidlu bentonitové bariéry na
vzorcich ziskanych z experimentu Mock-Up-CZ* a ,,Sledovani dlouhodobé stability
inzenyrskych bariér na bazi bentonitu s vyuZzitim zatéZovacich procedur a experiment
in situ a hodnoceni jejich retardacni funkce® zaméfenych na simulaci teplotnich
a hydrataénich vlivi v hlubinném ulozisti vysokoaktivniho odpadu. Disertaéni prace
byla vypracovana Vv ramci postgradudlniho studia programu Aplikovana geologie na
Ustavu geochemie, mineralogie a nerostnych zdroji, Pirodovédecké fakulty
Univerzity Karlovy.

Cilem prvniho projektu bylo zhodnoceni stability zakladnich mineralogickych,
chemickych a geochemickych parametrti bentonitové smési a popis zmén chovani
daného materidlu s ohledem na jeho vyuziti jako inzenyrské bariéry v hlubinném
ulozi$ti radioaktivnich odpadi. Zdrojem bentonitu bylo ¢eské loZisko Rokle a jednim
z dulezitych cili projektu bylo zjistit pouzitelnost tohoto mistniho zdroje pfi realizaci
tuzemského hlubinného ulozisté. Bentonit byl béhem experimentu Mock-Up-CZ
zatizen podminkami, které se pifedpokladaji v realném hlubinném ulozisti a nasledné
byly vyhodnoceny dopady této zatéze na jeho mineralogickou stabilitu.

Cilem druhého projektu byl experimentalni vyzkum dlouhodobé stability inzenyrskych
bariér na bazi bentonitu s vyuzitim zatéZovacich procedur realizovanych za
laboratornich podminek a v prosttedi in situ vV podzemni laboratoti Josef. Hodnotily se
chemické, geochemické a mineralogické zmény bentonitovych materialii, opét
s ohledem na jejich vyuziti v hlubinnych tlozistich radioaktivniho odpadu.



Predlozena disertacni prace je zaméfena na studium mineralogickych zmén
V bentonitech po dané experimentdlni zatézi a jejich vlivu na stabilitu chovani
materialu inZenyrské bariéry. Z pfirodnich analogli i experimentd provadénych
ve svété pochazi mnoho uzite¢nych dat, ze kterych lze na chovani bentonitii pii dané
zatézi obecné usuzovat. Pro vybudovani tuzemského uloziste€ je ovSem dilezité
porovnat tyto poznatky s vysledky zkousek, pfi kterych byl pouzit doméaci bentonit,
protoze dovoz tohoto materidlu ze zahrani¢i by byl ekonomicky nerealny. Lozisko
Rokle obsahuje dostate¢né zasoby bentonitu pro pokryti potfeb celého hlubinného
uloziste.

Vysledky praci jsou prezentovany predevsim formou piilozenych ¢lankd, které byly
vypracovany v prub&hu studia a publikovany v odbornych recenzovanych asopisech.
Textova ¢ast slouzi jako uvod do SirSi problematiky hlubinného ukladani
radioaktivnich odpadi a soucasné jako dopliujici informace k ¢lankdm v piiloze.

Clanky, které vznikly béhem studia, jsou pfilozeny k textu jako nasledujici piilohy
a v disertaéni praci jsou citovany jako PRILOHY oznagené fimskymi &islicemi I-111.

l. Vinsova H., Jedinakova-Kiizova V., Kolafikova 1., Adamcova J., Prikryl
R., Zeman J., 2008. The influence of temperature and hydration on the
sorption properties of bentonite. Journal of Environmental Radioactivity
99(2), 415-425.

1. Kolarikova I., Svandova J., Ptikryl R., VinSova H., Jedindkova-Kiizova V.,
Zeman J., 2010. Mineralogical changes in bentonite barrier within
Mock-Up-CZ experiment. Applied Clay Science 47(1-2), 10-15.

1. Svandova J., Videnska K., Piikryl R., 2013. Experimental evaluation of the
influence of saturation media on the mineralogical and physicochemical
stability of bentonites. Applied Clay Science 86, 1-10.



2. UKLADANI RADIOAKTIVNICH ODPADU

2.1 Nakladani s radioaktivnimi odpady a vyhofelym jadernym palivem

Vznik radioaktivnich odpadd je spojen nejen s jadernymi elektrarnami, ale
i S primyslem, vyzkumem nebo provozem nemocnic. Obecné se tyto odpady déli na
nizkoaktivni (<10° Bq:m™, nulova produkce tepla), stiedné aktivni (10°az 10* Bq:m?,
nizkéa produkce tepla), a vysokoaktivni (>10* Bg-m™, vysoka produkce tepla) a podle
polocasu rozpadu a pievladajicich radionuklidti na kratkodobé (polocas rozpadu kratsi
nez 30 let) a dlouhodobé (Pacovsky 2003b; Rempe 2007; SURAO 2011). Podle
aktivity a podle polo¢asu rozpadu hlavnich obsazenych radionuklidt I1ze vy¢lenit pét
zakladnich kategorii radioaktivnich odpadu (tab. 1). Samostatnou wlohu v této
problematice piredstavuje vyhotelé palivo zjadernych elektraren, které neni
definovano jako odpad do té doby, nez spolecnost ho vlastnici prohlasi, Ze pro tento
material nema jiz zadné dalsi vyuziti (naptiklad pfepracovani a znovuzapojeni do
procesu).

Tab. 1. Kategorie radioaktivnich odpadu (Dufkova 2003).

Kategorie = Charakteristika

| Vysoka aktivita, obsah dlouhodobych zatict, vysoka produkce tepla

I Stfedni aktivita, obsah dlouhodobych zafict, nizka produkce tepla

Il Nizka aktivita, obsah dlouhodobych zafict, nevyznamna produkce tepla
v Stfedni aktivita, bez obsahu dlouhodobych zaficl, mirna produkce tepla

\Y Nizka aktivita, bez obsahu dlouhodobych zaficl, nulova produkce tepla

Prvni dvé skupiny odpadl, tedy nizkoaktivni a stiedné aktivni, se umistuji do
povrchovych nebo piipovrchovych tlozist. V Ceské republice je nejvétsi povrchové
ulozist¢ pfimo v aredlu jaderné elektrarny Dukovany. V trvalém provozu je od roku
1995 a je urceno pro nizko a stiednéaktivni odpady, vznikajici pfi provozu jadernych
elektraren. Celkovy objem tloznych prostor 55 000 m® je dostate¢ny k ulozeni vSech
provoznich odpadii z obou elektraren (Dukovany i Temelin), a to i v pfipadé
prodlouzeni jejich planované zivotnosti na 40 let.

Jako piipovrchové tlozisté slouzi v Ceské republice byvalé doly Richard u Litométic
a Bratrstvi u Jachymova. Ulozité Richard je uréeno pro ukladani institucionalnich
nizko a stfednéaktivnich odpadt z vyzkumu, primyslu, zeméd¢€lstvi a zdravotnictvi.
Bylo zfizeno v komplexu byvalého vapencového dolu Richard II. v roce 1964. Jeho
tlozna kapacita je zhruba 8 500 m® a pii sou¢asnych potiebach ukladani je dostadujici
nejméné do roku 2070 (SURAO 2012b). V uloziiti Bratrstvi se ukladaji institucionalni
nizko a stfedndaktivni odpady, které obsahuji pouze ptirodni radionuklidy. Ulozisté
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bylo zfizeno v komplexu byvalého uranového dolu Bratrstvi v roce 1974. Kapacitné je
vyuzito z vice nez 80 % (jeho maximalni Glozna kapacita je pfiblizng 1200 m°)
a definitivni termin i zplGsob uzavieni uloZisté je zavisly na objemu Vv budoucnu
ukladanych radioaktivnich odpadii (SURAO 2012a).

Jiz uzavifené, nicméné stale monitorované, je ulozi§té¢ Hostim. Vybudovano bylo
Vv opusténém vapencovém lomu Hostim I, cca 3 km vychodné od Berouna. V provozu
bylo v letech 1959 az 1964 a jsou v ném uloZeny nizko a stfednéaktivni odpady
z vjzkumu (SURAO 2012a).

24

fazi vyzkumu. V minulosti bylo navrhovano mnoho zpusobu, jak s takovym
materialem nalozit. Piikladem téch, které jsou dnes jiz zamitnuté a nékteré ndm mohou
pripadat dokonce i usmévné, je napiiklad ukladani odpadi do polarnich ledovct
(Philberth 1976), permafrostu (Ruskeeniemi et al. 2004), moiského dna (Kluwer
1989), subdukéni zony (Bostrom & Sherif 1970), hlubokych vrta (Juhlin et al. 1998;
Gibb 1999; Ericsson 1999), ptipadné jeho vyneseni do meziplanetarniho prostoru
(Priest, Nixon & Rice 1980). Tyto metody se ukazaly byt nevyhovujicimi z mnoha
davodu, at’ jiz etickych, ekologickych nebo technickych.

Soucasné koncepce nakladani s vysokoaktivnimi odpady maji k realizaci mnohem
blize. Stale se zdokonaluje technologie ptfepracovani vyhoielého jaderného paliva,
kterd je ovSem velice ekonomicky naro¢na a navic i po piepracovani zistane urcité
mnozstvi nadale nepouzitelného vysokoaktivniho odpadu. Takové piepracovavani
probiha ve Velké Britanii, ve Francii a v budoucnu se mélo realizovat i v Japonsku,
aCkoliv nad jejich jadernym programem nyni po nehodé ve Fuku§imé visi mnoho
otaznikl. Se zdokonalovanim technologii zlistavd po pfepracovani stale méné a méné
nezpracovatelného odpadu, ale do doby, nez bude tento proces probihat beze zbytku,
je stale na misté pocitat s nutnosti oddélit vysokoaktivni odpad bezpecné od biosféry
takovym zplsobem, aby po celou dobu jeho existence nemohlo dojit k ohrozeni
¢lovéka a zivotniho prostiedi. Jako nejpfijatelnéjsi feSeni se v soucasné dobé jevi
vybudovani hlubinného tloziste.

Provoz a monitorovani v§ech vyse zminénych ulozist, stejn¢ jako vybudovani ulozisté
hlubinného, zajistuje v Ceské republice organizacni slozka statu Sprava uloZist
radioaktivnich odpadi (SURAO).

2.2 Hlubinné ulozisté radioaktivniho odpadu

Hlubinné ukladani radioaktivniho odpadu je dnes celosvétové piijimano jako
environmentalné i eticky vhodné a spolehlivé feSeni naloZeni s vysokoaktivnim
odpadem. Ulozisté by mélo byt umisténo piiblizné 500-1 000 metrti pod povrchem
v geologicky stabilnim horninovém prostiedi (obr. 1), do kterého bude mozné



radioaktivni odpad bezpecné ulozit po dobu nékolika statisict let, tedy do doby, nez se
prirozené rozpadne na prvky neohrozujici biosféru (Gibb 1999; Garisto, Kempe &
Gierszewski 2009; SURAO 2012a). Jedna se o horniny tufitické (jesté nedavno USA,
(Craig 1999)), granitické (Svédsko, Finsko, Spanélsko, Svycarsko, Francie, Kanada,
(Beckblom 1998; Garisto, Kempe & Gierszewski 2009)), jilové vrstvy (Belgie,
Mad’arsko, épanélsko, gvSIcarsko, Francie, Kanada (NAGRA 1999; Mallants,
Marivoet & Sillen 2001; Markova 2003; Mazurek et al. 2008; Garisto, Kempe &
Gierszewski 2009; SURAO 2012¢)) nebo solné formace (Némecko, (Herbert & Moog
1999; Langer 1999; Behlau & Mingerzahn 2001; European 2004; Herbert et al. 2004)).

BLIiZKE POLE
INZENYRSKE BARIERY

VZDALENE POLE
GEOSFERA

Obr. 1. Zakladni schéma hlubinného Ulozisté radioaktivniho odpadu dle Svédského navrhu
(Ericsson 1999).V blizkém poli je v detailu zobrazena vertikalni tlozna jama s kontejnerem a
bentonitovou tésnici bariérou, ve vzdaleném poli Ize vidét hlavni pristupovou Sachtu spojujici
podzemni uloZné prostory s biosférou na povrchu.

Dlouhodoba strategie Ceské republiky v oblasti likvidace vysoce aktivnich odpadi je

formulovana v dokumentu nazvaném Koncepce nakladani s radioaktivnimi odpady

a vyhorelym jadernym palivem (material Ministerstva pramyslu a obchodu, ktery byl

schvélen na zasedéani vlady jako usneseni ¢. 487 ze dne 15. 5. 2002 — v soucasné dob¢
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se pracuje na jeho aktualizaci), kde je jako nejvhodné&jsi varianta pro uloZeni vysoce
aktivnich odpadi doporuceno pravé hlubinné ulozisté. Tato koncepce obsahuje
zakladni ¢asovy harmonogram, podle kterého by c¢eské hlubinné tlozisté
vysokoaktivniho odpadu mélo byt uvedeno do provozu v roce 2065.

Svyjimkou jedné lokality pfichdzi v Ceské republice Vuvahu pouze uloZeni
kontejnerd s radioaktivnim odpadem do granitickych hornin. Pfedbézné je za timto
ucelem vybrano celkem sedm lokalit (obr. 2).

Certovka

Magdaléna . . Kravi hora
v ore
. Hradek .

Cihadlo

Haorka

Obr. 2. Sedm vybranych lokalit pro vybudovani hlubinného uloZisté vysokoaktivnich odpadu
(SURAO 2011).

Lokalita Certovka (obr. 3) se nachazi na uzemi obci Blatno, Lubenec v Usteckém kraji
a na uzemi obci Tis u Blatna a Zihle v Plzefiském kraji. Je situovana do tiského
zulového masivu starého 450-505 mil. let, ktery tvori nejstar$i ¢ast Cistecko-jesenické
zulové oblasti. Vysledky dosud provedenych praci ukazuji, ze se v prostoru lokality
nachazi velmi kvalitni Zuly bez cizorodych téles a Ze 1ze realn¢ predpokladat jen nizky
stupen jejich poruseni puklinami v hloubce. Zamyslené geologické prace vyrazné
zpfesni informace o charakteru horniny na zkoumané lokalité a piinesou informace
0 hloubkovém dosahu masivu (SURAO 2012a).

Lokalita Bfezovy potok (obr. 4) se nachazi na tizemi obci Paéejov, Kvasnovice,
Olsany, Manovice, Chanovice a Velky Bor v Plzeiiském kraji. Byla vymezena ve
sttedoCeské Zulové oblasti (stfedoceském plutonu) v horniné, kterd je oznacovéna jako
blatensky granodiorit. Jedna Se o jeden z nejvice rozsifenych horninovych typu



v tomto télese. Podle raznych zdroj stafi horniny kolisa mezi 331 a 346 miliony let.
Projektované prizkumné prace prohloubi znalosti o horninovém prostiedi lokality
a hodné napovi o jeho vhodnosti pro umisténi hlubinného tlozisté (SURAO 2012a).

Lokalita Magdaléna (obr. 5) se nachazi na izemi obci Jistebnice, Nadé&jkov a BoZetice
v JihoCeském kraji. Lezi ve stfedoCeské zulové oblasti (stfedocesky pluton). Pro tuto
oblast se vzil nazev Certovo bfemeno, podle jednoho mistniho vrcholu. Cela oblast je
tvofena tmavymi zulovymi horninami — durbachity. Jejich stafi je 336 mil. let. Oblast
vymezené lokality je podle dosud provedenych vyzkumnych praci jen slabé porusena
a hornina je pomérné souroda. Projektované pruzkumné prace prohloubi znalosti
0 horninovém prostiedi na lokalité (SURAO 2012a).

Lokalita Cihadlo (obr. 6) se nachézi na izemi mésta De$tnd a obci Svétce, Lodhéfov
a Pluhtiv Zd’ar v Jiho¢eském kraji. Nachazi se v tzv. klenovském masivu a tento masiv
je vybézkem rozsahlé Zulové oblasti Ceského masivu tvofici patef Ceskomoravské
vrchoviny. Stafi zul kolisa mezi 298 a 396 mil. let. Vyrazna zlomova linie probihajici
pod obci Lodhéiov na sever k Destné d€li klenovsky masiv na dvé ¢asti, které jsou
podle dosavadnich vysledki praci sourodé a malo porusené. Prizkumné prace upiesni
dosavadni informace o celkovém slozeni, hloubkovém vyvoji a poruSeni masivu
(SURAO 2012a).

Lokalita Hradek (obr. 7) se nachazi na izemi obci Rohozna, Cejle, Hojkov, Mili¢ov
a mestysii Dolni Cerekev a Novy Rychnov v Kraji Vysoc€ina. Lezi v centralni ¢asti
nejrozsahlejsi zulové oblasti Ceského masivu, nazyvané moldanubicky pluton. Zulové
horniny jsou zde staré 303-327 mil. let. Vymezena lokalita je ze dvou stran ohrani¢ena
zlomovymi liniemi: jedna prochéazi tidolim fi¢ky Rohozna a druha napfi¢ pies hlavni
hieben mezi Rohoznou a Hojkovem. Na tomto zlomu je znamé Hojkovské raselinisté,
jehoz ptitomnost nasvédéuje, ze do hloubky bude tento masiv suchy a malo poruseny
(SURAO 2012a).

Lokalita Horka (obr. 8) se nachazi na uzemi obci Hodov, Rohy, Oslavi¢ka, BudiSov,
Naramec, Vlcatin, Osové, Rudikov a Oslavice v Kraji VysocCina. Lezi v tiebi¢ském
7ulovém masivu, ktery ma tvar trojuhelniku a pokryva plochu tém&f 600 km? Pro
umisténi hlubinného wlozist¢ jsou na této lokalité nejvhodnéjsi tmavé, draslikem
bohaté granitoidni horniny zvané durbachity. Ve zdej$im horninovém masivu nejsou
znamy rozséhlejsi vyskyty cizorodych hornin ani vyrazné zlomové poruSeni. Vysledky
dosud provedenych vyzkumnych praci jsou pfiznivé, vhodnost masivu ale musi byt
potvrzena jak prizkumy, tak laboratornimi zkougkami (SURAO 2012a).

Lokalita Kravi hora (obr. 9) se nachazi na uzemi obci Bukov, V&Zna, Stfitez, Milasin,
Moravecké Pavlovice, Drahonin, OISi a Sejiku, spadajici pod Kraj Vysocina
a Jihomoravsky kraj. Lezi v uzemi mezi dvéma téméf severo-jiznimi zlomovymi



liniemi s vyznamnym uranovym zrudnénim. Na z4padni linii se nachazi tézené lozisko
Rozinka, na vychodni opusténé lozisko OISi. Lokalita je tvoiena metamorfovanymi
horninami — granulity, které maji obdobné chemické slozeni jako zuly. Dosavadni
prace vedly k vymezeni relativné€ sourodé a malo postizené lokality. Jeji vhodnost pro
umisténi hlubinného uloZité je tieba potvrdit daldimi geologickymi pracemi (SURAO
2012a).

V poslednich letech SURAO usilovalo o povoleni dotéenych obci ke geologickému
prizkumu téchto lokalit. Byly podany zadosti o stanoveni pruzkumného tizemi pro
zvlastni zasah do zemské kiry na danych lokalitach. V tijnu 2014 vydalo Ministerstvo
zivotniho prostfedi rozhodnuti o stanoveni priizkumného tuzemi na vSech lokalitach.
Nyni bude na téchto lokalitdich provedeno podrobné zjisténi geologickych podminek
v pfipovrchové c¢asti lokality neinvazivnimi metodami, na jehoz zdkladé bude
v nejblizSich letech pocet kandidatnich lokalit zuZzen na ctyfi. Na nich budou
provedeny hluboké vrty (500 m a 1 000 m) k orientacnimu zjisténi geologickych
podminek v hloubkovych ¢astech lokalit nasledované zpracovanim  studii
proveditelnosti hlubinného wlozisté a jeho zadavaci bezpecnostni zpravy. Provedeni
vybéru dvou kandidatnich lokalit se o¢ekava po roce 2018 a stanoveni finalni lokality
do roku 2025 (SURAO 2012a; SURAO 2013a).

Vzhledem k nadale pfevazné odmitavému postoji obyvatel vSech lokalit k vybudovani
hlubinného tlozisté pravé na jejich tizemi, zahijila SURAO koncem roku 2008 také
ovefovani uzemi vojenskych ujezdu. Jako jedind nadéjna lokalita se po sérii
vyzkumnych geologickych praci ukazal ujezd Boletice. Ackoliv jsou pfipraveny
veskeré podklady pro vyhodnoceni a vydani rozhodnuti, zda bude tento Gjezd pfifazen
K predbézné vybranym lokalitam potencialn¢ vhodnym k hlubinnému ulozisti,
k finalnimu rozhodnuti ze strany SURAO jesté nedoslo a termin pro n&j byl z prvni
poloviny roku 2013 piesunut na neurc¢ito.
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2.3 Aktualni situace budovani hlubinnych uloZist’ ve svété

Prvni zemi na svété, kterd jiz zacala s realnou vystavbou hlubinného ulozisté pro
vysokoaktivni odpady, je Finsko. Jako kone¢na lokalita byla v roce 1999 navrZzena
oblast Olkiluoto, coz bylo schvaleno vladou v roce 2000 a ratifikovano parlamentem
v roce 2001. Budovani zacalo v roce 2004 zahajenim vystavby podzemni laboratore
ONKALO (Okko & Rautjirvi 2004; SURAO 2012d). V roce 2012 bylo vydéano
stavebni povoleni na vystavbu samotného ulozist€, nasledovat by mélo povoleni
k provozu v roce 2020 a provoz by mél byt zahdjen v roce 2022 (SURAO 2014).

Ve Svédsku zacali vhodné horninové prostiedi hledat pred vice nez 30 lety. V letech
1977 az 1985 byly vytipovany prvni vhodné lokality, ale vybér finalni lokality
Forsmark (v municipalité Osthammar) se realizoval az v roce 2011. V souc¢asné dobé
probihaji administrativni procesy potfebné k zahdjeni vystavby ulozisté a mezitim se
neustale pracuje na vyzkumech v podzemni laboratofi Aspd. Vlastni vystavba
hlubinného tulozisté by méla zacit v roce 2019 a v provozu by mélo byt od roku 2029
do roku 2085 (SURAO 2013c).

Ve Svycarsku dosla v roce 2006 vlada k zavéru, ze vybudovani hlubinného ulozists
na jejich uzemi je realizovatelné. Vytipovany byly tii lokality, vSechny se nachazeji
v opalinovych jilech. Od roku 2011 probiha v danych lokalitach upiesnovani
projektovych Feseni a jejich vzajemné srovnavani (SURAO 2013c). Hlubinné tlozisté
by mé&lo byt v provozu od roku 2040 (SURAO 2014).

Francie schvalila hlubinné tlozist¢ jakozto osvédCeny zplisob naloZeni
s radioaktivnim odpadem Vv roce 2006 a v roce 2017 by méla byt schvalena licence pro
jeho vybudovani. Vystavba hlubinného ulozist¢ Cigéo (pobliz Bure, vychodné od
Patize v oblasti Meuse/Haute-Marne) by méla byt zapocata v roce 2020 a pilotni faze
ukladani odpadd by mohla byt zahajena v roce 2025.

V dalSich evropskych zemich jako jsou Némecko, Mad’arsko, Belgie ¢i Velka
Britanie aktualné probiha vyhledavani vhodné lokality pro vystavbu hlubinného
uloziste.

Velmi slibny a mnohokrat publikovany projekt hlubinného ulozisté probihal ve
Spojenych statech americkych. Budovan byl v Nevadé v oblasti Yucca Mountain
v tufitickych horninach, nicméné v roce 2010 politickym rozhodnutim vlady skoncilo
jeho financovani, a to nehled¢ na proinvestovanych 12 miliard dolarG. Timto
rozhodnutim se cely program hlubinného tlozisté ve Spojenych statech americkych
vratil do faze wvyhledavani vhodného feSeni otazky vysokoaktivnich odpada
produkovanych jejich jadernymi elektrarnami a jediné permanentni tilozisté v provozu
pro radioaktivni odpad (transurany) pochdzejici zejména z vyvoje zbranovych systémui
zustava v solnych formacich v Novém Mexiku. Politicky boj o financovani, zachovéani
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licenci a ulozisté v Yucca Mountain jako takového probihd do dne$nich dni s nejistym
vysledkem (Garvey 2012).

2.4 Multibariérovy sytém

2.4.1 Obecna charakteristika

Zakladnim pilifem bezpecnosti hlubinného tlozisté je jeji mnohonasobné zajisténi na
sobé nezavislymi prvky a to proti veskerym myslitelnym udalostem, které by tuto
bezpecnost mohly V pribéhu casu ohrozit. Maximalniho mozného zabezpedeni
ulozisté tak, aby nebylo zavislé pouze na vykonnosti jedné bariéry, je dosazeno
pouzitim takzvaného multibariérového systému (Horseman & McEwen 1996; Nair &
Krishnamoorthy 1996; Johnson et al. 2002; Andersson & Skagius 2006; Garisto,
Kempe & Gierszewski 2009; Dohrmann, Kaufhold & Lundgvist 2013).
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Obr. 10. Multibariérovy systém. Podle: (Komine 2004).

Jedna se o systém zaloZeny na kombinaci inZzenyrskych a pfirodnich bariér (Sasaki et
al. 1992; Pacovsky 2003b; European 2004; Villar et al. 2005; Chapman 2006;
Vahlund, Andersson & Lofgren 2006; Plotze et al. 2007; Yang et al. 2007; Garisto,
Kempe & Gierszewski 2009), izolujici odpad v hlubinném Wlozisti od okolni
biosféry (obr. 10).

Pfirodni bariérou je horninovy masiv, ve kterém je ulozi$té vybudovano a ktery musi
dlouhodobé spliiovat pozadavky, jakymi je stabilita (mechanicka/geologicka
i geochemickd), minimalni porusenost a minimalni proudéni podzemnich vod. Mezi
inzenyrské bariéry patii samotna forma odpadu, kontejner, té€snici material v okoli
kontejneru (buffer) a zasypovy material pro utésnéni velkych manipulacnich prostor,
tuneld a Sachet (backfill) (Pacovsky 2003b; Keto et al. 2009; Pusch & Weston 2012).
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2.4.2 Ptirodni bariéra

Vhodné fyzikalni a chemické vlastnosti horninového celku by mély minimalizovat
pfipadnou migraci uniklych radionuklidi a zaroven umoznit bezpeéné vybudovani
aprovozovani ulozist€. Hlavnim kritériem pro vybér vhodné lokality je jeji
dlouhodoba stabilita s podminkami neménnymi idealné¢ po miliony let, kterou tedy
neovliviuji rusivé vlivy jako sopecna cCinnost, zemétieseni, promrzani, eroze
a podobné (Chapman 2006). Hornina by také méla mit ptiznivé hydrogeologické
vlastnosti, tedy byt maximalné nepropustna, neporusena puklinami a zlomy a vody
V ni ptitomné by se prukazné nemély michat s témi povrchovymi (Metz, Kienzler &
Schiissler 2003; Chapman 2006). A samoziejmé je zde pozadavek i na lokalitu
nezajimavou z hlediska piitomnosti lozisek surovin, jejichz prizkum budoucimi
generacemi by mohl vést k nahodnému naruseni ulozisté (NAGRA 2002; Garisto,
Kempe & Gierszewski 2009).

2.4.3 Forma odpadu

Kapalné vysokoaktivni odpady jsou v mnoha zemich upravovany vitrifikaci (Libourel
et al. 2011), kdy se k odpadu ptidaji sklotvorné ptisady a pii teploté 1200 °C se
béznou sklafskou technikou vytavi kfemicitanové nebo borokiemicitanové sklo.
Testuji se i fosfatosilikaty ¢i nefelin-syenitova skla (Miller et al. 2000). Takto
upravené vysokoaktivni odpady maji vysokou odolnost vuc¢i vyluhovani vodou,
potiebnou pevnost a dobrou tepelnou vodivost. Pro jesté lepsi tepelnou vodivost se
zkouseji kapky skla obalovat roztavenym olovem nebo hlinikem (Dufkova 2003).
Vitrifikovany odpad se poté uklada do kovovych kontejnert (Miller et al. 2000).

Vyhotelé jaderné palivo se bude pravdépodobné ukladat do kombinovanych
kontejnertt piimo Vtakové podobé, vjaké se vyjme zreaktoru, tedy ve formé
keramickych tablet oxidu urani¢itého (pelet UO,) umisténych v palivovych proutcich
vyrobenych ze slitin zirkonu (bariéra proti Gniku §t&pnych produkti) (SURAO 2013b).
Nékolik téchto proutkd je pak svafeno dohromady tak, Ze vytvofi palivovou kazetu
(Dufkova 2003; European 2004; Garisto, Kempe & Gierszewski 2009).

Po vyjmuti z reaktoru je palivo nejprve ptiblizné 6 let skladovano v chladicim bazénu
svodou pfimo v reaktorové hale. Poté je premisténo do suchého skladu, kde je
uchovavéno ve skladovacich kontejnerech CASTOR (SURAO 2013b). Obvykl4 doba
skladovani vyhotelého jaderného paliva pied jeho zchladnutim na pozadovanou
teplotu a kone¢nym uloZenim je nékolik desitek let (Horseman & McEwen 1996).

Piedpoklada se, ze do ulozisté se budou instalovat kontejnery 0 teploté maximalné
90 °C, jelikoz teplota vyssi by mohla mit negativni dopad na pozadované vlastnosti
bentonitové tésnici bariéry (Banwart, Wikberg & Olsson 1997; Wersin, Johnson &
McKinley 2007; Pusch, Kasbohm & Thao 2010). Béhem experimentt ve svété nebyly
zaznamenany zadné vyznamné zmény hydraulickych a mechanickych vlastnosti
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bentonitu pii teplotach do 120 °C ve vlhkém prostiedi, v suchém prostiedi je bentonit
stabilni az do 350 °C (Wersin, Johnson & McKinley 2007).

2.4.4 Kontejner

Kontejnery pro uskladnéni kazet s vyhofelym jadernym palivem jsou vyrabény
z nerezové oceli, mé&di, zeleza, titanu a niklu (European 2004). Soucasny referencni
projekt SURAO pracuje s kontejnerem ocelovym (SURAO 1999). Vzhledem k tomu,
7e kazdy material ma rtizné vyhody a nevyhody, pfistoupily nékteré zemé (Svédsko,
Finsko, Kanada) knavrhu kontejneru, vnémz jsou tyto materialy
kombinovany (obr. 11). Cesky koncept prozatim teoreticky pracuje s pouzitim
kontejneru z nerezové oceli (obr. 11), ktery v soucasné dobé prochdzi intenzivnimi
zkouskami.

Obr. 11. Kontejner na vyhorelé jaderné palivo, kombinace nerezové oceli a médi (vlevo)
a kontejner z nerezové oceli (vpravo). Zdroj: Posiva, SURAO.

vvvvvv

nejdelsi zivotnosti. Ocelova vrstva je odolna proti mechanickému namahani a médéna
zejména proti korozivnim vlivim. Zajistit co nejdelsi zivotnost kontejneru znamena
zejména co nejvice oddalit a zpomalit pravé jeho korozi (King 1995). Do dne$niho dne
bylo nasbirano a vyhodnoceno mnoho dat zeXperimentl i pfirodnich analogt
0 vynikajici stabilité médi pravé v podminkach redukéniho prostiedi nasyceného
vodou, jaké 1ze ofekavat v prostorach ulozist’ (Garisto, Kempe & Gierszewski 2009).

V soucasné dob¢ existuji dva zakladni koncepty ulozeni kontejneru v ulozisti, a to
vertikalni a horizontalni (Pusch & Svemar 1993; Gribi et al. 2007; Posiva 2008; Smith
et al. 2008; SKB 2010); obr. 12. Vertikalni koncept je systém tuloznych prostor, které
jsou od sebe vzdalené natolik, ze se jednotlivé kontejnery nebudou vzajemné tepelné
ovliviiovat. Primeér a hloubka kazdého dil¢iho prostoru zavisi na velikosti kontejneru
a od toho se dale odvozuje i potiebna tloustka tésnici bariéry v podobé lisovanych
bentonitovych blokt. Ulozny prostor je poté vétsinou zatésnén betonem a horizontalni
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piistupovy tunel se vyplni zasypem. Tento takzvany §védsky koncept oznaovany jako
KBS-3V (zkratka slova kdrnbrinslescikerhet, které volné pielozeno znamena
bezpecnost jaderného paliva) (Ericsson 1999; Pusch & Weston 2012) piejima pro
vybudovani svého hlubinného ulozisté Ceské republika.

Pii pouziti druhého konceptu se kontejnery umist'uji v horizontalni poloze piimo do
chodeb, kde jsou obklopeny tésnici bariérou a piistupovy tunel se opét vyplni
zasypem.

Obr. 12. Vertikalni KBS-3V (vlevo) a horizontalni KBS-3H (vpravo) koncept uloZeni
kontejneru v hlubinném ulozisti jaderného odpadu (podle: (Adamcova 2006)).

Obecné se o pouziti vertikalniho konceptu uvazuje v granitickych horninach, zatimco
0 pouziti horizontalniho v horninach sedimentarnich (Garisto, Kempe & Gierszewski
2009).

245 Tésnici bariéra

Tésnici bariéra ma obecné za ukol chranit kontejner pfed mechanickym poskozenim
(naptiklad pfi tektonické aktivité), zabranit podzemni vod¢é v pfistupu k nému
a zadrzet radionuklidy, které by v piipadé poskozeni kontejneru mohly uniknout do
okoli (Arcos, Bruno & Karnland 2003).

Zakladni funkce tésnici bariéry lze obecné rozdélit na izola¢ni a retardaéni (Savage,
Lind & Arthur 1999). Mezi izola¢ni funkce patii schopnost kompletné obalit kontejner
a udrzet ho v centru ulozného prostoru, zabranit vodé v priniku ke kontejneru a tim
predejit jeho korozi, pomoci odvadét teplo pochazejici z chladnouciho kontejneru
a zajistit dlouhodobou odolnost vi¢i chemickym zménam. Dale by tésnici bariéra
neméla ohrozit schopnost kontejneru a horniny vykonavat jejich pozadované funkce
améla by vzhledem ke schopnosti plastického pfetvafeni vyrovnavat pohyby
horninového masivu a tim chranit kontejner pfed mechanickym poskozenim.
Retarda¢ni funkce jsou povazovany za sekundarni a fadi se sem schopnost zabranit
proudéni podzemni vody a tim zpomalit transport radionuklidd, odolat chemickym
pfeménam po dlouhou dobu (chemicka inertnost vii¢i kontejneru) a propustnost pro
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unikajici plyny (Vieno 2000; Mallants, Marivoet & Sillen 2001; Kamei et al. 2005;
Plotze et al. 2007; Garisto, Kempe & Gierszewski 2009).

Propustnost tésnici bariéry se zvysuje s jeji klesajici objemovou hmotnosti, coz ma
vliv na mnozstvi prochazejicich latek touto bariérou. To vede ke zvySeni rizika
pfed¢asné koroze kontejneru a jeho selhani, které nakonec povede Kk migraci
radionuklidi tésnici zénou dale do okoli. Pokud objemova hmotnost klesne pod
1 800 kg/m®, zvysuje se riziko nariistu mikrobialni aktivity v tdsnici bariéte (Miller &
Marcos 2007). To by opét mohlo vést ke zvySenému riziku predéasné koroze
kontejneru a selhani jeho izola¢ni funkce. Také mechanicka odolnost klesa s tim, jak
se snizuje objemova hmotnost tésnici bariéry, coZ mize vést k pohyblim kontejneru.
Mensi pohyby by ov§em tésnici bariéra méla umét kompenzovat (Keto et al. 2009).

Za nejvhodné&jsi material pro tésnici bariéru je povazovan vysoce kvalitni bentonit (viz
kapitola 2.6). Vybran byl v prvni fadé na zaklad¢ ptirodnich analogt (viz kapitola 2.7)
a posléze s ohledem na rozsahlé zkousky a studie zaméfené na pozadované vlastnosti
tésnici bariéry (viz kapitola 4.3).

2.4.6 Zasyp

Zasypovy material by mél udrzet kontejner a té€snici bentonitové bloky v ulozném
prostoru, zabranit proudéni podzemni vody a transportu radionuklidd v chodbach,
prispivat ke stabilit¢ chodeb a nemél by chemicky interagovat s ostatnimi bariérami
(Vieno 2000; Gunnarsson et al. 2004; Gunnarsson et al. 2006; Garisto, Kempe &
Gierszewski 2009).

Za nejvhodnégjsi material pro zasyp byla nejdiive povazovana smés bentonitu, pisku
a horniny (granitové drti), pozdé&ji se uvazovalo o smési bentonitu a pisku, ale byl zde
problém s jeji dokonalou homogenizaci (Borgesson, Johannesson & Gunnarsson 2003;
Gunnarsson et al. 2004; Keto 2004). Pii pouziti smési bentonitu s piskem se vytvareji
oddélené zoény pisku a zény bentonitu. Zény pisku jsou predisponovanymi misty,
kterymi muze snadno proudit podzemni voda. Takovéto nehomogenity by velmi
negativné ovlivnily vétSinu pozadovanych vlastnosti zasypu.

V Ceské republice se uvazuje o tom, Ze jako zasyp by bylo mozno vyuzit
montmorillonitické jily (Ptikryl et al. 2003). I kdyz jejich geotechnické vlastnosti
nejsou plné srovnatelné s bentonitem, pro zasyp by byly dostacujici a navic pouziti
tohoto materialu misto bentonitu by vyznamné snizilo naklady na vystavbu uloziste.

Nejnovéjsi vyzkumy poéitaji se zasypem nikoliv ve formé pouhého zhutnélého
materidlu, ale kompaktnich blokli a peletti, kterymi se vytésni manipula¢ni prostory
tak, aby jejich maximalni nevyplnény objem po homogenizaci neptedstavoval vice jak
2 %, pricemz jeho bobtnaci tlak by mél byt vétsi nez 0,2 MPa a hydraulickd vodivost
mensi nez 10™ m/s (Keto et al. 2009; Autio et al. 2013). Specilni p¥istup je potom
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nutno pouzit pro zasyp obklopujici tésnici bariéru a kontejner s ohledem na jejich
moznou interakci (stlaceni zasypu zplisobené bobtnanim tésnici bariéry by nemeélo byt
tak velké, aby objemova hmotnost t&snici bariéry u kontejneru klesla pod 1 950 kg/m?
(Gunnarsson et al. 2006)). JelikoZ bentonit tésnici bariéry bude mit vys$si bobtnaci tlak
nez ten v zasypu, da se predpokladat, ze material tésnici bariéry bude az do ustaveni
mechanické rovnovahy pronikat do prostoru chodby (Keto et al. 2009).

2.5 Predpokladané déje v uloZisti

Po urcité dobé monitorovani tlozisté se prfedpoklada jeho celkové uzavieni, zasypani
manipulacnich prostor a pasivni bezpecné fungovani. Pasivni zejména z toho divodu,
ze nelze predpokladat, Ze se informace o existenci a umisténi ulozisté podafi zachovat
po nutnou dobu, tedy sto tisic let. VZdy pak bude existovat riziko, Ze budouci generace
vramci naptiklad surovinového prizkumu nesStastnou nahodou tlozisté narusi.
Nicméné tato pravdépodobnost byla vyhodnocena jako mala, zejména proto, ze bude
vybudovano v lokalit¢ bez naleziSt zajimavych surovin, geotermalnich zdroji
¢i zasobaren pitné vody (Mallants, Marivoet & Sillen 2001; NAGRA 2002; Garisto,
Kempe & Gierszewski 2009). Na vSechny ostatni pfipady nehod a poruseni lokality by
mélo byt ulozi§té piipraveno. Jeho pasivni ochrana zajisti, aby nedo$lo Kk tiniku
radionuklidi a ohrozeni biosféry.

Podle Pacovského (2003b) 1ze obecné vyclenit tii etapy vyvoje hlubinného ulozisté
ato vrozmezich 0 az 30 let (otevieni, plnéni a uzavieni), 30 az 800 let (od uzavieni
ulozi$té¢ po korozi kontejneru) a vice nez 800 let (etapa nastavajici po korozi
kontejneru, kdy dojde k mobilizaci a diftzi radionuklidii, nejprve pfes bentonitovou
bariéru a poté do okolni horniny).

Podrobnéjsi a komplexnéjsi popis predpoklddaného vyvoje d&jii v tlozisti je mozné
nalézt v kanadské zpravé o bezpe€nosti hlubinnych wlozist (Garisto, Kempe &
Gierszewski 2009) a také v praci Pusche (2006). Autofi zde na rozdil od Pacovského
(2003b) neptedpokladaji kompletni korozi kontejneru a jeho Gplny rozpad.

V prvni etapé (0—100 let) bude ulozisté naplnéno, uzavieno a aktivné monitorovano.
Radioaktivita odpadu Kklesne desetkrat a teplota &tyfikrat. Ulozisté bude zatizeno
maximalni teplotou a to kolem 100 °C na vné&j$im rozhrani kontejneru, v dusledku
¢ehoz dojde K rychlé dehydrataci a nasledné k popraskani tésnici bariéry v jeho okoli
(v bezprostiedni blizkosti kontejneru klesne obsah vlhkosti v tésnici bariéte z 8 az
10% na 1 aZ 3 %) a nahromadéni vlhkosti na rozhrani tésnici bariéry a horniny
(v misté kontaktu tésnici bariéry s okolni horninou vlhkost naopak vzroste z 8 az 10 %
na 15 az 20 %). Spoje mezi jednotlivymi bloky bentonitu se mohou zacit rozsifovat.
Meédéna vrstva kontejneru zareaguje s kyslikem z tésnici bariéry a vznikne slaba
korozni vrstva. Dojde k vysrazeni mineralnich soli z té€snici bariéry a tthynu ¢i latenci
mikrobu. 30 let po uloZeni kontejneru klesne jeho teplota piiblizné o 10 az 20 %, tedy
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z pavodnich 90 °C na 80 °C. Teplota kontejneru po 50 letech klesne o dalich 20 az
30°C.

Ve druhé etapé (100-1 000 let) se podzemni voda dostane do prostor tlozist¢ az
Kk tésnici bariéfe. Ta se postupné saturuje a zna¢né tak vzroste bobtnaci tlak.
V disledku vysoké bobtnavosti zacne bentonit samovyhojovat vSechny primarni
i sekundarni pukliny a mezery a vznikne tak jednolita obalka kolem kontejneru. Cela
tésnici bariéra by méla byt kompletn¢ saturovana vodou pfiblizné béhem 5 az 10 let.
Material kontejneru bude znaéné€ mechanicky namahan tlakem té€snici bariéry. Médény
plast’ se tim zatlaci do ocelového, ktery je proti takovému naméahani vice odolny a mél
by tuto zaté¢z vydrzet v t¢éméf nezménéném tvaru a naddle tak chrénit radioaktivni
obsah kontejneru. Na konci tohoto obdobi bude cely systém zcela saturovany a bude
ustaveno anaerobni prostiedi.

Ve tieti etapé (1 000-10 000 let) klesne teplota v oblasti ulozisté na 60 °C a v okoli
nékolika stovek metrti na 30 az 50 °C. Z ditvodu anaerobniho prostiedi neprobihéa dalsi
koroze kontejneru. Na horninovém rozhrani a v zasypu mohou Zzit anaerobni bakterie.
V nésledné etapé (10 000-100 000 let) klesne teplota ulozisté na troven okoli (12 az
19 °C v zavislosti na umisténi a hloubce).

Posledni etapa (100 0001 000 000 let) ptredstavuje konec nebezpecnosti ulozeného
materialu, smichani poérovych vod zoblasti ulozist¢ s okolni podzemni vodou
a premeény sodného montmorillonitu na jeho dal$i varianty (Ca, Mg, Fe) bez zmény
bobtnacich vlastnosti. Vzhledem k nizkym teplotam a koncentracim draselnych iontd
se nepiedpoklada rozsahla illitizace.

Je na misté zminit, Ze v n€kolika malo poslednich letech se objevuji ndvrhy na takovou
konstrukei ulozisté, ktera umozni jeho znovuotevieni a opétovné zpiistupnéni
kontejnerit s vysokoaktivnim odpadem v piipadé, Ze by byl objeven zpisob, jak ho
bezezbytku piepracovat (Pacovsky & Vasi¢ek 2009; Vasicek & Svoboda 2009;
Vasicek & Svoboda 2011). S takovouto variantou ulozisté se jiz nyni pfedbézné pocita
naptiklad ve Francii (SURAO 2012¢). Zda ovsem opravdu bude pasivni koncept
prekonan je otazkou mnohaletych budoucich vyzkumi a simulaci.
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2.6 Bentonit

2.6.1 Zakladni definice

Jedna se ojilovou horninu se znaCnou sorpéni kapacitou, velkou schopnosti
vymeénovat ionty, vyznamnou bobtnaci kapacitou a plasticitou (Konta 1983; France
1992; Elzea & Murray 1994; Kendall 1996; Pusch 2006; Dohrmann, Kaufhold &
Lundgvist 2013), tedy s vlastnostmi, které jsou nutné pro fungovani bentonitu jakozto
bariéry v hlubinném ulozisti. Tyto vlastnosti bentonitu dava jeho hlavni mineral
montmorillonit ze skupiny smektitu (Konta 1983; Frane 1992; Wersin, Johnson &
McKinley 2007).

2.6.2 Vznik

Bentonit je hornina, ktera vznikla argilitizaci kiemicitych efuziv in situ, zejména
dacitd, ryolita a jejich pyroklastik (Petranek 1963; Konta 1983; Allen & Wood 1988;
Elzea & Murray 1994; Harben & KuZvart 1996; Weiss & Kuzvart 2005). Argilitizace
mohla prob¢hnout v alkalickém moiském nebo jezernim prostiedi bezprostiedné po
uloZeni vulkanického popela (jehoZ teplo mohlo ohiatim vody mélkych nadrzi ptispét
k usnadnéni pfemény), dlouhodobym plisobenim podzemnich vod na tufové polohy ve
stadiu hlubokého pohibeni, hydrotermalné (pod povrchem nebo v malém alkalickém
jezete s vyvéry horkych pramend na dné¢) nebo subaerickym zvétravanim tuft
(Kuzvart 1984; Kuzvart 1992). Ve vSech ptipadech je vznik montmorillonitu vazan na
alkalické prostedi, pomalé vyluhovani tufu a pfitomnost hot¢iku. Rychlé vyluhovani
mate¢né horniny vede nakonec ke vzniku kaolinitu, vys$8i koncentrace drasliku ke
vzniku illitu ¢i smiSenych struktur illitu a montmorillonitu (Weiss & Kuzvart 2005;
Galan 2006).

2.6.3 SloZeni

Bentonit je hornina slozena pfevazné z minerall ze skupiny smektitu (montmorillonit,
beidellit, nontronit, volkonskoit, saponit, hektorit a stevensit (Weiss & Kuzvart 2005;
Murray 2007). Prav€é tyto mineraly davaji bentonitim jejich unikatni
fyzikalné-chemické vlastnosti. Nejbéznéj$im z nich je montmorillonit. Jeho zakladni
strukturni jednotku, vrstvu, tvoii dvé tetraedrické a jedna oktaedricka sit, které jsou
spojeny pomoci molekul kysliku. V centralnich pozicich oktaedri se nachazi hlinik,
ktery miize byt Castecné substituovan, nejcastéji hoicikem. Centralnim kationtem
tetraedrl je kiemik, ktery mize byt také castecné substituovan, hlinikem. Prostor mezi
dvéma vrstvami se nazyva mezivrstvi (obr. 13).

Dalsi mineraly, které se bézné vyskytuji v bentonitech, 1ze rozdélit do tfech skupin na
mineraly vulkanického ptivodu pochazejici z matecné horniny (kaolinit, illit, relikty
zived, pyroxeny, biotit, kfemen, zirkon), sekunddrni mineraly vzniklé diagenezi
a zvétravanim (kaolinit, illit, sadrovec, karbonaty, zeolity, opal, cristobalit) a mineraly
v podob¢ detritického materialu. Z téchto minerali byva zastoupen predevs§im pyrit,
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apatit, magnetit a nealterovand vulkanicka skla (Zorkovsky 1972; Elzea & Murray
1994; Harben & Kuzvart 1996).

Tetraedricka sitt —

\X Oktaedricka sit’ Vistva
g

Tetraedricka sitt

énitelné kati
WnemneH;; ationty Mezivrstevni voda

o kyslik g hydroxylova
skupina

& Al, Mg & 5i, Al

Obr. 13. Struktura smektitu. Podle: (Komine 2004).

2.6.4 Vybrané fyzikalné-chemické vlastnosti

schopnost vyménovat s okolim kationty z mezivrstvi (tzv. kationtova vyménna
kapacita). Kwvili substituci, ke které casto dochazi v oktaedrech (omezené
i v tetraedrech), vznika na vrstvé negativni naboj. Ten je kompenzovan kationty
pfitomnymi pravé v mezivrstvi (Elzea & Murray 1994; Murray 1999; Thomas et al.
1999; Bradbury & Baeyens 2003; Weiss & Kuzvart 2005; Brigatti, Galan & Theng
2006; Murray 2007). Pokud je hlavnim vyménitelnym kationtem sodik, pak se jedna
0 Na—montmorillonit, pokud vapnik, pak Ca—montmorillonit. Déle je naboj
kompenzovén kationty jako je Mg2+, Fe?, K" a Li*. V mezivrstvi montmorillonitu se
nachazi i vrstvy vody, jejiz molekuly vytvareji hydrata¢ni obaly kationtd (jedna vrstva
vody pro sodny kationt, dvé vrstvy pro vapnik ¢i hoi¢ik) (Komine 2004; Weiss &
Kuzvart 2005; Murray 2007). Pravé kvili moznosti vyménovat s okolim kationty
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z mezivrstvi ma bentonit schopnost zachytit ptipadné uniklé radionuklidy z kontejneru
V hlubinném ulozisti.

Dalsi velmi dilezitou fyzikalné-chemickou vlastnosti bentonitd je schopnost pfijimat
do mezivrstvi vodu — bobtnani, nizka hydraulicka vodivost, propustnost, bobtnaci tlak
a dalsi. Predpoklada se, Ze tato vlastnost bentonitové bariéry zabrani piedcasnému
priniku vody ke kontejneru a naopak vznikly bobtnaci tlak vyhoji pfipadné poruchy,
které v tésnici bariéfe mohou vzniknout pusobenim tepla z kontejneru. Bobtnaci
schopnost bentonitu je jednim z hledisek, podle kterych lze bentonity délit. Bentonity
obsahujici montmorillonit, ktery ma v mezivrstvi jako dominantni kationt Na® (typ
Wyoming), jsou svymi bobtnacimi schopnostmi vyjime&né. Bentonity s Ca?*/Mg?*
v mezivrstvi montmorillonitu bobtnaji méng a s pfevazujicim Ca®* nejméng (Elzea &
Murray 1994; Murray 2007). Ca/Mg bentonity Ize technologicky upravit tzv. sodnou
aktivaci (Konta 1983; France 1992), ale bobtnaci schopnosti aktivovanych bentonitd
stale nedosahnou takové hodnoty jako u Na bentonitu. Piesto, vzhledem k tomu, Ze se
na tzemi Ceské republiky nachéazi velké zasoby pravé Ca/Mg bentonitu, lze pii stavé
hlubinného tlozisté pocitat s jeho vyuZzitim.

V prostoru hlubinného 1lozist¢ muize dojit k procesim, které narusi strukturu
montmorillonitu a tim i jeho pozitivni vlastnosti a pozadované schopnosti. Material
tésnici bariéry tam bude vystaven mimo jiné vlivim tepelnym, mikrobidlnim,
vlhkostnim a tlakovym, interakci s fluidy, transportu latek a to vSe miZe jeho
fyzikalné-chemické vlastnosti ovlivnit (Montes-H et al. 2005).

2.6.5 Loziska

Za svétovy standard bentonitu pro tésnici a zasypové bariéry hlubinnych tlozist
radioaktivnich odpad®l je povaZovana surovina z loZisek tézenych v USA. Bentonit
nese oznaceni MX 80 a jedna se o sodny bentonit typu Wyoming. Tézi se ve tiech
hlavnich oblastech vedoucich napfic¢ staty Wyoming, Montana a Jizni Dakota. Loziska
se zacCala tvorit béhem kiidy z vulkanického popela ulozeného na moiském dné, kde
doslo k jeho obohaceni sodikem (Elzea & Murray 1990; Thorson 1997). V Ceské
republice se nenachazi zadné lozisko tohoto typu bentonitu. Samoziejmé by z hlediska
vlastnosti bentonitu MX 80 bylo nejvhodné&jsi pravé jeho pouZiti jako tésnici bariéry,
nicméné je nutno zohlednit i ekonomicnost vystavby hlubinného ulozisté a dovoz
potiebného mnozstvi bentonitu do Evropy je zcela nerealny. Proto je nutné najit
vhodnou alternativu s dobrou dostupnosti a pottebnou kvalitou (POSIVA 2006).

Naprosta vétsina lozisek i zasob bentonitu je v Ceské republice soustiedéna v oblasti
Doupovskych hor (Kadafisko, Podbofansko a Karlovarsko) a Ceského stiedohofi
(France 1992; Weiss & Kuzvart 2005). Loziska bentoniti maji tvar plochych ¢ocek
a vrstev, obvykle n¢kolik metri mocnych, avSak hydrotermaln¢ vzniklé bentonity
mivaji tvar nepravidelny (Konta 1983).
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Oblast loziska Rokle, ze kterého pochazi materidl pro experimenty popsané v této
praci, lezi v severovychodni okrajové Casti doupovského stratovulkanu, ktery vznikl
terciérni vulkanickou ¢innosti (Konta 1986). Bentonit zde wvznikl argilitizaci
augiticko-biotitickych tufii, tufiti a tufitickych jiloveu, naleZejicich vulkanogennimu
souvrstvi Doupovskych hor. V bentonitech jsou drobné cocky uhelnych jili a
sladkovodnich tufitickych véapenci. Ve vychodni casti loziska se vyskytuji
vulkanogenni aglomeraty a konglomeraty a v jizni ¢asti loziska jsou dva cediCové
vylevy. Lozisko je do hloubky ohrani¢eno nepravidelné. Kvalitativné je bentonit
hodnocen pro slévarenské ucéely a z bilanénich zasob je vice nez 60 % aktivovatelnych
(France 1992; Ktelina 1992). Lozisko se téZi od roku 1988.

Kromé velkych zasob bentoniti ma Ceskd republika i nemalé mnozstvi loZisek
montmorillonitickych jilt. Jedna se o horniny vzniklé pfeplavenim bentoniti (Weiss &
Kuzvart 2005), které obsahuji vyssi procento kaolinitu a illitu a vice detritické slozky
(kfemen, zivce, kalcit a t€zké mineraly). Tento materidl neni natolik kvalitni, aby se
dal pouzit jako tésnici bariéra, ale ma dostatecné dobré vlastnosti, aby mohl byt vyuzit
jako zasyp, coz bylo ovéteno fadou laboratornich zkousek (Ptikryl et al. 2003;
POSIVA 2006). Hlavnimi oblastmi vyskytu montmorillonitickych jilt jsou terciérni
panve jihoceské, Chebska a panev Plzenska (reliktni terciér). Montmorillonitické jily
se nachazeji také v miocénnich sedimentech karpatského neogénu na jizni Moravé
(Stary et al. 2005).

2.7 Prirodni analogy

Na dlouhodobou stabilitu inzenyrskych bariér 1ze soudit z mnoha ptirodnich analogt,
nachézejicich se po celém svété. Studium téchto analogi poskytuje nahled na procesy
simulované v laboratofich rozsifené do mnohem delSiho ¢asového horizontu. Naopak
u nich nejsou znamé presné vychozi podminky (na rozdil od experimentalniho
vyzkumu). Piirodni analogy Ize nalézt nejen pro samotné radioaktivni zdroje a jejich
bariéry, pfirozené je izolujici po miliony let, ale mimo jiné také pro méd’ a zZelezo
(kontejner), cement a beton (zapeceténi Uloznych prostor) ¢i skla (vitrifikovany
odpad).

Jeden z nejznaméjSich piirodnich analogli 1ze najit na lozisku uranu Oklo
v zapadoafrickém Gabonu (Cowan 1976). Svétové unikatni je kvuli tomu, ze pted
dvéma miliardami let proslo lozisko jadernym S§tépenim, které skonéilo ptiblizné pred
milionem let. Celkem se v oblasti nachazi patnact ,,fosilnich“ pfirodnich nuklearnich
reaktorit (McKee & Lush 2004; Smellie 2009), obklopenych jilovymi mineraly illitem
a chloritem, které vznikly hydrotermalni pfeménou piskovcd plisobenim tepla
uvolnéného ze Stépnych reakci (Miller et al. 2000). Dtikazy o tom, jak dokonalym
izolatorem byla okolni hornina, pfinasi $tépné produkty, které se nikdy nedostaly
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daleko od mista svého vzniku. Naptiklad novotvofené plutonium se za dvé miliardy let
pfemistilo o méné nez tfi metry z mista pavodu.

Dalsi velmi znamy pfirodni analog se nachazi v Kanadé pod dnem jezera Cigar
(Cramer & Smellie 1994) v hloubce 430 metrl, kde vzniklo pted vice neZ miliardou
let jedno z nejvétsich lozisek uranu na svété. Na povrchu vSak nejsou patrné zadné
znamky jeho pfitomnosti (Miller et al. 2000). Bezpe¢nou izolaci od okoli umoznila
vrstva jilu a podzemni voda s nizkym obsahem kysliku. Ackoliv je vzhledem k jeho
velké podobnosti s planovanym tulozistém (obr. 14) tento analog jednim z nejvice
studovanych, jen v provincii Saskatchewan se nachazi mnoho dal§ich velkych
a uranem bohatych téles v podobnych (McArthur River, McClean Lake, Midwest
Lake) nebo odlisnych (Cluff Lake, Rabbit Lake, Beaverlodge, Gunnar atd.)
geologickych podminkach a ze vSech je mozné soudit na dlouhodobou stabilitu uranu
a produktt jeho rozpadovych fad za vhodnych okolnich podminek (McKee & Lush
2004).

450 metrll
500 - 1 000 metri

B ledovcové sedimenty B ledovcové sedimenty

{1 okolni hornina (piskovec) > 5 2
kolni h it
B kiemenna pokryvka 7 okalni hornina (granit)
[ alterovana okolni hornina =3 zésyp
@8 jlové aureola 3 jilova tésnici zéna
- s [ kontejner
trangyaries B vyhorelé jaderné palivo (U02)

[ metamorfované podlozi

Obr. 14. Prirodni analog Cigar Lake, Kanada. Upraveno podle (Miller et al. 2000).

I v Ceské republice se nachézi ptirodni analog hlubinného tloZisté — Ruprechtov
(obr. 15). Lokalita je soucasti Sokolovské panve, ve které jsou charakteristické
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vyskyty uranové mineralizace ve vrstvach tretihornich sedimentt (Noseck et al. 2012).
V okoli panve se nachazeji granitické horniny, v jejichz hornich polohach doslo béhem
miocénu (Noseck & Brasser 2006) po piikryti tufitickym materialem (nyni
argilitizovan) k rozsahlé kaolinizaci (Noseck et al. 2009). Diky sedimentiim této panve
a jejich dlouhodobé funkci jako bariéry nedoslo k jakémukoliv zjisténému uvolnéni
uranu do podzemnich vod ani jeho dal§imu transportu do vod povrchovych (Noseck et
al. 2012). Rozsahla studia této lokality pokracuji i v dnesnich dnech a to zejména za
spoluprace se zahrani¢nimi védeckymi institucemi.

JZ sV

Pyroklastické sedimenty
(argilitizované)

b
Zlomova zéna
Obr. 15. Prirodni analog Ruprechtov (podle (Noseck et al. 2012)).

Po celém svété byl studovan nespocet dalsich analogt a jen reSerSe z téchto vyzkumi
by vydala na obsahlou knihu. Neékteré ztéchto lokalit jsou piehledné shrnuty
v tabulce 2, pro jejiz vytvoreni byla data ¢erpana z nasledujicich prament: lldefonse et
al. 1990; Sasaki et al. 1992; Cramer & Smellie 1994; Allard & Muller 1998; Pusch,
Takase & Benbow 1998; Cramer, McMurry & Vilks 1999; Miller et al. 2000;
Milodowski, Styles & Hards 2000; Pérez del Villar et al. 2002; McKee & Lush 2004;
Kamei et al. 2005; Kolafikova et al. 2005; Allard, Calas & Ildefonse 2007; Wersin,
Johnson & McKinley 2007; Garisto, Kempe & Gierszewski 2009; Smellie 2009;
Pelayo et al. 2011 a Noseck et al. 2012.
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Tab. 2. Pfehledova tabulka vybranych prirodnich analogd.

PRIRODNI ANALOG

| PROCESY

Choviani UQy, jeho rozpadovych produktii a celého systému

Lozisko Lake, Saskatchewan,

Kanada

Cigar

Rozpad jaderného paliva, jeho stabilita
v redukénim prostiedi, stabilita celého
systému.

Lozisko Oklo, Gabon, Afrika

Unik §t&pnych produktii do okoli.

Lozisko Pena Blanca, Mexiko

Uranové lozisko v tufech, studovano jako

analog pro v minulosti intenzivné
planované 1lozi§t€¢ Yucca Mountain
V Nevadg.

Lozisko Pocos de Caldas, Brazilie

Studium migrace uranu V tropickych
podminkach s vysokym podilem srazek
V redoxnim prostiedi.

Lozisko Alligator Rivers, Australie

Studium migrace uranu V tropickych
podminkach s vysokym podilem srazek
v oxidaénim prostiedi.

Morro de Ferro, Brazilie

Studium analogu chovani radia/plutonia.

Materialy kontejneru — méd’ a systém méd’-Zelezo

Littleham Cove, Anglie

Stabilita médi v jilovém prostredi.

Déla z vale¢né lodé Kronan, Svédsko

Koroze médi kanonti lodi potopené v roce
1668, které byly ulozeny v sedimentech
moiského dna.

Hiebiky z pevnosti Inchtuthil, Skotsko

Analog koroze Zeleza. V roce 87 zakopali
Rimané pies 1 milion Zeleznych hiebiki
do pétimetrové jamy. Po jejich vykopani
v 50. letech minulého stoleti bylo
zjisténo, ze ackoliv jejich vnéj$i vrstvy
byly siln¢ zkorodované, uvnitt se hiebiky
zachovaly v téméf ptivodnim stavu.

Material tésnicich a zasypovych bariér - jily

Bentonitové lozisko Avonlea, | Chemickd, izotopova a mineralogicka

Saskatchewan, Kanada stabilita bentonitu po dobu vice nez 75
miliont let.

Kinnekulle, Svédsko Zachovani  plasticity a  pfiznivych
hydraulickych vlastnosti bentonitu i pfes
jeho ¢aste¢nou pfeménu na illit.

Les Dunarobba, Italie Analog izola¢nich schopnosti jildi, pafezy
strom@t v nich byly konzervovany a
zachovany stale ve formé¢ dfeva po 2
miliony let.

Kimberlitova loziska, Northwest | Dievo diky vrstvdm jilu zachovano

Territories, Kanada

v takovém stavu, ze lze ztohoto 50
milioni let starého materialu odebirat
vzorky pro identifikaci DNA.
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Ishiriny, Jabal al Hasawnah, Lybie

Tepelné zatéz bentonitd.

Morrén de Mateo, Cabo de Gata,
Spanélsko

Geochemicka a tepelnd zatéz bentonitd,
interakce koroznich produktd kontejneru
a bentonitu.

Nishikubiki, Niigata, Japonsko

Tepelna pteména bentonitu.

Tésnici a pecetici materialy — cement a beton

Hadrianova zed’, Velka Britanie

Antropogenni analog Zivotnosti a stalosti
cementu (2 000 let).

Magarin, Jordansko

Plsobeni hyperalkalického prostfedi (pH
12-13) na cement/beton.

Transport radioaktivnich

materialii a jeho zpomaleni

Uranové téleso Tono, Tokyo, Japonsko

Pohyb uranu tektonicky aktivni zlomovou
oblasti.

Jezero Loch Lomond, Skotsko Pohyb jodu jily a nezpevnénymi
sedimenty.

Palmottu, Nummi-Pusula, Finsko Transport radionuklidi podél zlomu
Vv metamorfovaném horninovém
komplexu.

El Berrocal, Toledo, Spanélsko

Stabilita, degradace a rozpous$téni uranu a
jeho pohyb v koloidni formé granitickou
horninou a puklinami.

Nopal, Nové Mexiko

Migrace uranu V hydrotermalné
pfeménéném lozisku. Analog pro ulozisté
Yucca Mountain.

Countras, Gironde, Francie

Migrace uranu, vliv povrchovych vod.

Mina Fe, Salamanca, Spanélsko

Rozpousténi uranu a difuze radionuklida
jily.

Ruprechtov, Ceska republika

Uranové akumulace v jilovych
sedimentech bohatych na montmorillonit.

Analogy skel - vitrifikace

Vzorky skel z Mésice.

Devitrifikace.

Polstafové lavy; bazalty ostrova Surtsey;
archeologicka skla

Rozpousténi a pfemény.

Uranem barvena archeologicka skla Vliv radiace.
Uranem barvena skla z 18. stoleti, Ceska | Dlouhodobé chovani vitrifikovanych
republika odpadd.

Sopecné skla z Fuji a 1zu-Oshima

Premény skel vlivem podzemni vody.

Z dostupnych pramenti Ize bez zavahani

prohlasit, Ze dosavadni vysledky vyzkumt

prirodnich analogli podporuji soucasné aktualni koncepty uvazované pro vystavbu

hlubinného ulozisté.
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2.8 Experimentilni vyzkum ve svété

V tadé zemi Evropy ale i jinde ve svét€¢ bylo za ucelem zjisténi optimalnich
podzemnich laboratofi. V nich se za rtiznych podminek hledaji, zkoumaji a ovétuji
zplisoby bezpeéného uloZeni odpadu po dobu statisici let. Ve Svycarsku jsou to
horninové laboratoie Grimsel a Mont Terri (Nagra), v Belgii Mol (Hades), ve Svédsku
ASPO (SKB Hard Rock Laboratory), v Némecku Asse a Gorleben, ve Francii Bure
a Vv neposledni fadé¢ ve Finsku Olkiluoto. Kanadska laboratof Whiteshell (AECL,
Underground Research Laboratory) a podzemni vyzkumné stfedisko v Yucca
Mountain (USA) byly oficialné uzavieny vroce 2010. Experimenty provadéné
Vv téchto podzemnich laboratofich mohou hodné napovédét o tom, jaké procesy budou
probihat v redlném ulozisti, a také pomohou pii vybéru nejvhodnéjsiho materialu pro
geotechnické bariéry.

Ceskéa republika prozatim svou specializovanou podzemni laboratoi nema (projekt
vystavby Podzemniho vyzkumného pracovisté Bukov v uranovém dole Rozna byl
zahajen vroce 2013), ale pfesto i zde probiha rozsahly experimentilni vyzkum
problematiky  ukladani vysokoaktivnich odpadid. Vlajkovou lodi ¢&eského
experimentalniho vyzkumu byl bezpochyby projekt Mock-Up-CZ, probihajici
v Centru experimentalni geotechniky na Fakulté stavebni Ceského vysokého udeni
technického (CEG, FSv, CVUT), nisledovany mnoha daldimi projekty souvisejicimi
s vyzkumem materialt pro vystavbu hlubinného ulozisté radioaktivnich odpadu.

Ackoliv se nejedna pfimo o experimentalni vyzkum, za zminku na tomto misté stoji
i rozsahly mezinarodni projekt DECOVALEX (Development of Coupled Models and
their Validation against Experiments), ktery se zabyva vytvofenim komplexnich
matematickych modeld a jejich validaci pomoci redlnych experimentalnich projekt
(naptiklad (Jing, Tsang & Stephansson 1995; Dewiere, Plas & Tsang 1996; Hudson et
al. 2001; Chijimatsu et al. 2005; Millard et al. 2005; Rutqvist et al. 2005; Tsang et al.
2005) a dalsi). Jeho prvni etapa zacala jiz v roce 1992, v soucasné dob¢ se realizuje
Sesta, jejiz konec se predpoklada v roce 2015.
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3. EXPERIMENTALNI CAST

3.1 Mock-Up-CZ
Fyzikalni model Mock-Up-CZ (obr. 16) simuloval vertikalni ukladani kontejneru
s radioaktivnim odpadem podle §védského systému KBS-3V.

Obr. 16. Mock-Up-CZ, celkovy pohled. Zdroj: CEG.

Jeho budovani zacalo v roce 2000 v Centru experimentalni geotechniky na Stavebni
fakulte CVUT (Pacovsky 2003a, 2003b, 2004, 2006; Svoboda & Vasicek 2006; Pusch
et al. 2007). Do valcové ocelové nadoby (pramér 800 mm, vyska 2230 mm, tloustka
stény 8 mm; obr. 16) bylo instalovano olejové topné téleso, simulujici kontejner
s radioaktivnim odpadem, které bylo obloZeno bentonitovymi tvarnicemi (obr. 17,
19, 20).

Obr. 17. Bentonitové tvarnice. Zdroj: CEG.

Prostory mezi tvarnicemi a sténou nadoby byly zasypany ru¢né zhutnénou
bentonitovou smési (obr. 18-20). Vnitini strana ocelového plasté byla opatiena
zavodnovacim systémem, ktery umoznoval syceni bentonitové bariéry syntetickou
granitickou vodou po celou dobu trvani experimentu. Podél vertikalni osy
experimentalni nadoby bylo instalovano Sest méficich profilti pro kontinualni méfeni
probihajicich d&ja (obr. 19). V kazdém profilu byla osazena tada ¢idel, ktera sledovala
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teplotu, tlak, vihkost a korozi (Pacovsky, Svoboda & Zapletal 2007; Pusch et al. 2007;
Pusch, Kasbohm & Thao 2010; Svoboda & Vasicek 2010). Cely model byl umistén
V podzemnim zku$ebnim silu o velikosti 3x3x3 m (obr. 16).

Obr. 18. Mock-Up-CZ, detail vika experimentalni nadoby a zasypu. Zdroj: CEG.
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Obr. 19. Schéma experimentu Mock-Up-CZ, svisly fez. Zdroj CEG.
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Obr. 20. Schéma experimentu Mock-Up-CZ, vodorovny fez. Zdroj CEG.

Vlastni experiment byl spustén v kvétnu 2002, kdy byl v prvni fazi uveden do provozu
pouze samotny topny systém. Po Sesti mésicich, tedy v listopadu 2002, byl systém
nasledné saturovéan syntetickou granitickou vodou. Tato druhd faze skoncila v lednu
2006, vypnutim topného télesa a piivodu vody. Po dobé nutné k vychladnuti systému
(mésic) zapocalo rozebirani celého systému (dismantling), odbér vzorkt a nasledné
vyhodnoceni vysledkt, které probihalo az do roku 2007.

3.1.1 Material tvarnic a sloZeni syntetické granitické vody

Bentonitova bariéra byla tvoiena smési bentonitu z loZiska Rokle (85 %), kiemenného
pisku z loziska Provodin (10 %) a grafitu ze zavodu Netolice (5 %). Kfemenny pisek
a grafit byly pouZity z divodu zvyseni tepelné vodivosti tésnici bariéry (Pusch 2001;
Jobmann & Buntebarth 2009). Z tohoto kompozitniho materialu bylo vylisovano ptes
tfi sta tvarnic, kterymi se oblozilo topné téleso, a Vv sypkém stavu slouzil jako zasyp
montaznich prostor.

SloZeni bentonitu z loziska Rokle bylo vypocitano programem CQPA (Klika & Weiss
1993) s piesnosti na 1 %. Pfi vypoétu byla vyuzita data ziskana z RTG difrakce (na
Univerzité¢ Karlové) a silikatovych analyz (provedenych na Masarykové univerzité
v Brn¢). Tento bentonit se sklada prevazné z Fe-montmorillonitu (64 %), ktery je
doprovazen illitem (10 %) a kaolinitem (5 %). Z nejilovych minerald pfevazuje
kiemen (19 %), dale je pfitomen kalcit (2 %), draselny zivec (1-2 %), anatas/rutil
(<1 %) a akcesorické mineraly.

Akcesorické mineraly byly separovany v tézkych kapalinach (napf. bromoform
p=2892g/cm). Z 1 kg celkového vzorku bentonitu bylo ziskano 0,0137 g
akcesorickych mineralti, které byly identifikovany pomoci optického mikroskopu
(Optic 2.19NL) a rentgenové praskové difrakce (tab. 3).
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Tab. 3. MnoZstvi akcesorickych mineral( v bentonitu z loZiska Rokle (na 1 kg bentonitu).

Mineral Mnozstvi
(9)
Rutil 0,0046
Titanit 0,0010
Pyrit 0,0044
Zirkon 0,0013
Augit 0,0013
Pyroluzit 0,0011

Titanem bohaté faze (rutil a titanit) byly zdrojem zvySenych hodnot TiO, v celkové
silikatové analyze. Pomérné vysoké mnozstvi pyritu se mohlo z ¢asti podilet na vzniku
novotvofeného sadrovce v zasypu (viz kapitola 4.1.1). Z dalsich akcesorii je zastoupen
zirkon, augit (byl uren pouze vizualng€) a pyroluzit (MnO). Pfitomnost Mn fazi byla
potvrzena také pfi studiu koroznich produkti (probihalo na Vysoké Skole
chemicko-technologické v Praze — VSCHT).

Pro syceni bentonitové bariéry byla pouzita synteticka graniticka voda, jejiz slozeni je
uvedeno v tabulce 4.

Tab. 4. SloZeni a zakladni parametry syntetické granitické vody.

Parametr Hodnota Jednotky
vodivost 454 uS/cm
Eh (Ag/AgCl) 257 mV
Eh (SHE) 465 mV
pH 6,95

T 22 °C
ca®t 14,92 mg/I
Mg** 5,22 mg/l
K* 4,46 mg/I
Na* 68,00 mg/l
S0~ 9,87 mg/|
Cr 77,72 mg/I
HCO3 107,99 mg/I

3.1.2 Analyza mineralogickych zmén

Podrobné studium pfipadnych mineralogickych (fazovych) zmén v bentonitovych
tvarnicich a zasypu bylo hlavnim vyzkumnym tkolem pro Ptirodovédeckou fakultu
UK v ramci zminéného multioborového projektu.

Pro analyzu bylo celkem poskytnuto 71 vzorkl z hloubkovych trovni 470 mm,
680 mm, 1095 mm, 1350 mm, 1385 mm, 1755 mm a zasypu (obr. 21).
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Obr. 21. Svisly fez fyzikalnim modelem Mock-Up-CZ s vyznacenymi vzorkovacimi profily,
z nichZ byly odebréany dil¢i vzorky pro studium mineralogickych zmén. Upraveno dle CEG.

Kompozitni vzorky odebrané z tésnici bariéry byly studovany pomoci rentgenové
praskové difrakce a infracervené spektroskopie s Fourierovou transformaci (metoda
KBr).

Fazova analyza byla provadéna na difraktometru X’Pert Pro (PANanalytical) na
UGMNZ PiF UK. Difraktometr je vybaven sekundarnim  grafitovym
monochromatorem a detektorem X’Cellerator. Preparaty byly méfeny za nasledujicich
podminek: CuKa krok 0.05°, 200 s/krok, 3 — 60 28, rotace f = 25, 40 KV, 30 mA,
nosi¢ — bezdifrakéni Si (100).

Orientované sedimentované preparaty byly pripraveny vzdy ve 2 sadach. Jedna sada
byla méfena za standardnich podminek, druha byla po dobu 24 hodin napafovana
v parach ethylenglykolu a poté nasnimana v omezenéjSim rozsahu 20. Vysledné
difrakéni zaznamy byly vyhodnoceny a zpracovany v programu Bede ZDS 4.17
(Ondrus 1997).

Jako dopliikova metoda k RTG difrakci na rozliseni zejména amorfnich fazi byla
vyuzita infracervena spektroskopie. 1 mg studovaného vzorku byl semlet v ocelovém
kulovém mlynku s 300 mg praskového KBr. Jilovy material byl nejprve predsusen za
teplot do 30 °C, aby se co nejvice eliminovaly piky vzdusné vlhkosti. Slisovana tableta
byla nasniméana na spektrometru Nicolet 740 (VSCHT, operator Ing. Novotnd)
s rozlienim 2 cm™ a po&tem akumulaci 32 skenti. Pro vyhodnoceni spekter byl pouZit
software Omnic 6.1.
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3.2 Sledovani dlouhodobé stability inZenyrskych bariér na bazi bentonitu
S vyuZitim zatéZovacich procedur a experimenti in situ a hodnoceni jejich
retardacni funkce

Experimentalni vyzkum dlouhodobé stability inzenyrskych bariér na bazi bentonitu

probihal v letech 2008-2010. Realizovan byl za laboratornich podminek (VSCHT,

CVUT) a v prostiedi in situ v podzemni laboratofi Josef. Stola Josef se nachazi asi

50 km jizn& od Prahy u Slapské piehrady mezi obcemi Celina a Mokrsko. Je souéasti

zlatorudniho reviru Psi hory a byla vyrazena v letech 1981-1991 v ramci geologického

prizkumu  zlatonosnych loZisek. Fakulta stavebni Ceského vysokého uéeni
technického v Praze zde v roce 2007 oteviela unikatni in situ podzemni laboratote pro
praktickou vyuku a experimentalni ¢innost.

3.2.1 Pouzité materialy

V ramci tohoto projektu byly pouzity tfi druhy bentonitovych materiald
(Mock-Up-CZ, Rokle, FEBEX) a pét typu satura¢nich médii (SGW-K, SGW-K-10,
SGW-Mg, SGW-Mg-10, Josef).

Jako jeden z materidlti byla za ucelem pokracovani jeho zatéze pouzita bentonitova
smés z projektu Mock-Up-CZ (viz kapitola 3.1), konkrétné z oblasti experimentalni
nadoby, ve které se teplota pohybovala v rozmezi 60 az 70 °C. Dale se zat¢zi podrobil
Cisty bentonit Rokle (bliz§i charakteristika viz kapitola 3.1.1) a bentonit FEBEX,
pojmenovany po Spanélském experimentu, ve kterém byl pouzit (viz kapitola 4.3.2).

Bentonit FEBEX pochazi ze $panélského loziska Cortijo de Archidona (region Cabo
de Gata, Almeria). Jeho jednoznaéné pievazujici slozkou je montmorillonit (90-92 %).
Nasleduje kiemen (2 + 1 %), plagioklas (2 = 1 %), cristobalit (2 = 1 %), draselny
zivec, kalcit, celestit, halit, slida, chlorit a dalsi (ENRESA 2000; Fernandez et al.
2004; Villar & Lloret 2007; Villar, Sanchez & Gens 2008).

Satura¢ni média byla pouzita jak ptirodni (Josef), tak syntetickd, namichana
v laboratofich VSCHT a obohacena draselnymi (SGW-K, SGW-K-10), resp.
hofe¢natymi (SGW-Mg, SGW-Mg-10) ionty (tab. 5).
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Tab. 5. Slozeni saturacnich médii.

SGW-K SGW-K-10 SGW-Mg SGW-Mg-10 Josef

(mg/l) (mg/l) (mg/I) (mg/l) (mg/I)

ca” 15 148 45 446 85,3
Mg 5,1 51 48 476 32,9
K* 108 1083 0,8 8,1 3

Na" 55 55 10 102 14,7
SO~ 133 1333 1,5 15 165
cl 43 425 220 2203 10,5
HCO3 12 118 22 219 233

3.2.2 Experimentalni zatéz

Vlastni experimenty probihaly v Centru experimentalni geotechniky na Fakulte
stavebni CVUT (tlakové nadoby, fyzikalni modely), v prostorach §toly Josef (patrony)
a na Vysoké skole chemicko-technologické (laboratorni vzorky).

Do tlakovych nadob (obr. 22) byly umistény vzorky vSech tii typd bentonit
(4 kg/nadoba) a zality satura¢nimi médii Josef a SGW-K v takovém mnozstvi, které
dovolilo bentonitovym materialim volné nabobtnat (3 I/nadoba). Poté byly nadoby po
dobu 13 dnt vystaveny teploté 95 °C a nasledné na jeden den bézné laboratorni teploté
(kontrola tbytku satura¢niho média vaZzenim a jeho ptipadné doplnéni). Cely cyklus se
takto opakoval 18 mésicti. Ve stanovenych intervalech (3, 6, 12, 18 mésict) byly
provadény odbéry materialu k provedeni laboratornich zkousek.

Obr. 22. Tlakové nadoby. Zdroj: CEG.

Fyzikalni modely byly umistény v obdobnych nadobach jako suspenze bentonitu
(obr. 23) a podrobovany stejnému zatéZovacimu cyklu. Vzhledem k naro¢nosti
fyzikalniho modelovani byl ovSem ke zkouskdm vybran pouze jeden material a to
bentonit Rokle, ktery byl do niddob umistén ve slisovaném stavu. Jako saturaéni
médium slouZila voda Josef a SGW-K. Vzorkovani probihalo v intervalech 6, 12 a
18 mésici.
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Obr. 23. Tlakova nadoba, fyzikalni model. Zdroj: CEG.

Pét perforovanych patron z korozivzdorné oceli (obr. 24) s bentonitovou naplni ve
formé lisovanych valeckt (Rokle 2x, FEBEX 1x, Mock-Up-CZ 2x) bylo zasunuto do
jadrovych vrtd ve Stole Josef. Tato procedura vyuzivala komplexni plsobeni
podzemniho prostiedi (teplota, voda, mikroorganismy) bez jakychkoliv vnéjsich
zasahl. Kazda patrona méla délku 2,8 m a skladala se ze ¢étyf dilt. V casovych
intervalech 3, 6, 12 a 18 mésici byl vzdy jeden dil patrony (69 cm) vytazen a material
podroben analyzam.

Obr. 24. Patrony do jadrovych vrti (vlevo), patrona P1 pripravena k naplnéni materidlem
FEBEX (vpravo). Zdroj: CEG.

V laboratornich podminkiach (VSCHT) byly =zatézi (pét typt saturaénich
médii: SGW-K, SGW-K-10, SGW-Mg, SGW-Mg-10 a Josef) vystaveny vSechny tfi
druhy bentonitovych materiald (Rokle, FEBEX, Mock-Up-CZ). Bentonity Rokle
a FEBEX byly navic saturovany i destilovanou vodou, u materialu Mock-Up-CZ bylo
pouzito pouze médium SGW-K-10 a SGW-Mg-10. Vzorky byly smichany s médii
v poméru 1:3, ¢ast z nich byla ponechana za laboratorni teploty, ¢ast byla po dobu
deset hodin denné =zahfivana v suSi¢ce za teploty 80 az 90 °C. B&hem tohoto
experimentu nebyla satura¢ni média doplfiovana. Odbér vzorki probihal v intervalech
1 tyden, 2 tydny, 1 mésic, 2, 3 a 4 mésice, 5, 7, 8, 10 a 12 mésici.

V laboratotich VSCHT déle probihalo studium interakce cementové matrice a betonu
s vodnou fazi a nasledné s bentonitem Rokle. Pro interakéni studie cementové matrice
s bentonitem byl vyuzit portlandsky cement CEMI 42,5R a to pro dvé¢ paralelné
probihajici studie. V prvnim pfipadé byly do reakénich zkumavek pripraveny
cementové tablety v poméru 1:10 (cement:voda) a systém tak byl ponechan po dobu
pét mesict. Nasledné¢ byl do této reakéni smeési pfidan bentonit v poméru 5:1
(roztok:bentonit) tak, Ze bentonit s cementem vytvofil homogenni smés. Ve druhém
ptipadé bylo cilem sledovat interakci bentonitu na vrstvé cementu (za Gcelem popsat
vliv interakce bentonitu z hlediska jeho stability a slozeni vodného vyluhu).
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Cementova tableta byla ponechana jeden mésic v redestilované vodé a po této dobé na
ni byl nasypan bentonit o poméru bentonit:cement 1.1 za ucelem vyhodnotit vliv
omezeného kontaktu bentonitového materidlu s cementovou matrici. Posledni série
experimentli byla provedena bez piitomnosti cementové matrice. Jako kapalna faze
byla vyuzita pouze cementova voda pfipravend louzenim cementu v destilované vodé
po dobu péti mésict. Odbéry vzorkt probihaly v téchto intervalech (pocet dnti): 1, 7,
14, 28, 56, 120 a 240.

3.2.3 Analyza mineralogickych zmén

Celkem bylo analyzovano 310 vzorkll. Fazova analyza byla opét provadéna na
difraktometru X’Pert Pro (PANanalytical) na UGMNZ PiF UK. Difraktometr je
vybaven sekundarnim grafitovym monochrométorem a detektorem X’Cellerator.
Preparaty byly méfeny za stejnych podminek jako ty z experimentu Mock-Up-CZ,
tedy: CuKo krok 0.05°, 200 s/krok, 3 — 60 20, rotace f = 25, 40 KV, 30 mA,
nosi¢ — bezdifrak¢éni Si (100), druhd sada vzorkii byla napafovana ethylenglykolem a
snimana v rozsahu 20 (3 — 20). Vysledné difrakéni zaznamy byly také vyhodnoceny
a zpracovany v programu Bede ZDS 4.17 (Ondrus 1997).
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4. VYSLEDKY A DISKUZE

4.1 Mineralogicky, chemicky a geochemicky vyzkum stability dlouhodobé
tepelné zatiZeného materidlu bentonitové bariéry na vzorcich ziskanych
z experimentu Mock-Up-CZ

Cilem studie bylo popsat mineralogickou stabilitu pouzité bentonitové smési za

podminek experimentu Mock-Up-CZ (Ptiloha I a Pfiloha II).

4.1.1 Vysledky

V zadném vzorku z bentonitovych tvarnic tvoficich tésnici bariéru v experimentalni
nadobé Mock-Up-CZ nebyla zaznamenana pifeména pivodnich mineralnich fazi.
Tomu odpovida i skutecnost, Ze kationtové a aniontové vyménna kapacita zatizen¢ho
bentonitového materialu odpovida hodnotam materialu nezatizeného, iontové vyménna
schopnost bentonitu tak nebyla nijak ovlivnéna. Podrobné&jsi vysledky chemickych
zkousSek bentonitového materidlu 1ze nalézt v Priloze 1.

U vzorkll odebranych ze zasypu ovSem nebylo o mineralogickych zménach pochyb,
nebot’ novotvoiené faze byly zietelné viditelné i pouhym okem (obr. 25).

Obr. 25. Novotvoreny sadrovec v zasypu pod vikem experimentalni nadoby. Zdroj: CEG.
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Pii detailn&j$im pohledu (obr. 26) je kolem bilych zrn patrna aureola svétle Sedé barvy.

Obr. 26. Detail sadrovcovych zrn s illitovou aureolou v zasypu experimentalni nadoby.
Zdroj: CEG.

Vzorky zm a jejich okoli byly podrobeny detailnimu RTG difrakénimu rozboru.
Z vysledki je ziejmé, ze bild jadra jsou tvotena sadrovcem (obr. 27) a Sedé aureoly
smési illitu, sadrovce a smektitu (obr. 28).

I gy

& gy gy
I
e S e Fp iyt S0

2 Theta

Obr. 27. Difraktogram bilého sadrovcového jadra. Vysvétlivky: gy=sadrovec.
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Obr. 28. Difraktogram aureoly. Vysvétlivky: sm=smektit, ill=illit, gy=sadrovec.

Mnozstvi novotvofené¢ho sadrovce rapidné klesalo s nartstajici vzdalenosti od zdroje
syntetické granitické vody.

Izolované novotvotené mineralni faze a smiSené struktury (illit-smektit) ze zasypové
vrstvy kompozitniho zatizeného bentonitového materialu byly také vyuzity pro
stanoveni kationtové vyménné kapacity. U studovanych vzorkt illitu a smiSené
struktury illit-smektit byl stanoven pokles hodnot kationtové vyménné kapacity
0 cca 50 %. Podrobnéjsi chemické analyzy a vliv novotvotenych fazi a smisenych
struktur na migraci radionuklidii jsou publikovany v Pfiloze I.

Ve vysledcich z infraervené spektroskopie nebyly mineraly s niz§im procentualnim
zastoupenim (kaolinit, kalcit, relikty Zived) v kompozitnich vzorcich identifikovany.
Pravdépodobné doslo k piekryvu vyznamnych piki. V nékterych spektrech byly
zméteny piky nalezejici organické necistoté a vzdusnému COz. Pfitomnost amorfnich
fazi ze skupiny oxohydroxidd Fe, Al a Mn se neprokézala.

4.2 Sledovani dlouhodobé stability inZenyrskych bariér na bazi bentonitu
S vyuZitim zatéZovacich procedur a experimenti in situ a hodnoceni jejich
retardacni funkce

Cilem vyzkumu bylo stanoveni vlivu sloZeni saturaéniho média a teploty na

mineralogickou stabilitu bentonitu za extrémnich laboratornich podminek a v prostiedi

in situ UEF Josef (Pfiloha III).

4.2.1 Vysledky

Analyza nezatizenych materiald (Moore & Reynolds 1989) prokazala, Ze v bentonitu
Rokle je ve vrstvach smektitu bézné pfitomno maximalné 10 % (°A26=5,38-5,45),
v bentonitu FEBEX 11 % (°A26=5,38-5,51) a ve smé&si Mock-Up-CZ méné nez 10 %
(°A20=5,42-5,43) vrstev illitu. Chyba méfeni (smérodatna odchylka) je + 3 %.

Jak je vidét z vyslednych hodnot °A26 pro suspenzi v tlakovych nadobach (tab. 6),
fyzikalni modely (tab. 7) a vzorky z experimentalni procedury in situ (tab. 8) nikde
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nedoslo k nartistu poctu illitovych vrstev ve vrstvach smektitu (illitizaci) a RTG
difrak¢ni rozbor neprokazal ani vznik zadnych novotvofenych mineralnich fazi.

Tab. 6. Hodnoty °A20© materialii Rokle, FEBEX a Mock-Up-CZ saturovanych médii Josef
a SGW-K a zatizenych teplotou 95 °C po dobu 3, 6, 12 a 18 mésicu (tlakové nadoby).

3 mésice 6 mésicu 12 mésicu 18
Rokle
Josef 5.42 5.44 5.42 5.42
SGW-K 5.35 5.38 5.28 5.36
FEBEX
Josef 5.47 5.52 5.46 5.48
SGW-K 5.47 5.47 5.42 5.49
Mock-Up-CZ
Josef 5.50 5.49 5.50 5.49
SGW-K 5.51 5.53 5.52 5.52

Tab. 7. Hodnoty °A20 bentonitu Rokle saturovaného médii Josef a SGW-K a zatizeného
teplotou 95 °C po dobu 6 a 18 mésicu (fyzikalni modely).

Rokle 6 mésicu 18 mésicu
Josef 5.42 5.40
SGW-K 5.42 5.45

Tab. 8. Hodnoty °A20 materialti Rokle, FEBEX a Mock-Up-CZ v patronéach instalovanych do
péti vrti ve Stole Josef (in-situ experiment).

vrt Doba zatéze

Rokle

5.49 P2 3 mésice
5.36 P2 6 mésict
5.35 P2 12 mésicu
5.42 P2 18 mésicii
5.35 P4 3 mésice
5.35 P4 6 mésict
5.49 P4 12 mésict
5.42 P4 18 mésicii
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FEBEX

5.49 P1 3 meésice
5.42 P1 6 mésict
5.49 P1 12 mésict
5.42 P1 18 mésicii
Mock-Up-CZ

5.48 P3 3 mésice
5.48 P3 6 mésict
5.35 P3 12 mésict
5.49 P3 18 mésici
5.49 P5 3 mésice
5.53 PS5 6 mésict
5.55 P5 12 mésict
5.55 P5 18 mésici

Vysledky z laboratornich zkousek VSCHT nebyly tak jednoznaéné. Novotvoiené faze
ani transformacni procesy nebyly zaznamenany v experimentech s cementy
a cementovou vodou, v zadnych vzorcich materialu Mock-Up-CZ ani ve vzorcich
bentonitll Rokle a FEBEX zatizenych médii SGW-Mg, SGW-Mg-10, SGW-K, Josef ¢i
destilovanou vodou (at’ za laboratornich ¢&i zvySenych teplot). Pii experimentu se
saturatnim médiem SGW-K-10 vsak byly zjistény vyrazné zmény jak pro bentonit
Rokle, tak i FEBEX.

Ve vzorcich bentonitu Rokle zatizenych médiem SGW-K-10 byly novotvotfené faze
identifikovany po deseti mésicich zatéze a to jak za laboratornich, tak za zvySenych
teplot (tab. 9).
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Tab. 9. Vzorky bentonitu Rokle zatéZované saturacnim médiem SGW-K-10. U tucné
oznacCenych vzork( (R18V, R22V a R30V) byly identifikovany novotvofené mineralni faze
sadrovec (gyp) a bassanit (bass).

Saturaéni médium SGW-K-10

Bentonit Rokle

Laboratorni teplota 80-90 °C
1 tyden R56 R43
2 tydny R57 R44
1 mésic R58
2 mésice R59
3 mesice R60 R45
5 mésict R2/5M R6/5M
7 mésict R10V R14V
8 mésict R61 R46
10 mésict R18V —gyp R22V - gyp
12 mésict R26V R30V - gyp, bass

Po deseti mésicich se v bentonitu za laboratorni i za zvySené teploty vytvofil sddrovec
(obr. 29, 30). Po dvanacti mésicich byl v difraktogramu vzorku zatizeného zvySenou
teplotou patrny novotvoreny bassanit (obr. 30).
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Obr. 29. Novotvoreny sadrovec ve vzorku Cislo R18V. O dva mésice pozdéji, ve vzorku
R26V, jiz zaznamenan nebyl. Vysvétlivky: gypsum=sadrovec, mmt=montmorillonit, ill=illit,
kao=kaolinit, qtz=kfemen, fsp=zZivec, ant=anatas.
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Obr. 30. Novotvoreny sadrovec ve vzorku Cislo R22V a bassanit ve vzorku Cislo R30V.
Vysvétlivky: gypsum=sadrovec, bassanite=bassanit, mmt=montmorillonit, ill=illit, kao=kaolinit,
qtz=kfemen, fsp=Zivec, ant=anatas.

Vyrostlice novotvofen¢ho bassanitu byly ve vzorku R30V patrné na prvni pohled
i pouhym okem (obr. 31). Jejich velikost dovolila extrakci a rozbor novotvotené faze,
z jejihoz difraktogramu bylo patrné, ze se ve skute¢nosti jednd nejen o bassanit, ale
i sadrovec (obr. 32).

Obr. 31. Bilé vyrostlice bassanitu a sadrovce ve vzorku ¢islo R30V. Gama parametr obrazku

vlevo byl z divodu zvyraznéni zrn upraven na hodnotu 0,6. Obrazek vpravo je v realnych
barvach.
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Obr. 32. Difraktogram bilych vyrostlic ze vzorku R30V (sadrovec=g, bassanit=b). Zrna byla
velmi mala, proto se pfi extrakci do vzorku pfimichalo i nepatrné mnoZstvi okolniho materialu
(illit=ill, kaolinit=kao).

Ve vzorcich bentonitu FEBEX zatizenych médiem SGW-K-10 se prvni novotvoiené
faze zacaly projevovat jiz po sedmi mésicich zatéze a to jak za laboratornich, tak za
zvysenych teplot (tab. 10).

Tab. 10. Vzorky bentonitu FEBEX zatéZované saturacnim médiem SGW-K-10. U tucné
oznaCenych vzorka (F10V, F18V, F26V, F14V, F22V a F30V) byly identifikovany
novotvorené mineralini faze sadrovec (gyp) a bassanit (bass).

. Saturaéni médium SGW-K-10
Bentonit FEBEX

Laboratorni teplota 80-90 °C
1 tyden F55 F43
2 tydny F56 F44
1 mésic F57
2 mésice F58
3 mésice F59 F45
5 mésict F2/5M F6/5M
7 mésict F10V - gyp F14V - gyp
8 mésict F60 F46
10 mésict F18V - gyp F22V - gyp
12 mésicu F26V — gyp, bass F30V - bass
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Novotvofeny sadrovec byl identifikovan ve vzorcich F10V, F18V, F26V (obr. 33)
a F14V a F22V (obr. 34). Novotvoieny bassanit byl zjistén ve vzorcich F26V a F30V

(obr. 33, 34).
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Obr. 33. Novotvoreny sadrovec ve vzorcich ¢islo F10V, F18V a F26V a bassanit ve vzorku
Cislo F26V. Vysvétlivky: gypsum=sadrovec, bassanite=bassanit, mmt=montmorillonit,

qtz=kfemen, fsp=Zivec, cc=kalcit.
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Obr. 34. Novotvofeny sadrovec ve vzorcich ¢islo F14V a F22V a bassanit ve vzorku cislo
F30V. Vysvétlivky: gypsum=sadrovec, bassanite=bassanit, mmt=montmorillonit, qtz=kfemen,

fsp=Zivec, cc=kalcit.
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Krystaly bassanitu byly pouhym okem dobie viditelné pouze ve vzorku F30V
(obr. 35), samozicjmé byly identifikovatelné i RTG difrak¢nim rozborem (obr. 36).

Obr. 35. Bilé vyrostlice bassanitu ve vzorku ¢islo F30V. Gama parametr obrazku vievo byl
z davodu zvyraznéni zrn upraven na hodnotu 0,45. Obrazek vpravo je v realnych barvach.
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Obr. 36. Difraktogram bilych vyrostlic ze vzorku F30V.Jedna se o Cisty bassanit.

Kromé novotvoienych fazi byl u bentonitu FEBEX v saturatnim médiu SGW-K-10
zaznamenan i proces illitizace. Od vychozich hodnot pro nezatizeny material (11 %
vrstev illitu) doslo k navySeni mnozstvi illitovych vrstev o 3-12 %, tedy na hodnoty
14-20 % illitovych vrstev pro vzorky zatizené pii laboratorni teploté (20 °C)
a 16—23 % pro vzorky vystavené teploté¢ 80-90 °C.

51



4.3 Diskuze

Jednim ze zakladnich pozadavkd, ktery musi spliiovat tésnici bariéra, je jeji
dlouhodoba stabilita, tedy i neménnost jejiho mineralogického slozeni. Mineralogicka
stabilita montmorillonitu je proto rozsahle studovana jak pomoci ptirodnich analogt,
tak laboratornich zkouSek. Mineralogické transformace a vznik novotvorenych fazi
byly identifikovany béhem obou, v této praci popisovanych, experimentd.

4.3.1 Transformace montmorillonitu

Jednim z nejvyraznéjSich degradacnich procest, ktery by mohl vyrazné ohrozit
mineralogickou stabilitu té€snici i zdsypové bariéry, je zména montmorillonitu na illit,
takzvana illitizace (Pusch 2006).

Studiem tohoto procesu se zabyvalo nespocet praci a to jak pomoci laboratornich
zkousek, tak prostfednictvim studia ptirodnich systému (diageneze, hydrotermalni
premény, metamorfoza (Inoue, Utada & Wakita 1992; Whitney 1992)). Illitizace muze
probéhnout dvéma moznymi mechanismy: postupnym nahrazovanim smektitovych
vrstev illitovymi (pfes smiSené struktury) nebo rozpusténim smektitu a neoformaci
illitu (Eber]l & Srodon 1988; Inoue et al. 1988; Inoue, Utada & Wakita 1992; Inoue &
Kitagawa 1994; Christidis 1995; Cuadros & Linares 1996; Nieto et al. 1996; Pusch &
Karnland 1996; Clauer et al. 1997; Srodofi 1999; Srodon, Eberl & Drits 2000; Pusch
2006; Wersin, Johnson & McKinley 2007).

V dusledku illitizace se zhorSuji piiznivé funkéni vlastnosti smektitu: schopnost
bobtnani, sorp¢ni vlastnosti a kationtova vyménna kapacita. V tésnici bariéie
obsahujici takto degradovany bentonit se zvySuje hydraulicka vodivost a klesa jeji
sorpéni kapacita (Inoue, Utada & Wakita 1992; Hatano, Hatano & Suzuki 1995;
Hokmark, Karnland & Pusch 1997; Wersin, Johnson & McKinley 2007; Kauthold &
Dohrmann 2009). Ackoliv zména sorpéni kapacity ma vétsi dopad na tnik
radionuklidi nez pokles hydraulické vodivosti (Ahn et al. 1995), oba procesy jsou
Vv ulozisti nezadouci.

Hlavnimi faktory ovliviiujicimi proces illitizace v hlubinném tlozisti jsou teplota, ¢as
a dostupnost drasliku (Wersin, Johnson & McKinley 2007; Pusch 2006). Mezi dalsi
faktory potom patii tlak, slozeni a fyzikalné¢ chemické vlastnosti porovych fluid

a jilového materialu a nutna je i urcita aktiva¢ni energie (Cuadros & Linares 1996;
Pusch & Karnland 1996; Pusch 2006).
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Obr. 37. Rozlozeni teplotni zatéze (isolinie ve °C, zhotoveno na zakladé méreni teplotnimi
cidly, jejichz umisténi je znazornéno ¢ernymi body) v bentonitové tésnici bariéfe, obklopujici
olejové topné téleso (vyznaceno Sedou barvou) v experimentalni nadobé Mock-Up-CZ (zdroj:
CEG). Zobrazeni experimentalniho systému je pootoc¢eno o 90 °C, horizontalni osa tedy ve
skutednosti udavé hloubku (hodnoty na horizontalni i vertikalni ose jsou v mm). Cerveny kiiz
oznacuje misto odbéru vzorku zasypové bariéry pro rozbor na PfF UK (obr. 27, 28).

Vzhledem k teplotni zatézi béhem experimentu Mock-Up-CZ (obr. 37) se z dosud
dostupnych dat (Karnland & Birgersson 2006; Plotze et al. 2007; Wersin, Johnson &
McKinley 2007) nepfedpokladala vyrazna pfeména smektitu na smiSené struktury
illit-smektit ¢i illit, nebot Ktomu je obecné zapotiebi teplot vysSSich nez téch
dosazenych v experimentalni nadob¢. Jak uvadi (Pusch & Karnland 1996), vyznamna
illitizace nastdva pii neomezeném piistupu k drasliku béhem nékolika tisicii let pfi
teploté 150 °C, zatimco za teploty do 100 °C je illitizace naprosto bezvyznamna po
dobu desitek tisic let. Ke stejnému zavéru, tedy ze za teploty pod 100 °C bude
illitizace naprosto zanedbatelna, doSel i tym §védskych védcu (SKB 2004), vychazejici
ze soucasnych modelu illitizace. Ackoliv v prvni etapé analyz dat z experimentu
Mock-Up-CZ byly publikovany vysledky vykazujici ur¢ité minimalni mineralogické
zmény v bentonitovych tvarnicich tvoficich tésnici bariéru, po prezkoumani se zadna
pfeména mineralnich fazi nepotvrdila. Tyto vysledky byly podpofeny i paralelnim
vyzkumem slovenského tymu (Stricek et al. 2009). Infracervena spektroskopie vzorka
z bentonitovych tvarnic Mock-Up-CZ potvrdila krystalochemickou stabilitu bentonitu
Rokle po podrobeni se experimentalni zatézi. Ke stejnému zaveéru dosel také tym
slovenskych autort (Stri¢ek et al. 2009).

U zdroje fluida v experimentu Mock-Up-CZ se projevil jiny klicovy faktor pro
illitizaci nez je teplota, a to dostupnost a celkové mnozstvi drasliku. Podle Pusche &
Karnlandové (1996) je piistup k drasliku hlavni faktor, ktery kinetiku reakce
kontroluje za teplot Vy§§ich nei 60 °C, podle Pusche (2006) je pfistup kdrasliku

vvvvvv

vvvvvv
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nez 300 °C) m¢lo mnozstvi drasliku v systému relativné mensi vliv na rozsah illitizace,
zvlasté za delSich Casovych intervali. Pokud tedy bude zajiSténo zamezeni pfistupu

k drasliku v 0lozisti, bentonitova bariéra se béhem statisici let vyznamné nezméni
(Pusch & Karnland 1996).

V ptipad¢ experimentu dlouhodobé stability bariér byly hlavnimi faktory illitizace
dostate¢ny piisun drasliku a také sloZeni jilového materialu. Lze tak usoudit z faktu, Ze
procesem byl postizen pouze bentonit FEBEX v médiu SGW-K-10, nehledé na
tepelnou z4téz. Od vychozich hodnot pro nezatizeny material (11 % vrstev illitu) doslo
k navySeni mnozstvi illitovych vrstev o 3—-12 %, tedy na hodnoty 14-20 % illitovych
vrstev pro vzorky za laboratorni teploty a 16-23 % pro teploty zvysené na 80-90 °C.
Vzhledem k chybé méfeni (smérodatna odchylka je 3 %) je mozno konstatovat, Ze
Vv tomto pripadé tedy teplota na proces illitizace neméla zadny zasadni vliv.

Fluida nelze povazovat za jediné zdroje drasliku pro illitizaci, vyznamnou roli hraji
i jeho dalsi vn&jsi zdroje, jakymi jsou naptiklad mineraly obsahujici draslik (zejména
draselné Zivce (Pusch & Karnland 1996; Kamei et al. 2005)). V bé&zné porové vodé
v piirodnich podminkach neni koncentrace drasliku dostate¢na (pro kompletni
konverzi je nutna hodnota kolem 5 mol/l) a k vyznamné illitizaci budou tedy hlavnim
prispévatelem praveé vnéjsi zdroje (Hokmark, Karnland & Pusch 1997).

Podle Whitneye (1992) probiha illitizace tak, ze nejprve dojde k rapidnimu navyseni
mnozstvi illitu, nicméné potom se dramaticky zpomali s nartstajicim ¢asem. To presné
odpovida i vysledkim experimentu stability bariér, kdy se mnozstvi illitovych vrstev
prudce zvysilo jiz béhem prvniho tydne a posléze jiz nijak vyznamné nenaristalo.
V experimentu Mock-Up-CZ nebylo mozné podobny proces sledovat, nebot
neprobihalo pribézné vzorkovani materidlu zasypu u vika experimentalni nadoby.

Ilitizace neni jedinou béZnou pfeménou identifikovanou po zatézi bentonitu. Z mnoha
experimentl (napiiklad (Guillaume et al. 2003; Lantenois et al. 2005; Wilson et al.
2006; Carlson et al. 2007; Perronnet et al. 2007) ) vyplyva, Ze na rozhrani ocelového
kontejneru (ptisobenim oxidd a hydroxidu zeleza) a bentonitové tésnici bariéry dochazi
za anaerobnich podminek ke vzniku chloriti. I kdyz v experimentu Mock-Up-CZ bylo
vyuzito ocelového topného télesa a také cely systém byl uzavien do ocelové nadoby
atudiz zde bylo mnoho piileZitosti pro interakci bentonitu s pfipadnymi oxidy
a hydroxidy Zeleza, nové vzniklé chlority nebyly identifikovany. Jak se ukézalo
napiiklad b&hem vySe zminénych experimenti, transformace montmorillonitu na
chlority méla za nasledek lokalni pokles bobtnaci kapacity bentonitu. Zda by k tomuto
procesu doslo i v pfipad¢ pouziti kombinovaného kontejneru, jehoz vrchni plast’ je
zmeédi, neni prozatim zcela jasné. Pirehled a zhodnoceni dosavadnich poznatkid
s dirazem na nutnost dal$ich vyzkumi uvadi Baldwin & Hicks (2010).
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Mezi dal§i mozné transformacéni procesy patfi pfeména montmorillonitu na slidy
a zeolity (Wersin, Johnson & McKinley 2007). V prostiedi s nedostatkem drasliku se
montmorillonit mize transformovat na brammalit ¢i rektorit, tyto dva mineraly se
ovSem v pfirodnich analozich nachazeji mnohem vzacnéji nez illit (Karnland &
Birgersson 2006). Mnoho dalSich transformaci miZe pfinést interakce bentonitu
s cementem (Gaucher & Blanc 2006), ackoliv v experimentu dlouhodobé stability
bariér se zadna takova neprojevila. Tyto a dal$i transformacni procesy by ovSem
nemély hrat v ulozisti Zzadnou vyznamnou roli, protoZze bude cilené zabranéno
vytvofeni vhodnych podminek pro jejich vznik (Karnland & Birgersson 2006).

4.3.2 Vznik novetvorenych fazi béhem experimentalni zatéze
Kromé¢ illitizace byl vobou c&eskych, ale i nékolika zahrani¢nich (viz nize)
experimentech pozorovan vznik novotvofenych mineralnich fazi.

V projektu Mock-Up-CZ se jednalo o novotvofeny sadrovec, vysrazeny z reakce Ca®*
(z karbonatti) s S0, (ze syntetické granitické vody). Tento proces byl popsan
i v otevienych geologickych systémech — naptiklad v oblasti Quema ve Spanélsku &
Saitama v Japonsku (Oyama & Chigira 1999; Martin et al. 2007). Mnozstvi
sadrovcovych vyrostlic v experimentalni nadob¢ vyrazné klesalo s rostouci vzdalenosti
od zdroje granitické vody, ¢imz je jasné demonstrovan zasadni vliv fluida na tuto
pfeménu. Stejnym mechanismem vznikl i sadrovec v projektu stability bariér, kde bylo
silngm zdrojem SO,* médium SGW-K-10 a Ca®* pochazel opét z karbonati.

Novotvofeni sadrovce bylo zaznamenano také v projektu FEBEX (Fernandez & Villar
2010). Full-scale Engineered Barrier EXperiment (ENRESA 2000; Villar et al. 2005;
Lloret & Villar 2007; Villar & Lloret 2007; Villar, Sanchez & Gens 2008; Fernandez
& Villar 2010)) byl v ramci zkousek in situ (Grimsel Rock Laboratory, Svycarské
Alpy) zaméfeny na vyzkum interakce jilovych bariér a horninového okoli (obr. 38).

Misto dvou kontejnerti s radioaktivnim odpadem byla do Stoly horizontaln¢ ulozena
topna télesa odpovidajici velikosti a obloZena bloky kompaktniho bentonitu s obhsahem
smektitu 88-96 %. Koncova Cast Stoly byla opatiena betonovou zatkou. Okolni
hornina byla tvofena granitem protnutym v misté testu lamprofyrovou Zilou. Bylo
planovano tepelné zatizeni neptesahujici 100 °C po dobu péti let. Cely systém byl
opatfen mnoha monitorovacimi €idly sledujicimi teplotu, relativni vlhkost, pdérové
tlaky, deformace a tlakové namahani.
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Obr. 38. FEBEX in situ experiment. Upraveno dle (ENRESA 2000).

Druhou ¢asti projektu FEBEX byl Sest let trvajici Mock-up test — CIEMAT, Madrid
(obr. 39) (Martin & Barcala 2005; Lloret & Villar 2007). Simuloval opét horizontalni
uloZeni kontejnerii (topna télesa byla obloZzena bentonitovymi bloky, obr. 40). Jako
doplnujici vyzkum byla provedena série laboratornich zkousek.

Obr. 39. FEBEX Mock-up test. Zdroj: (Martin & Barcala 2005).
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Obr. 40. FEBEX Mock-up test, schéma. Zdroj: (Martin & Barcala 2005).

V projektu FEBEX byl stejné jako b&hem experimentu Mock-Up-CZ neomezeny
pfisun syntetické granitické vody. To je podstatny rozdil oproti ¢eskému projektu
stability bariér, kde se materialy smichaly s fluidy v poméru 1:3 pouze na zacatku
experimentu a ty jiz nebyly v pribéhu experimentu dopliovany. To vedlo
k transformaci sadrovce na bassanit, ktera byla iniciovana jak teplotou, tak slozenim
jilového materialu — bassanit byl identifikovan po dvanacti mésicich v bentonitu
FEBEX za laboratorni i zvysSené teploty, zatimco v bentonitu Rokle ve stejném
¢asovém horizontu pouze za teploty zvySené. Ke kompletni transformaci sadrovce na
bassanit doslo pouze ve vzorku F30V (FEBEX, 80-90 °C, 12 mésicl), ostatni vyskyty
novotvofenych fazi byly smisené (sadrovec byl pfeménén na bassanit pouze ¢aste¢né,
zrna vzork R30V (Rokle, 80-90 °C, 12 mésicu) a F26V (FEBEX, laboratorni teplota,
12 mésict) obsahovala ob& jmenované faze).

Ve §védské podzemni laboratoii Aspd probiha mimo jiné série dlouhodobych
experimentt (LOT) Vv granitickych horninach v hloubce 450 metrd. Horizontalné
uloZena topna télesa (v médénych valcovych nadobach) oblozena bentonitovymi bloky
(MX-80) maji simulovat realné podminky v budoucim 1lozisti. Celkem bylo
vytvofeno 7 testovacich mist, tii s teplotou pod 100 °C a ¢tyfi s teplotou pod 140 °C
(Karnland et al. 2011). Hlavnim Géelem je studium stability a fyzikalnich vlastnosti
bentonitu za riznych geochemickych podminek (Arcos, Bruno & Karnland 2003)
a mikrobialni aktivity v ném (Pedersen et al. 2000) a to v intervalech 1-2 roky
(kratkodoba zkouska), vice nez 5 let (stfednédoba zkouska) a vice nez 20 let
(dlouhodoba zkouska) (Yang et al. 2007). Vysledky mineralogickych rozbort
z oddéleni A2 (Olsson & Karnland 2011), tedy ze stiednédobé zkousky za teploty do
140 °C, ukazaly na redistribuci siranl v bentonitové bariéfe, kdy se v okrajovych,
mén¢ zahtatych zénach u ptivodu vody rozpousteél sadrovec a ve vice zahtfaté zoné
krystalizoval anhydrit. Také v zavislosti na teploté dochazelo k rozpousténi karbonati
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(vyraznéji se stoupajici teplotou). I pres to, Ze nejvyssi dosazend teplotni zatéz byla
130 °C a experiment trval Sest let, mnozstvi illitovych vrstev ve smektitu ziistalo na
konstantnich hodnotach 1-1,5 % a nedoslo tedy k Zadné zaznamenatelné illitizaci.
Vysledky z testovaciho mista AQ (kratkodoby test za teplot do 140 °C) také prokazaly
redistribuci sirantl za vzniku anhydritu v nejteplejsi zon€, vzdalené od topného télesa
od 0 do 4 centimetri a mohl se zde vysrazet i bassanit (Karnland et al. 2011).

| v dal$im vyznamném projektu byly objeveny novotvorené faze. Belgicky mock-up
experiment nesl nazev OPHELIE (On-surface Preliminary Heating simulation
Experimenting Later Instruments and Equipment) a probihal v letech 1997 az 2002
(Verstricht & Dereeper 2003). Konstruovan byl zejména jako ptedb&zny mock-up test
pred vystavbou rozsahlého in situ experimentu PRACLAY a zasadnim zplisobem

prispél k jeho vysledné podobé podstatné¢ se liSici od pivodnich plant. Jednalo se
0 simulaci horizontalniho ulozeni kontejneru v podob¢ 5 metrii dlouhé ocelové nadoby
o praméru 2 metry (obr. 41), v jejimz stfedu se nachazelo topné téleso oblozené
kompaktnimi bloky jilového materialu (francouzsky jil ,,FoCa“, 60 %) smichaného
s piskem (35 %) a grafitem (5 %).

Obr. 41. Belgicky mock-up projekt OPHELIE. Zdroj: (EURIDICE 2006).

V jednom misté kontejneru byly z divodu ziskani SirSich informaci tyto bloky
nahrazeny betonovymi (obr. 42).

Obr. 42. Prstenec betonovych tvarnic, které v jednom misté experimentalni nadoby nahradily
bézné tvarnice tésnici bariéry. Zdroj: (EURIDICE 2006).
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Systém byl saturovan syntetickou vodou s chemickym sloZzenim vody z oblasti,
ve které se predpoklada vybudovani belgického hlubinného ulozisté (,,Boom Clay*)
a zahfivan na teplotu témét 140 °C. Experimentalni nddoba byla osazena 150 ¢idly pro
méfeni tepelné-hydro-mechanickych podminek uvnitt kontejneru. Z mineralogického
hlediska byl zaznamenan jeden vyznamny jev a to novotvofeni sadrovce na kontaktu
topného télesa a tésnici bariéry, a na rozhrani tésnici bariéry a ocelové nadoby
(EURIDICE 2006).

Mezi zkouSky, béhem nichz se podobné jako v tésnici bariéfe Mock-Up-CZ
neprojevily vyrazné mineralogické zmény bentonitovych bariér, patii napiiklad
experiment provedeny ve Svycarsku. Probihal v prostfedi opalinovych jilt, ve kterych
bude s nejvyssi pravdépodobnosti umisténo jejich realné hlubinné wlozisté. Topné
téleso o pruméru 10 centimetri bylo nastaveno na udrzovani stabilni teploty 100 °C
a oblozeno inzenyrskou bariérou v podobé kompaktnich bentonitovych blokd. Cela
tésnici bariéra byla nejprve 35 mésicli saturovana a az poté nasledovala teplotni zatéz
(18 mésict). Nasledovala série geochemickych, mineralogickych
a hydromechanickych zkousek tésniciho materialu a okolniho horninového prostiedi.
Nebyla zaznamenana zadna illitizace, ani vznik novotvofenych fazi (Plotze et al.
2007).

V ramci slovenského mock-up experimentu (Stricek, Baliak & Uhlik 2011) byly pro
vyrobu kompaktnich blokGi pouzity bentonity zlozisek JelSovy potok
(68 % Al—smektitu) a Lieskovec (49 % Fe—smektitu). Do dvou bloki bylo navic
pridano 5 % pyritu a do dalSich dvou 5 % Zeleza. Bentonitovymi bloky bylo oblozeno
topné teleso (120 °C) a cely systétm byl uloZzen do ocelové nadoby vysoké
60 centimetra, o praméru 40 centimetrd (obr. 43).

Obr. 43. Slovensky mock-up experiment. Zdroj: (Stricek, Baliak & Uhlik 2011).

Systém byl saturovan syntetickou vodou (tab. 11) pomoci 23 hydrata¢nich otvoru.
Chemické slozeni vody odpovidalo vod¢ z oblasti Szécsény Schlier, ktera ma nejvetsi
potencial stat se mistem vybudovani slovenského hlubinného ulozist¢ vysokoaktivnich
odpadu.
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Tab. 11. SlozZeni syntetické vody ve slovenském mock-up experimentu. Zdroj: (Stricek,
Baliak & Uhlik 2011).

Parametr Hodnota Jednotky

Na" 4509 mg/
K* 136,6 mg/I
ca’* 251,5 mg/l
Mg** 151,5 mg/l
HCO* 896,9 mgl/l
Cr 6542 mg/I
S0,% 2235 mgl/l
pH 7,3

Experimentalni zatéZ probihala po dobu jednoho roku. Béhem této doby byly pribézné
zaznamenavany hodnoty tlaku, teploty a relativni vlhkosti. Detailni mineralogicky
rozbor prokazal stabilitu mineralogického slozeni pouzitych bentonitl, na kterou
prodélana zat€z neméla zadny zaznamenatelny vliv (Stri¢ek, Baliak & Uhlik 2011).
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5. ZAVER

Hlavnim pfinosem experimentu Mock-Up-CZ je zhodnoceni stability zakladnich
mineralogickych, chemickych a geochemickych parametri bentonitu z loziska Rokle,
ziskani prvnich poznatkli v c¢eské historii z tohoto typu experimentli, ovéreni
relevantnosti pouzitych metod a ovéfeni navrhovaného piistupu pii feSeni takovéhoto
multidisciplinarniho projektu.

Vysledkem praci zahrnutych v projektu Sledovani dlouhodobé stability inzenyrskych
bariér na bazi bentonitu s vyuzitim zatézovacich procedur a experimentii in situ
a hodnoceni jejich retardacni funkce je popis zmén mineralogickych, chemickych
a geochemickych parametrii pouZité bentonitové smési (Rokle, FEBEX) na stabilitu
chovani materialu inzenyrské bariéry. Provedeny vyzkum zasadnim zptisobem pfisp€l
k bliz§imu porozuméni néstroji pro hodnoceni vhodnosti a vyuzitelnosti ¢eskych
bentonitl jako tésnicich nebo vypliiovych materiald v hlubinném tulozisti.

Vyznamnou soucasti obou experimentalnich projektd byl vyzkum mineralogické
stability bentonitového materialu, resp. pfipadnych mineralogickych (fazovych) zmén
v ném probehlych, provadény na Prirodovédecké fakulté¢ Univerzity Karlovy.

V zadném analyzovaném vzorku z bentonitovych tvarnic tvoficich tésnici bariéru
v experimentalni nadob&é Mock-Up-CZ nebyly zaznamenany novotvofené faze ani
mineralogické pfemény. Mineralogicky stabilni byla i vétSina vzorkl z projektu
sledovani dlouhodobé stability inzenyrskych bariér (suspenze v tlakovych nadobach,
fyzikalni modely, vzorky z procedury in situ, experimenty s cementy a cementovou
vodou, material z Mock-Up-CZ, bentonity Rokle i FEBEX zatizené médii SGW-Mg,
SGW-Mg-10, SGW-K, Josef ¢i destilovanou vodou).

Ve vzorcich pochazejicich ze zasypu experimentdlni nadoby Mock-Up-CZ se
vytvofila okem viditelna zrna sadrovce s illitovou aureolou. Cetnost vyrostlic rapidng
Klesala s naristajici vzdalenosti od zdroje syntetické granitické vody, ¢imz byl jasné
deklarovan zasadni vliv prisunu drasliku na proces prob&hlé illitizace. Navic SO4*
zZ této granitické vody zareagoval s Ca®* z karbonatti za vzniku daného sadrovce.
Stejnym mechanismem vznikla i sadrovcova zrna v projektu sledovani dlouhodobé
stability inzZenyrskych bariér. Byla identifikovana ve vzorcich bentoniti FEBEX
a Rokle zatizenych médiem SGW-K-10. Jelikoz médium v tomto experimentu nebylo
prubézné dopliovano, vznikly sadrovec se s ¢asem postupné transformoval na
bassanit.

Vyrazny piisun drasliku do systému hral vyznamnou roli i V experimentu sledovani
dlouhodobé stability inzenyrskych bariér. Vzorky bentonitu FEBEX podrobené zatézi
saturanim médiem SGW-K-10 vykazovaly piitomnost illitizace a to nezavisle na
teploté. Mnozstvi illitovych vrstev se zvysilo o 3-12 %. V bentonitu Rokle nebyla
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podobna transformace zaznamendna, lze tedy usoudit, ze tento bentonit, ktery bude
pouzit v Ceském hlubinném 1lozisti, byl za danych podminek mineralogicky
stabilné;si.
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Abstract

The effects of exposure to synthetic groundwater at elevated temperature gradients on the sorption properties of bentonite were
investigated using the Mock-Up-Cz experiment. This experiment simulated the vertical placement of a container of radioactive
waste according to the Swedish KBS-3 system for a period of more than 3 years. The mineralogical composition, as well as its
chemical and physico-chemical properties, including the uptake of **TcOg and '**Cs™, was used to evaluate the chemical changes
caused by the long-term exposure of bentonite buffer to thermal and hydration gradients. It was found that the bentonite material
was predominantly stable. No more than 2% of the montmorillonite was transformed due to thermal and moisture gradients. It was
concluded that the new-formed mineral phases have no significant influence on the ion exchange and sorption properties of bulk
bentonite samples.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Sorption; Technetium; Cesium; Bentonite stability; Deep repository; Mock-Up experiment; Mineralogical transformations; CEC

1. Introduction

Most geological concepts for the storage of radioactive waste are based on “‘multi-barrier” systems: the waste
packaging, an engineered barrier incorporating bentonite material and a geological barrier. The stability of engineered
barriers can be affected by long-term pressure and temperature gradients (Allan and Nuttall, 1997; Bucher and Miiller-
‘Vonmoos, 1989).

The favourable behavior of bentonites as a buffer is mainly influenced by the presence of montmorillonite, a mem-
ber of the smectite—clay mineral family (Elzea and Murray, 1994; Mazurek et al., 2003). The unique physical and
physico-chemical properties of smectite-rich rocks result from a combination of chemical phenomena and mineral-
ogical composition (the presence of clay minerals from the smectite family, the dominance of crystalline phases
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with crystal sizes below 2 pm, the specific structure of smectites, ion substitution processes within the crystal struc-
ture, and the presence of cations or water in the interlayer). The proportion and type of exchangeable cations influ-
ences the surface chemistry of the clay particles and their charge, which then determines the clay’s reactivity with
water (Alther, 1986; Lagaly, 1989).

The stability of smectites (mineralogical, physical and chemical) represents the key factor in all concepts employ-
ing smectite-rich materials in the engineered barriers of nuclear waste repositories (Pusch, 1998). The physico-
chemical properties of smectites deteriorate mainly due to the increase in temperature causing changes in the crystal
structural properties and gradual transformation of the smectite to illite as documented in natural geological diagen-
esis (Pytte and Reynolds, 1989).

A temperature below 100 °C is not expected to be harmful when considering the transformation of smectites
to illite—smectite mixed structures or illite in short-term laboratory experiments (duration not exceeding the first
few months). However, its favourable physico-chemical properties (such as its cation exchange capacity and spe-
cific surface area) can deteriorate even during these short-term experiments where no mineralogical changes
were recorded if the temperature exceeds 90 °C (Adamcova and Kolafikovd, 2007). The migration of radioactive
elements and ions under geological conditions is markedly influenced by their sorption onto the minerals. Min-
erals that have a high sorption ability decrease the migration rate of the isotopes. It is also known that bentonites
(which have a high montmorillonite content) have a significant sorption ability for cations, as well as a low water
permeability, so the presence of bentonites in a nuclear waste repository is preferable (Konya et al., 2005).

An important function of backfill material, which may contain bentonite, is to retard the movement of radionuclides
away from a breached container. The mobility of radionuclides may be influenced by the following factors:

- Solution chemistry (pH, ligand concentrations, Eh);
- Solubility limiting mineral phases (Ks); and
- Availability and capacity of sorbing phases (Toulhoat, 2002).

Bentonite material was taken from the Mock-Up-Cz experiment that simulates the hydration process that occurs
within the engineered barrier system of the Swedish KBS-3V vertical disposal system. Bentonite was exposed to hy-
dration under a thermal gradient for about 3.5 years to simulate the effects of heating from a radioactive waste repos-
itory. The bentonite was examined for changes in mineralogy, as well as changes in sorption properties that included
cation exchange capacity (CEC), anion exchange capacity (AEC), and **Cs™ and **TcOj sorption. The tested sam-
ples were selected with the aim of describing the behavior profile of the bentonite buffer within the experimental
container.

The results will answer questions about how the long-term exposure of bentonite buffer to hydration, temperature
and pressure gradients will affect its stability in terms of ion exchange, mineralogical and sorption properties under the
experimental conditions of Mock-Up-Cz.

2. Materials and methods
2.1. Performance of the Mock-Up-Cz experiment

Mock-Up-Cz is a vertical (Fig. 1) bench-scale buffer mass test of Czech smectitic clay in a KBS-3V arrangement (Pacovsky
et al., 2007, Hokmark and Filth, 2003; Benneth and Hicks, 2005). This model was constructed at the Centre of Experimental
Geotechnics of the Faculty of Civil Engineering, CTU in Prague in 2000—2002 (Pacovsky, 2003, 2006; Svoboda and Vasicek,
2006). This experiment represents the first vertical model concerning the disposal of containers in a deep repository to be built
in Europe. Elsewhere in Europe, 2 horizontal models have been constructed to date, the first at Ciemat (Centro de Investigaciones
Energéticas) in Madrid — Spain, and the second at SCK-CEN (Studiecentrum voor Kernenergie) in Mol — Belgium. The Prague
Mock-Up-Cz has thus bridged a gap in European experimental research into the problems of high-level nuclear waste disposal in
a deep repository (Pacovsky et al., 2007).

This model consisted of the following main components (Svoboda and Vasicek, 2006; Pacovsky, 2003, Fig. 1):

o The heater
The vessel containing highly radioactive waste was simulated using a heater placed in an experimental bin.
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Fig. 1. Vertical and horizontal scheme of Mock-Up-Cz (Pacovsky, 2003).

e The buffer material

Based on an evaluation of the results of Czech bentonite research, the most appropriate material for the buffer was a mix-
ture of treated bentonite coming from the “Rokle‘ locality (Ca—Mg bentonite) with silica sand (“‘Provodin‘ locality) and
graphite (the conditioning plant in “Netolice**). This mixture has been used in the form of segments (blocks, dry density
pa ~ 1760 kg/m* and swelling pressure of 3—5 MPa), and as a manually compacted mixture with the same composition
as the blocks (dry density pg ~ 1040 kg/m®).
Hydration system

The potential inflow of granitic water from the natural barrier (it is expected that the Czech underground repository will be
constructed in granitic rock) was simulated by using a flooding system installed on the inner side of the bin featuring 2 con-
centric filters. Synthetic granitic water was used for saturation, the amount of water and saturation speed being continually
recorded.
Model instrumentation

The Mock-Up physical model was equipped with 52 thermometers, 50 hydraulic pressure cells, 37 humidity sensors of
varying constructions and 20 resistive tensometers. These measurements were carried out on 6 measurement profiles located
from the top to the bottom of the vertical model (Pacovsky et al., 2007; Fig. 1).

2.2. Solid and liquid phases

Bentonite materials taken from the Mock-Up-Cz experiment, in which the materials were loaded with pressure and temperature
gradients and moisture for 44 months (6 months heating, 37 months saturation and heating and 1 month cooling) were used as the
solid phase in this work (Svoboda and Vasicek, 2006). The tested samples represent a series of composite samples taken from var-
ious depths (measurements were taken from 8 tested depths from the top of the experimental container: 35, 470, 680, 1095, 1350,
1385, 1755 and 2125 mm, Fig. 1). The distribution of temperature varied with location within the experimental container (horizon-
tal and vertical distance) and was a function of distance from the heater. Temperatures intervals were in the range 30—80 °C
(Tablel). The selected samples represent a series of samples including whole temperature intervals within bentonite buffer material

during the Mock-Up-Cz experiment. Table 1 shows the tested samples together with their locations within the experimental
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Table 1
Temperature values of tested samples in vertical profile of experimental container (http://ceg.fsv.cvut.cz)

Depth (mm) Distance from the central axis (mm)

Temperature (°C)

35 120 230 300 -
40 30 30

470 190 240 300 370
70 60 50 50

680 200 310 345 380
80 60 50 50

1095 200 260 330 380
80 70 60 40

1350 380 - - -
40

1385 210 280 325 340
60 50 40 40

1755 150 195 350 380
50 40 30 30

2125 120 180 350 380
30 30 30 30

container. Laboratory experiments (Sections 2.2.1—2.4) dealing with the bentonite sample study were carried out at laboratory tem-
perature (22 +3 °C).
Synthetic granitic water was used as the liquid phase for the sorption experiments; its chemical composition is shown in Table 2.

2.2.1. Analysis of solid phase

Crystalline phases were studied by powder X-ray diffraction analysis (Moore and Reynolds, 1997). The measurements were
performed on an X’Pert Pro diffractometer (PANalytical B.V.) under the following measurement conditions: irradiation CuKa,
voltage 40 kV, current 30 mA, degree range 2¢gf: 3—70°, steps 0.02° per 150 s (Laboratory of X-ray diffraction, Institute of Geo-
chemistry, Mineralogy and Mineral Resources). The analysis of smectites was facilitated by preparing oriented and glycolated sam-
ples. The preparation of samples for XRD measurements including the following 3 steps:

e Powdering — corundum mortar;
e Mounting — powder packed into a cavity of sample holder; and
e Solvation — EG at 40 °C for 20 h.

Semiquantitative mineralogy was determined using the CQPA (Chemical Quantitative Phase Analyses) recalculation program
(Klika and Weiss, 1993). Recalculation tests with an accuracy of 0.5 wt. % were performed on 5 homogenised bentonite samples.
This approach only indicates the major crystalline phases (content above 1 wt. %). Minor, accessory and poorly crystalline and/or

Table 2

Chemical composition of synthetic granitic water

pH 8.1
Eh (SHE) [mV] 456

Y [iSem '] 193
Na [mg/L] 68.0
K [mg/L] 4.46
Ca [mg/L] 14.9
Mg [mg/L] 522
Fe [mg/L] <0.05
CI™ [mg/L] 717
SO3~ [mg/L] 9.87
NO; [mg/L] <0.01

HCO;3 [mg/L] 108.0
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amorphous phases could not be analysed in bulk samples, therefore infrared spectroscopy and the separation of accessory minerals
in methyltribrom was used to complement the results obtained from XRD.

Samples of bentonite material used for the mineralogical study were taken from 4 various layers (depths of 470, 680, 1350 and
1385 mm from the top of the experimental container, Fig. 1). These samples represent locations with different temperature distri-
butions (Table 1), where possible changes in mineralogical composition can be expected.

2.2.2. Ion exchange properties

Ion exchange capacities (both anion exchange capacity — AEC and cation exchange capacity — CEC) were determined by an
extraction method (Borden and Giese, 2001), as outlined below. These determinations included several steps in which the solid
phase was extracted with suitable reagents.

Determination of CEC
- Rinsing bentonite with ammonium acetate solution.
- Rinsing with isopropylalcohol removed excess ammonium ions from the aqueous solution.
- Ton exchange of the attached ammonium cations in bentonite with Na™ cations, by rinsing the bentonite with NaCl solution.
- Determination of the amount of ammonium ions bound by the sorbent, which corresponds to the total concentration of cat-
ions in the sorbent.

Determination of AEC
- Rinsing bentonite with potassium hydroxide solution.
- Rinsing with redistilled water to remove excess hydroxide ions from the aqueous solution.
- Ion exchange of the attached hydroxide anion by rinsing bentonite with NaCl solution.
- Determination of the amount of hydroxide ions bound by the sorbent, which corresponds to the total concentration of anion
groups in the sorbent.

2.3. Sorption experiments

A static batch method was used for the sorption experiments. Reaction mixtures were prepared by mixing 0.7 g bentonite
material and 7 mL of synthetic granitic water. These reaction mixtures were then labeled with 50 uL of NHTcO, (Lacomed
s.r.0. Rez, Czech Republic, 0.0111 mol/L, 740 kBq/mL). Isotope dilution was applied in the sorption study of the cesium cat-
ion. Reaction mixtures were labeled with 50 pL of 134cscl (Lacomed s.r.o. Rez, Czech Republic, 1.6 x 1077 mol/L, 1 MBgq/
mL) and 50 uL of CsCl (1.4 x 107> mol/L) corresponding to a total concentration of Cs™ in solution equal to
9.93 x 10~® mol/L. The modified reaction mixtures were shaken until equilibrium was reached (the equilibrium time was de-
termined during our experiments), the liquid and solid phases were separated by centrifugation (20 min, 4000 rpm). The Eh,
pH, specific conductivity, B-activity of *’Tc and y-activity of '**Cs were then determined in the bentonite supernatant
solutions.

A glass-combined electrode (type SEOJ — 25+, Electrochemical detectors, Turnov, Czech Republic) was used to measure pH.
The solutions used to calibrate the glass-combined electrode were the following: tartrate (saturated solution) pH =3.56 and
Na,B,07 (0.01 mol/L) pH = 9.22. A redox-combined Pt electrode (Pt vs. Ag/AgCl; type PtEG — 21+, Electrochemical detectors,
Turnov, Czech Republic) was used to measure the redox potential of the aqueous phase. This electrode was calibrated with a stan-
dard redox solution (EMS/25 °C) [Fe(CN)6]3’/[Fe(CN)6]4’ Eh =225+5mV (Pt vs. Ag/AgCl).

The dismantling process of the Mock-Up-Cz experiment proceeded over a period of 1 month under laboratory conditions (aer-
obic conditions). The samples taken from this experiment were also removed under aerobic conditions. Therefore, all sorption ex-
periments were carried out under aerobic conditions. The aim of this work was to evaluate the changes in sorption properties for
selected radionuclides in comparison with the values for unloaded bentonite material.

The appropriate length of the sorption study depended on the kinetics of the sorption process: 7 days for the sorption of '**Cs and
1 month for the sorption of **TcOj. Sorption studies of the above-listed radionuclides were conducted on a series of samples se-
lected on the basis of a mineralogical analysis (3 vertical sample locations, in which new-formed mineral domains were found).
Samples where mineralogical transformation occurred (illitalization, clay fraction < 2 um) were also used for the cesium sorption
study.

The **TcOy sorption studies at various l:s phase ratios (2:1—10:1 [V/m]) with the aim of studying the effect of reductive com-
pounds contained in the tested composite bentonite materials, were performed under anaerobic conditions in a nitrogen atmosphere
in a glove box. A Pd catalyzator unit was used to withdraw trace amounts of oxygen from the inert atmosphere (N,). The oxygen
level during the experiments was lower than 0.1%. The values of redox potential of the aqueous phase reaction mixtures were kept
at an Eh (SHE) value of ~—300 mV during the **Tc sorption studies for 3 months.

The experiments were performed in triplicate.
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24. Detection of B-activity of *°Tc and y-activity of '**Cs

The B-activity of Tc was measured with an SPF 35 plastic scintillation detector. An aliquot of 1 mL of the aqueous phase was
pipetted onto a Petri dish, dried under a UV lamp and then measured **Tc B-activity. The time for these count number measure-
ments was set to 10 min to achieve a lower than 5% error in B-radioactivity measurement. The y-activity of '**Cs was measured in
the aqueous phase in a similar way to the radionuclide **Tc, with a Nal(T1) scintillation detector. The time for these count number
measurements was set to 5 min to achieve a lower than 5% error in y-radioactivity measurement.

3. Results and discussion
3.1. Mineralogical study

The percentage of individual minerals contained in the original material used in the Mock-Up-Cz experiment
was calculated from XRD data and silicate analyses using the computer program CQPA. The original bentonite
material contained predominantly montmorillonite (64%), quartz (19%), illite (10%), kaolinite (5%) and calcite
2%).

Rutite, titanite, pyrite, zircon, augite and pyrolusite were identified as heavy accessory minerals (1 kg of bulk
bentonite contains 0.0137 g of accessory minerals). Frequent Ti bearing accessory phases (rutile, titanite) reflect
the relatively high TiO, values recorded during silicate analyses (performed at Masaryk University, Brno) and the
presence of pyrite is also significant.

The long-term exposure of bentonite material to pressure, hydration and temperature gradients under the experi-
mental conditions of Mock-Up-Cz caused the following mineralogical transformations:

(1) Pyrite is not stable under the conditions of the experiment and enables the formation of gypsum (domains up to
several mm in diameter). The Ca>" ions released from carbonates (2% in bulk samples) react with SO2™ (from
accessory pyrite) precipitating as gypsum. These processes are well-known from geological open systems such
as the Quema area in Spain, Saitama prefecture in Japan and Dakota formation, Nebraska (Martin et al., 2007).

The amount of gypsum significantly changed depending on the location of the bentonite buffer material within
the experimental container. It decreases significantly with increasing distance from the source of artificial gra-
nitic water.

(2) The contact aureole around the gypsum is composed of illite that originates from the montmorillonite. llitization
processes were also identified in several samples taken from the bentonite buffer material at depths of 1350 mm
and 470 mm within the experimental container. Illite—smectite mixed layer structures were formed as a result of
an increasing interlayer and octahedral charge — AI’" is replaced with Mg>" (also observed in open geological
systems (Herbert and Kasbohm, 2003). In addition, potassium-bearing minerals serve as internal sources of po-
tassium and promote this conversion in the bentonite component. Potassium transport is assumed to take place
by diffusion through the bentonite mixture (Hokmark et al., 1997).

Illite—smectite interlayering deteriorates the ability of the material to swell and affects its sorption properties
(Hanus et al., 2005). However, the percentage of transformation in this case is relatively low, 2% in the layer at
1385 mm and less than 1% in the layer at 470 mm.

(3) Beidellitization occurred in 3 layers and is characterised by the reduction of the Si**/AP* ratio from 2.4 to 1.5
(Herbert and Kasbohm, 2003). The continuous increase in tetrahedral charge without a change in peak intensity
and shape suggests that the solid-state mechanism appears to predominate within beidellitization (Sato et al.,
1996).

Beidellitization occurred in 7 samples from the layers at 470 mm; 680 mm and 1755 mm at temperatures from
60 to 80 °C.

The stability of Ca-montmorillonite under Mock-Up-Cz conditions, the pH change during bentonite interaction
with granitic water, the minerals formed during bentonite interaction with granitic water for the various temperature
intervals (25—85 °C), and the change of pore water composition during bentonite interaction with granitic water were
calculated using the geochemical software tool Geochemist’s Workbench. According to Geochemist’s Workbench,

these transformations have reached steady state (Kfizova et al., 2007).
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3.2. Ion exchange properties

The ion exchange capacity of bentonite is a fundamental parameter in evaluating the uptake of aqueous phase com-
ponents. Table 3 summarises the values of CEC and AEC of samples taken from the 6 vertical distances in the exper-
imental container that enable a profile of the bentonite material to be described. The AEC and CEC were no different
at various locations in the experimental container. The values of ion exchange capacity approximated the values of the
original material (CEC =63.2 £+ 9.5 mmol/100 g and AEC = 2.6 £ 0.4 mmol/100 g).

It can be concluded that the long-term exposure of bentonite material to moisture, temperature and pressure
gradients did not markedly influence the ion exchange properties of this material. Due to the fact that the uncertainty
of ion exchange property determination was in the range 10—15%, no changes were observed in the CEC and AEC as
a result of mineral transformation.

New-formed mineral domains (beidellite, illite, illite—smectite; about 1 wt. %) present in the composite bentonite
material have no significant influence on the ion exchange properties of the bulk material.

Beidellite belongs to smectite, and therefore has very similar chemical properties to montmorillonite and is not
expected to cause significant changes in the chemical properties of the studied bulk clay material. Illite and mixed
layer structures have different physico-chemical properties from smectite group minerals. The values of some geo-
technical parameters (e.g. the swelling pressure or swell index) can be deteriorated in comparison with smectites.
The substitution of functional groups on illite (the ion exchange group at surface sites) is different from bentonite
(Staunton and Roubaud, 1997). Therefore, samples containing illite and the illite—smectite mixed layer structure
were also used in the determination of CEC.

The cation exchange capacities of samples containing new-formed mineral phases of illite or illite—montmorillonite
are listed in Table 4. The decrease in the CEC of illite and the illite—smectite mixed layer structure was about 50% of
the values for the unloaded bentonite material used in this experiment. The values of CEC of the new-formed mineral
phases provided very important information for the objective evaluation of changes caused by the experimental con-
ditions of the Mock-Up-Cz experiment. The sorption behavior of cationic forms of radionuclides may be altered in
these isolated mineral phases. Therefore, these isolated mineral phases were used for a sorption study with the Cs™
cation.

3.3. Sorption study

From the point of view of nuclear waste management, the sorption of radionuclides on various materials is of great
importance. Generally, any process by which a dissolved substance is removed from the solution and bound to the solid
phase surface can be described as a sorption. Sorption includes ion exchange, complex formation on the surface of the
sorbent, specific adsorption, physical sorption and other mechanisms. Of the group of more than 40 critical radionu-
clides (Jedinakova-Kiizova, 1998), we selected 2 representative radionuclides. These radionuclides belong to the 2

Table 3

Cation (CEC) and anion (AEC) exchange capacities of tested samples

Depth (mm) Distance from the central axis (mm)
CEC [mmol/100 g] AEC [mmol/100 g]

35 120 230 300 - 120 230 300 -
61.4+9.2 56.6 +8.5 59.1+8.9 29+04 2.6+04 29404

470 190 240 300 370 190 240 300 370
58.7+8.8 63.0+9.4 62.8+9.4 63.8+9.6 29+04 294+04 29404 29+04

680 200 310 345 380 200 310 345 380
64.0+9.6 625+9.4 61.4+9.2 61.4+9.2 26+04 26+04 25+04 24+04

1095 200 260 330 380 200 260 330 380
61.4+9.2 60.9+09.1 56.5+8.5 64.3+9.6 27+04 274+04 27+04 26+04

1755 150 195 350 380 150 195 350 380
62.6+9.4 64.1£9.6 629+9.4 64.7+9.7 26104 274+04 25+04 2.8+04

2125 120 180 350 380 120 180 350 380

65.8+9.9 64.5+9.7 65.2+9.8 63.81+9.6 25+04 2.6+04 24404 26104
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Table 4
CEC values of clay fraction <2 pum (samples where mineralogical transformation occurred) and unloaded bentonite material

CEC [mmol/100 g]

Clay fraction < 2 um (illitization) 28.0+5.6
Clay fraction < 2 pm (formation of illite—smectite mixed layer structures) 375+75
Unloaded bentonite material 63.2+9.5

different groups categorised according to their chemical properties and sorption affinity to bentonite. The first group
consists of ionic forms of radionuclide, such as cesium ('*”1?*Cs). Nuclear wastes contain the most important radio-
active isotopes of cesium, 134cs (T, =2.07 years) and 137¢g (T =30.4 years), which are produced with a yield of
approximately 6% during the fission of uranium. In addition, the 137¢s isotope has a relatively long half-life, so it is
especially dangerous (Khan, 2003; Jurcek and Jedinakova-Kiizova, 1998; Jurcek et al., 1996). The second group con-
sists of substances with variable valence states and as a result a chemical composition, which changes markedly in its
sorption and diffusion characteristics under acrobic and anaerobic conditions (**Tc). The mobile pertechnetate anion
(TcOy) and the sparingly soluble TcO,-nH,O are the stable forms of technetium under aerobic and anaerobic condi-
tions in an aqueous environment (Lieser and Bauscher, 1987). The 9Tc is the largest contributor to the calculated
health risk associated with long-term nuclear waste burial, with a thermal neutron fission yield of 6.13%
(Jedinakova-Krizova et al., 2006; Lieser and Bauscher, 1987; Vinsova et al., 2004, 2006; Wang et al., 2005).

The sorption mechanisms of cesium cations and the pertechnetate anion onto bentonite material, including studies
of technetium chemical forms, have been studied in detail in our previous papers (Vinsova et al., 2004, 2006;
Jedinakova-Kfizova et al., 2006; Jurcek et al., 1996; Jurcek and Jedindkova-Kfizova, 1998).

Table 5 summarises the values of the distribution coefficients (Kp) of **Cs and **Tc on bentonite. The sorption
affinity of the selected radionuclides (***Cs and ®*Tc) on bentonite was different; therefore their transport processes
will be explained separately.

The uptake mechanism of Cs on bentonite is ion exchange of the Cs™ cation onto the surface sites of bentonite. The
presence of the new-formed mineral domains caused insignificant changes to the distribution coefficients (Kp) in com-
parison with the K, values for the original bentonite material. This should be expected, because the CEC of these
composite materials did not change beyond the uncertainty interval.

Detailed sorption studies enabling a better evaluation of sorption processes were provided for the isolated mineral
phase. A sample containing illite was selected because of the significant change in CEC compared to the original ben-
tonite. The Cs™ cation sorption onto an isolated new-formed illite mineral phase (the new-formed mineral phase with
the lowest value of CEC, Table 4) exhibited a decrease in K1, and sorption yield of **Cs™ by about 10% in compared
to bentonite buffer material (Table 6). The substitution of active functional groups on illite is different than on

Table 5

Kp values on the tested bentonite materials for the sorption of 134cst and 99TCO4

Distance form the central axis pH Eh (SHE) [mV] v [uSem™'] Kp *Te [L/kg] Kp "*Cs [L/kg]
Original bentonite material — composition before loading

- 8.1 447 765 0.62 £0.09 345 +43
Loaded material: depth — 35 mm

120 mm 8.2 471 970 0.72 £0.04 329 +49
230 mm 8.2 458 856 0.83+£0.12 350 £52
380 mm 8.4 448 809 0.65+0.10 305 £46
Loaded material: depth — 680 mm

200 mm 8.5 399 731 0.41 £0.06 303 £46
310 mm 8.4 356 729 0.33 £0.05 305 £ 36
345 mm 8.4 371 737 0.51 +£0.08 296 + 30
380 mm 8.4 361 783 0.44+£0.07 318 £52
Loaded material: depth — 1095 mm

200 mm 8.7 421 708 0.71+£0.12 321+63
330 mm 8.7 417 775 0.68 £0.07 298 +£40

Experimental conditions: 1:s phase ratio 10:1 [V/m], ¢ (**Tc03) =7.93 x 107> mol/L, ¢ior (Cs™) = 9.93 x 107° mol/L.
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Table 6

Distribution coefficients values and sorption yields for '**Cs™ on the different solid phases

Sample CEC [mmol/100 g] pH Eh (SHE) [mV] Kp [mL/g] Sorption [%]

Sample where mineralogical transformation occurred 280£5.6 7.7 381 182 £23 86.6£11.3
(illitalization) (clay fraction < 2 pm)

Bentonite 60.9£9.0 7.8 435 7134+93 96.3£12.5

Unloaded bentonite material 63.2+95 8.3 449 664 + 86 96.0+12.5

Experimental conditions: I:s phase ratio 28:1 [V/m], ¢(Cs*) =9.93 x 10~° mol/L, contact of phases — 7 days.

montmorillonite. The CEC decrease of illite vs. unloaded bentonite material, which plays a key role in the ion ex-
change of the Cs* cation onto illite surface sites, was approximately 50%. The main process of Cs™ sorption onto
illite is ion exchange (Zachara et al., 2002); the lower substitution of active surface sites on illite caused a decrease
in 1**Cst sorption yield and distribution coefficient (Table 6).

Almost constant values of **Tc distribution coefficients were determined for the series of composite bentonite buffer
samples within the experimental container. The results obtained are summarised in Table 5. The values obtained for the
distribution coefficient (Kp) for **Tc in the studied solid—liquid phase systems were lower than 1 L/kg (Table 5). This
material has excellent sorption ability for cationic forms of contaminants, while on the other hand a poor affinity for
anionic forms.

We assumed that in the loaded buffer material of the Mock-Up-Cz experiment, iron compounds in various oxida-
tion states would be present (corrosion products of the container, the minerals that formed bentonite contained Fe>*
ions and also pyrite). Also, that suitable minor compounds in the tested geological material would influence changes in
technetium oxidation state, enabling the subsequent formation of insoluble forms of technetium (TcO,-nH,0) (Lieser
and Bauscher, 1987). A sorption study of the pertechnetate anion onto bentonite mixtures with various solid to liquid
phase ratios ranging from 2:1 to 10:1 (V/m) over 3 months did not confirm an increase in distribution coefficients
(Kp < 1 L/kg). It was found that this material did not contain sufficient levels of compounds with reductive properties
to enable the reductive precipitation of the pertechnetate anion. Changes in the oxidation state of technetium were not
observed in these mixtures, the pertechnetate anion was the dominant species and the obtained low values of K, cor-
respond to the low anion exchange capacity of bentonite.

4. Conclusions

The long-term exposure of bentonite material to moisture, pressure and temperature gradients for more than 3 years
under the experimental conditions of Mock-Up-Cz produced the following results:

e A mineralogical study of composite bentonite buffer samples within the vertical profile of the experimental con-
tainer confirmed the transformation of original bentonite material during the experiment. No more than 2% of
the original material was transformed during illitization, beidellitization, and the formation of gypsum, therefore
significant changes in the studied parameters (e.g. ion exchange properties, sorption of selected radionuclides
9Tc and '**Cs) were not observed.

Samples containing new-formed mineral phases (illite, illite—smectite) were used in studies of important param-
eters (e.g. CEC, Cs™ sorption) to objectively evaluate bentonite buffer stability. The CEC values of isolated min-
eral domains such as illite and the illite—smectite mixed layer structure decreased by approximately 50%. This
fact plays an important role in the sorption of cationic forms of radionuclides (e.g. Cs*). The lower values of
illite CEC caused a decrease in sorption yield of the radionuclide '**Cs™ by about 10%. Composite bentonite
samples revealed the low substitution of new-formed mineral phases (<2%) because a decrease in the studied
parameters was not determined.
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Mineralogical changes in the bentonite-based barrier of the laboratory Mock-Up-CZ experiment were evaluated
by X-ray diffraction. The material of the barrier is a mixture of non-activated bentonite (containing Fe-
montmorillonite with Ca?* exchangeable cation) (85 vol.%), quartz sand (10 vol.%) and graphite (5 vol.%). The
barrier has been subjected to thermal stress (up to 90 °C) and synthetic “granitic” water for 45 months. From 70
analysed samples taken at different depth levels and distances from the source of the heat and/or water, 10 show
measurable transformation of original smectites to either mixed illite/smectite structure (3 samples) or to
beidellite (7 samples). Formation of mixed illite/smectite structure was restricted to the low temperature field
Thermal and hydration effect (40-50 °C) whilst beidellite occurs in zones affected by higher temperature (50-80 °C). The low extent of
Mineralogical changes smectite transformation (1-2 wt.%) is due both to the relatively short time of the experiment in contrast to the
Illite duration of similar processes in nature and also to a limited supply of potassium cations from synthetic water used
Mixed 1/S for hydration. Along with the above mentioned changes, newly formed gypsum bordered by illite aureol was
Beidellite detected in the upper part of the experimental set-up, i.e. in the zone in direct contact to the source of the water.
Gypsum formation is interpreted as due to the oxidation of pyrite, a phase available either from the original
bentonite where it is a common accessory or from the graphite used in the system due to heat transfer. In contrast
to the non-transformed mixture the several mm wide illitic aureol of gypsum clusters shows a significantly lower

Keywords:
Ca-bentonite

ion exchange ability.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Bentonites are considered the most suitable material for the external
multibarrier system of high level radioactive waste (HLRW) repositories
(NAGRA, 1985; SKB, 1995; Pusch, 1998; Savage et al. 1999). The
favourable behaviour of bentonites is mainly influenced by the presence
of smectites possessing unique physical and physico-chemical proper-
ties (ion substitution in crystal structure, and presence of cations or
water in the interlayer). The proportion and type of exchangeable
cations influence the surface chemistry of clay particles and their charge.
This, in reverse, determines clay reactivity with water (Foster, 1953; Van
Olphen, 1977; Alther, 1986; Lagaly, 1989; Velde, 1995).

Stability of smectites (mineralogical, physical, and chemical)
represents the key factor of all concepts employing smectite-rich
materials in the engineered barriers of nuclear waste repositories
(Pusch, 1998). The physico-chemical properties of smectites deteri-
orate mainly due to the increase of temperature causing changes of

* Corresponding author. Tel.: +420 221951500; fax: 4420 221951496.
E-mail address: prikryl@natur.cuni.cz (R. Pfikryl).

0169-1317/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.clay.2009.11.011

crystal structural properties and gradual transformation of smectite to
illite as documented in the natural geological process of diagenesis
(Pytte and Reynolds, 1989).

A temperature below 100 °C is not expected to be harmful when
considering transformation of smectites to illite—smectite mixed
structures or illite in short-term laboratory experiments (duration
not exceeding the first few months). However, favourable physico-
chemical properties (such as cation exchange capacity and specific
surface area) can deteriorate even during these short-term experi-
ments if the temperature exceeded 90 °C (Adamcova and Kolafikova,
2007) where no mineralogical changes were recorded.

Further, calculations done by Pusch (1998) show that conversion of
smectite (fully expandable phase) to illite—smectite mixed structures
and illite can occur very rapidly (thousands of years) in K*
concentration reaching 0.01 mol/l (assumed K* concentration com-
monly found at 500 m depth in crystalline rocks) and temperatures not
exceeding 100 °C.

The objective of this study is to identify mineralogical changes and
describe transformation processes in the bentonite buffer and backfill
due to heating and interaction with synthetic “granitic” water under
controlled laboratory conditions (Mock-Up-CZ experiment).
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2. Mock-Up-CZ experiment

The Mock-Up-CZ experiment (Fig. 1) performed by the Centre of
Experimental Geotechnics (Czech Technical University, Czech Republic)
simulates vertical placement of a container with radioactive waste
according to the Swedish KBS-3 system. The experiment lasted for a
period of 3 years and 9 months.

The model consists of a heating canister (substitutes a container
with radioactive waste) surrounded by an engineered barrier of
bentonite blocks (200 mm wide), which are enclosed in a cylindrical
steel cover with a wall thickness of 7.7 mm. The system was saturated
with synthetic “granitic” water (for composition see Table 1) at a
pressure saturation ranging from 10 to 1000 kPa. This hydration
simulates the impact of real groundwater. All empty spaces (except
for a 10 mm assembly space between the heater and the barrier) were
filled with a loose bentonite mixture (Pacovsky et al., 2007).

Six measurement profiles (Fig. 1) along the height of the
experimental tank served as continuous measurement of on-going
processes (Pacovsky et al., 2007). A number of sensors (40 thermo-
meters, 50 hydraulic pressure cells and 37 humidity sensors) monitored
temperature, pressure, and moisture changes in those profiles.

3. Materials and methods
3.1. Experimental material and its sampling

The sampling strategy aimed to obtain sufficient material from
the bentonite-based mixture enveloping a heater. According to the
traditional terminology of the deep repositories, this envelope has been
divided into the backfill part (the uppermost cover of the heater) which
was directly affected by hydration through synthetic “granitic” water,
and to the buffer zone consisting of prefabricated blocks (see Fig. 1).

The material for both the buffer and the backfill zone consists of a
mixture of bentonite (85 vol.%), quartz sand (10 vol.%), and graphite

)

Table 1
The composition of synthetic “granitic” water used for the hydration of the Mock-Up-CZ
experiment (adopted from VinSova et al., 2008).

Parameter Value
pH 8.1
Eh (SHE) [mV] 456

v [uScm~'] 193
Na™ [mg/L] 68.0
K* [mg/L] 4.46
Ca’* [mg/L] 14.9
Mg?* [mg/L] 5.22
Fe** [mg/L] <0.05
I~ [mg/L] 717
S03~ [mg/L] 9.87
NO3 [mg/L] <001
HCO3 [mg/L] 108.0

(5 vol.%). Bentonite quarried at Rokle deposit (Czech Republic) and
produced by Keramost a. s., Obrnice plant was used in a ground non-
activated state. Quartz sand comes from the Provodin area (Czech
Republic) and represents glass raw material (PR33 type) of the
narrow grain sizes 0.1-0.6 mm. Commercial graphite was provided in
the purity 94-96% of carbon content by Grafit Netolice a. s.

In this specific study, focused on the mineralogical changes in both
backfill and buffer zones, the samples were obtained in six specific
depth levels of the buffer and in one level of the backfill (see Fig. 1).
From each depth level 5-6 bulk samples were taken by means of
horizontal (in respect to the vertical axis of the system) dry drilling
(cores having 50 mm in diameter, approx. 50 mm long) ensuring that
the position of the bottom and top of the drill core was known in
respect to the vertical axis of the whole experimental system. This
ensured that each specimen used for mineralogical analysis can be
attributed to respective temperature fields gained in the barrier
(Fig. 2). In total, 70 samples affected by temperature and hydration
effects during Mock-Up-CZ experiment have been analysed.

(L + NN
= — 800 2 backfill
7 _ 1‘! 000003
% : 1 B N (illitization,
. - WD X gypsum)
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Fig. 1. Vertical section of Mock-Up-CZ experiment (modified from the original scheme available at http://ceg.fsv.cvut.cz/CZ/ceg-mock-up-cz).
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3.2. Analytical techniques

The mineralogical composition of the experimental material (before
and after experiment) was studied by means of standard X-ray dif-
fraction technique (XRD) and FTIR spectroscopy. XRD analysis aimed
to identify present crystalline phases and to evaluate transforma-
tion processes that affected bentonite during the experimental heating
and/or hydration. XRD measurement was conducted by using X'Pert Pro
(PANanalytical) diffractograph with the X'Cellerator detector with the
following measurement conditions: irradiation CuKo, secondary graph-
ite monochromator, degree range 3-60° 2 theta, step 0.05° per 2.5,
voltage 40kV and current 30 mA (Laboratory of XRD, Institute of
Geochemistry, Mineralogy and Mineral Resources, Charles University in
Prague). To analyse the clay fraction, particles less than 2 um were
separated by using a sedimentation method. Solvation with ethylene
glycol at 40 °C for 24 h was used to distinguish smectites from other clay
minerals on diffractograms. The distinction of montmorillonite from
beidellite (Coban and Ece, 1999) was performed by applying the
Hofmann and Klemen (1950) and Greene-Kelly (1953a, b) tests.
Samples were saturated with LiCl and 80% ethanol and heated to
300 °Cfor 12 h. Samples were also treated with glycerol at 90 °Cfor 12 h.
The raw XRD spectra were processed through the Bede ZDS 4.17
computer program (Ondrus, 1997).

The quantitative mineralogical composition of the original mate-
rial was calculated using the CQPA recalculation program (Klika and
Weiss, 1993). Recalculation tests with the accuracy of 0.5 wt.% were
performed on 5 homogenized bentonite samples. This approach
indicates only major crystalline phases (content above 1 wt.%).

Infrared spectroscopy with Fourier transform (KBr method) was
used to complement the XRD results and to identify amorphous
phases (Fe, Al and/or Mn oxyhydroxides). Clay samples were dried at
30 °C using WTB Binder drier to eliminate humidity. Spectra were
conducted on a Nicolet 740 spectrometer, resolution 2 cm ™! (Central
laboratories, Institute of Chemical Technology, Prague, operator Ing.
Miroslava Novotna).

To analyse accessory minerals, 1 kg sample of bulk Rokle bentonite
was separated in methyltribrom with a specific gravity of 2.892 g/cm>.
The accessory phases were identified using the stereomicroscope
Optic 2.19NL and by XRD.

4. Results and discussion
4.1. Composition of the original raw bentonite
Clay minerals make up about 80 wt.% of the Rokle bentonite.

Along with dominant smectite (Fe-montmorillonite, 65 wt.%), illite
(10 wt.%) and kaolinite (5 wt.%) are present (see also Pfikryl et al.,

Table 2

Accessory heavy minerals as determined in studied raw bentonite from Rokle deposit.
Mineral Amount (g)
Rutile 0.0046
Titanite 0.0010
Pyrite 0.0044
Zircon 0.0013
Augite 0.0013
Pyrolusite 0.0011

2003). From non-clay minerals, only quartz (15-20 wt.%), calcite
(2wt.%), and minor K-feldspar (<1wt.%) were detected by X-ray
diffraction (Pfikryl et al., 2002). Calcite and K-feldspar make
admixtures that were not detected in all studied samples. None of
the expected poorly crystalline and/or amorphous phases were found.
From the accessory phases, Ti-bearing minerals (rutile, titanite) are
dominant (Table 2). Pyrite makes another important accessory phase
of studied bentonite.

4.2. Mineralogical changes in the barrier of the Mock-Up-CZ experiment

The mineralogical changes in the barrier involve two major pro-
cesses: (i) transformation of smectite, and (ii) formation of gypsum.
From 7 different sampled levels (compare Fig. 1) smectite transforma-
tion has been recorded in the backfill (the uppermost level) and in 4
levels of buffer (Table 3). For the buffer material, the changes involve
formation of mixed illite-smectite structure and beidellite. Mixed illite—
smectite structure was detected in 2 depth levels (470 mm and
1350 mm) at the outer margin of the buffer zone. In this part of the
buffer, the peak temperature reached a maximum of 40-50 °C during
the experiment (Fig. 2). The transformation of smectite to mixed illite—
smectite structure affected only a minor part of the original montmo-
rillonite (2% of montmorillonite from the layer at 1350 mm and less
than 1% in the layer at 470 mm) because of the relatively short time used
for the experiment.

Illite-smectite mixed layer structures (Fig. 3a) were formed as a
result of an increasing interlayer and octahedral charge — AP* is
substituted by Mg?" (observed also in open geological systems by
Herbert and Kasbohm, 2003). In addition, potassium-bearing minerals
(feldspars) can serve as internal sources of potassium promoting
smectite transformation. Even if the internal source is missing or is
very low, potassium can be derived from the outer environment (e.g.
from the groundwater enriched in potassium). The potassium
transport is assumed to take place by diffusion through the bentonite
mixture (Hokmark et al., 1997).
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Fig. 2. Distribution of peak temperatures reached during the experiment in buffer and backfill with indicated transformation of smectites: + illitization, A beidellitization. The values
on x and y axes are distances in mm; numerical data within picture are temperatures in °C. Original data, not yet published, kindly provided by Prof. Pacovsky.
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Table 3 a

Mineralogical composition of <2 pm clay fractions extracted from the buffer and backfill

of the Mock-Up-CZ experiment. Explanation to abbreviations: T = temperature, S = I 3.36

smectite, K = kaolinite, I = illite, Q = quartz, C = calcite, F = feldspar. 16.55 i
Sample  Depth  Angle Distance T Minerals f \

mm] [l mml Pl g7 o ¢ ¥ U,F \
000801 1385 0O 325 0 M + + - - - 5.40 ‘
000802 1385 0O 270 50 M + + + - - \\ 895 705 A
000803 1385 0 210 60 M + + + - - e Kao f\ .
000804 1385 180 340 0 M + + + - - ) g B N . e
oy B L

000805 1385 180 280 50 M + + + - -
000806 1385 180 225 60 M + + + + - 2 theta
100867 1385 180 225 60 M + + + - - b
100862 1385 0 325 40 M + + - - - Lite-test+glycerol treatment
100863 1385 0 270 50 M + + - - - 11 17.66
100864 1385 0 210 60 M + + - - -
100865 1385 180 340 40 M + + + - -
100866 1385 180 280 50 M + + + - -
000817 1350 330 380 40 M + + - - =
000818 1350 30 380 40 S + - - - = L
000819 1350 120 380 MM oM o = = = = air-dried
100872 1350 330 380 0 M + + - - - 15.10
100873 1350 30 380 40 M + - + + -
100874 1350 120 380 0 M + + - - -
000526 680 115 340 60 M + + - - -
000527 680 115 280 70 B + o+ - = = 452 136
000528 680 115 220 8 M + + - - +
000529 680 290 340 60 M + + - - - (55 f J
000530 680 290 270 7 M + 4+ - - - e b e agod D
000531 680 290 220 80 B + + _ _ + L1111 ‘ﬂﬁ.”f\’“.wwn 1 IZtll .J~I~v~-: P (‘I L 130
100578 680 115 340 60 M + + - - - 2 theta
100579 680 115 280 7 M o+ 4+ - - -
100580 680 115 220 80 B T = = = = Fig. 3. Diffractograms of transformed smectite to: a. irregular illite-smectite (50/50)
100581 680 290 340 60 M = F = = = mixed layer structure, and b. beidellite (sample 100583) which has been distinguished
100582 680 290 270 70 B T = = = = by using test published by Greene-Kelly (1953a).
100583 680 290 220 80 B + + - - +
000416 470 220 345 50 M + + - - -
CHeily 290 20 20 € W+ = = = The presence of beidellite (Fig. 3b) was recorded in 3 depth levels
000418 470 202 205 7 M o+ - - - - 470 680 41755 i the buffer. I h
000419 470 45 335 50 s o+ - - ( 70 mm, mm, an mm) m_t e buffer. In contrast to the
000420 470 45 270 60 M + o+ - - - mixed illite-smectite structure, beidellite occurs in parts of the buffer
000421 470 45 200 7 M 4+ + - - + that have experienced higher temperatures (50-80 °C) during the
138372 :78 Zg ;gg (538 s+ o= = = = experiment. Beidellitization is characterised by the reduction of the
}004;0 4;0 S o = fd 1 i - Si**/AP ratio from 2.4 to 1.5 (Herbert and Kasbohm, 2003). The
100481 470 45 335 50 .S o+ — - - _ continuous increase in tetrahedral charge without change in peak
100482 470 45 270 60 M + + - - - intensity and shape suggests that the solid-state mechanism appears
100483 470 45 200 7 M+ - - - + to predominate within beidellitization (Sato et al., 1996).
CUpily iwEs i 5B @ Woa = = The backfill placed on the top of the experimental set-up (compare
000714 1095 180 270 7 M o+ 4+ - - + Fig. 1 hibits the diff £ th P .
000715 1095 180 500 8 M 4+ 4+ - — 4 ig. 1) exhibits the different pattern of the transformation process.
000716 1095 O 350 50 M + + - - 4+ The changes were clearly detectable by naked-eye as several mm
000717 1095 0 270 7 M+ + - - + large whitish spots surrounded by light brown margin, also several
000718 1095 0 200 8 M+ 4+ - - 4+ mm in diameter (Fig. 4). The XRD analysis confirmed that the whitish
}gg;g? lggg }gg ;33 Sg m 1 1 - i spots are composed only of gypsum (Fig. 5) whilst the light-coloured
100782 1095 180 200 8 M 4+ + - - + brown rim is composed mginly Qf illite. The‘se “spots”, very common at
100783 1095 0O 350 50 M + + - - 4+ the top of the backfill rapidly disappear with depth. The transforma-
100784 1095 0 270 7 M+ + - - + tion of smectite to illite is thus probably due to the hydration of the
10078588N10958880 200 SORSMERS I backfill (see Fig. 1) because the synthetic “granitic” water was
000980 1755 155 340 30 M o+ + - - 4+ iched i . hat i ial for the transf . .
000981 1755 155 260 0 M 4+ 4+ - - 4 enriched in potassmm that is essential for the transformation o
000982 1755 155 200 0 M 9+ 4+ - - 4+ smectite to illite (Pusch and Yong, 2006).
000983 1755 150 130 50 M + + - - + The formation of unevenly distributed gypsum clusters can be
000993 1755 340 340 M+ 4+ = - 4 explained by oxidation of pyrite that was detected in the original raw
Copey eSS0 20 Q@ M e ¢ = = bentonite and that is expected as a common admixture in employed
000996 1755 340 140 50 M + + - - + . . . .
101043 1755 155 340 30 M 4+ o+ - -+ graphite. The amount of gypsum is not uniform but it decreases
101044 1755 155 260 40 M 4+ 4+ - - + significantly with increasing distance from the source of synthetic
101045 1755 155 200 40 M + + - - + “granitic” water. Ca>* ions released from carbonates (2 wt.% in bulk
loiess ks B iy CON S S samples) reacted with SO~ (from accessory pyrite) precipitating as
101065 1755 340 340 30 M+ 4+ - - + Figs. 2 and 3). Th Ik f
101066 1755 340 260 0 M o+ o+ - - 4 gypsum (see Figs. 2 and 3). These processes are well known from
101067 1755 340 205 0 M + + - - 4+ geological open systems such as the Quema area in Spain, Saitama
101068 1755 340 140 50 B + - - - 4 prefecture in Japan and Dakota formation, Nebraska (Oyama and

Chigira, 1999, Joeckel et al., 2005, Martin et al., 2007).
Geochemical modelling of stability (performed at Masaryk
University, Brno; Zeman and Hanuldkova, 2007) confirmed that
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i

GYPSUM

Fig. 4. Macroscopic appearance of newly formed gypsum (white spots) with lightly
coloured illitic contact aureol (sample 000003, backfill), CEG, CTU.

bentonite at experimental conditions of Mock-Up-CZ experiment is
partly unstable and is transformed to other smectites and illite.
Because of the temperature and pressure load on the original
bentonite substrate the inhomogeneous geochemical field is evolved.
pH values decrease and redox potential increases towards the bottom
of the canister (Zeman and Hanulakova, 2007).

4.3. Significance of observed mineralogical changes to other physico-
chemical properties

The mineralogical (i.e. structural) stability of smectites is essential
for the prediction of various physico-chemical parameters (e.g. cation
exchange capacity and sorption ability) and physical and mechanical
properties that are crucial for the safety concept of engineering
barriers of HLRW repositories. The transformation of smectites to
mixed illite-smectite structures deteriorates their ability to swell, and
affects sorption properties, hydraulic conductivity and other desirable
properties (Pusch and Kasbohm, 2002, Hanus et al., 2005, Pusch et al.,
2007). The low extent of smectite transformation to mixed illite-
smectite structure and/or beidellite recorded in this study (2% in layer
1350 mm, less than 1% in layer 470 mm as calculated by using CQPA)
did not affect examined physico-chemical properties like CEC or
sorption ability of the bulk material (VinSova et al.,, 2008). These
results confirmed findings from the experimental work done on Rokle
bentonite (Adamcova and Kolafikova, 2007).

When studying the impact of smectite transformation in the zone
directly affected by synthetic “granitic” water (i.e. the zone where
gypsum and illite were formed), a decrease of ion exchange ability was
found (Table 4). The presence of illite-smectite mixed layer structures
caused a decrease in CEC values (determined by ammonium acetate
method — compare e.g. Borden and Giese, 2001) from 71.8+
14.4 meq/100 g to 37.54+7.5meq/100g (VinSova and KfiZova,
2007). The limited extent of transformation is not sufficient to influence

1 7.59

7.28

G EY 380 3135 3.06
q

2 theta

Fig. 5. Diffractogram of newly formed gypsum in the backfill (gy = gypsum, q = quartz).

Table 4

CEC of samples showing transformation processes of smectites to mixed illite-smectite
structure with lower ion exchange ability (determined at Chemical Technology by
Vinsova H.).

Sample CEC M (meq/100 g)
000818 bulk 71.8+14.4
000818 fraction <2 pm containing illite-smectite BUSER/)
mixed layer structure
Backfill 000003 (illitic aureol around gypsum) 28.0+5.6

significantly the physico-chemical properties of the bulk bentonite
samples (compare data in Table 4) but must be considered in all HLRW
repository concepts in granitic plutons where groundwater enrichment
in K* over long time can be expected (Pusch, 1994).

5. Conclusions

The bentonite-based buffer material of Mock-Up-CZ experiment
gives evidence of several transformation processes occurring after a
period of 3 years and 9 months. These processes can be summarized
as a minor transformation of expandable clay minerals structures
(smectite-Fe-montmorillonite) to mixed illite/smectites structures,
beidellite and illite.

Formation of illite was detected in 3 studied samples that were taken
from the zones where the peak temperature reached 40-50 °C during
the experiment. The process of illitization affected only 1-2% of the
original smectite and can thus be considered of very low effect on other
physico-chemical properties like cation exchange capacity.

Formation of beidellite was analysed in 7 samples from three
different layers of the buffer. In contrast to illite (or illite/smectite
structures), the beidellite forms in the parts of buffer that were
affected by higher temperatures (50-80 °C). Due to the very low
extent of changes (about 1% of the original smectite) the process did
not affect physico-chemical properties as well.

In the backfill part of the experiment (i.e. above the top of the
canister), clear evidence of the formation of gypsum clusters and
illitization in the contact zone between gypsum and surrounding
bentonite was observed. The gypsum forms due to the pyrite present
either in the original bentonite (as proved by the analysis of accessory
phases) or as an impurity in graphite that was added to the buffer and
backfill mixture. The gypsum disappears very quickly with distance
from the source of artificial hydration.
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Three bentonite buffer materials (Rokle bentonite, FEBEX bentonite, and Mock-Up-CZ mixture composed of 85%
Rokle bentonite, 10% silica sand and 5% graphite) interacted with natural water collected from Josef Underground
Educational Facility (UEF) Czech Republic, and four different types of artificial groundwater enriched in K™ and/
or Mg?*. The experimental material was prepared in the form of (1) highly compacted samples, (2) dispersion of
bentonites (both at temperature of 95 °C), (3) drill hole filling during in situ tests at the Josef UEF (at ordinary
temperature), and (4) common batch laboratory experiments (at 20 °C and at 80-90 °C). Partial samples were
extracted after 3, 6, 12, and/or 18 months of interaction in the first three set-ups, and after 1 week, 2 weeks,
1 month, 2 months, 3 months, 4 months, 5 months, 7 months, 10 months, and 12 months in the batch experiment.
Phase composition and its potential changes were evaluated by X-ray diffraction. In the first three experimental
set-ups, no changes were identified. For the batch experiment, formation of illite was detected in FEBEX benton-
ite saturated with artificial groundwater with K* concentration of 1083 mg/L. By using the same saturation
medium, gypsum and/or bassanite formed in the Rokle and FEBEX bentonite. Other media did not affect mineral-
ogical composition.
The stability of studied materials was also evaluated by using adsorption and through-diffusion experiments on
the basis of migration behaviour of '34Cs. Dispersion of bentonites at laboratory temperature and bentonite sam-
ples from in situ test were used as solid phase, and four types of saturation media (artificial groundwater) were
used as liquid phase. The distribution coefficient (Kd) is influenced by high concentration of K™ and Mg?* in sat-
uration media on retention of Cs*. In Rokle bentonite, the increase concentration of K* and Mg?* led to a de-
crease of Kd. In the case of FEBEX bentonite influence of composition of saturation media was not observed.
The diffusion experiments showed good retardation ability of Rokle and FEBEX bentonites. The values of apparent
diffusion coefficient (D,) of cesium were influenced by composition of saturation media only for Rokle bentonite.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction

et al.,, 2005; Komine, 2004; Montes-H et al., 2005; Savage et al., 1999). A
thorough understanding of the behaviour of the buffer materials in con-

Bentonites compressed to a given density are considered as the main
buffer material used in high-level radioactive waste disposal concepts in
many countries (Pusch et al., 2007). The buffer material is expected to fill
the spaces between the canisters with the spent fuel and the surrounding
geoenvironment (Gens et al., 2002; Komine, 2004). As a part of the engi-
neering barriers, the buffer materials are expected to have the function of
both isolation and retardation, i.e. prevention of the flow of groundwater
from the surrounding rock to the canisters, as well as adsorbing any po-
tentially released radionuclides from the corroded/corroding canisters.
These functions are acquired by the unique properties of smectite-rich
materials, which include low hydraulic conductivity, high adsorption ca-
pacity, swelling, and/or self-healing potential (Hatano et al., 1995; Kamei
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Prague 2, Czech Republic.
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ditions simulating the repository is a necessary prerequisite for ensuring
that the bentonite buffer will sustain its properties over the required re-
pository life-time (100,000 years) (e.g., Gibb, 1999).

This paper aims at investigating the mineralogical and physico-
chemical stability of three materials (two raw bentonites, and one
buffer-like mixture) exposed to both hydration (mineralised water)
and increased temperatures. To ensure the long-term safety of the engi-
neering barriers of a high-level radioactive waste repository, it is very
important to understand the processes of potential transformation of
the smectites into non-swelling phases. The transformation of smectites
to illite/smectite mixed layer minerals or to non-expandable layer sili-
cates (illite and/or chlorite) reduces the swelling potential of the buffer,
and thereby its low hydraulic conductivity and self-sealing potential
(Pusch et al., 2007). The composition of the saturation media can play
a very important role in such processes, but it has not been experimen-
tally verified (Jakob et al., 2009; Kénya et al., 2005; Missana et al., 2004;
Vinsova et al,, 2008).
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Table 1

Composition of the saturation media used during experiments.
Component SGW-K SGW-K-10 SGW-Mg SGW-Mg-10 Josef

(mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

ca?t 15 148 45 446 85.3
Mg?* 5.1 51 48 476 329
K* 108 1083 0.8 8.1 3
Na* 55 55 10 102 14.7
N 133 1333 15 15 165
Ccl™ 43 425 220 2203 105
HCO3 12 118 22 219 233

The composition of the saturation media also has an influence on the
retention of radionuclides on the solid phase. The main focus of this
work is to study the retention of Cs*, which is a major radioactive com-
ponent of high-level nuclear waste. The ion exchange is the dominant
mechanism responsible for the retention of Cs™ on bentonite (Eriksen
et al., 1999; Tsai et al., 2001; VinSova et al., 2008). The presence of com-
plementary cations (K*, Ca?>*, Mg?*, Na™) in the liquid phase can lead
to a decrease in the retention of Cs™, due to competition between cat-
ions and Cs™ for the ion exchange sites (Khan et al., 1994; Missana
et al., 2004; Ochs et al., 2003; Zachara et al., 2002).

2. Materials

The experimental study was performed by using three materials —
Rokle bentonite, FEBEX bentonite, and a Mock-Up-CZ buffer-like
mixture.

Rokle bentonite is a Ca-bentonite, commercially available from
Keramost, a.s., Czech Republic in a non-activated state. It is predomi-
nantly composed of Fe-montmorillonite (60-65 mass%), accompanied
by illite (5-10 mass%) and kaolinite (2-5 mass%) (Kolafikova et al.,
2010; Prikryl et al, 2003). Non-clay minerals include quartz (15-
20 mass%), K-feldspar (1-2 mass%), and anatase (<1 mass%) and in
places calcite (2 mass%). Among the accessory phases, heavy minerals
including rutile, titanite, pyrite, zircon, augite, and pyrolusite have
been detected by separation techniques using heavy liquids (Prikryl
et al., 2006). The suitability of this bentonite for potential use in engi-
neering barriers of nuclear waste repositories has been thoroughly stud-
ied during the last decade (Kolaiikova et al, 2005; Prikryl and
Weishauptova, 2010; Prikryl et al., 2003; Vejsada et al., 2005; Vinsova
et al.,, 2008, among others).

FEBEX bentonite is the material used in the FEBEX (Full-scale
Engineered Barrier EXperiment) Project (ENRESA, 2000), which was se-
lected by ENRESA (Empresa Nacional de Residuos Radioactivos — the
Spanish Agency for Radioactive Waste Management) as a suitable ma-
terial to backfill and seal high-level radioactive waste repositories. It
was extracted from the Cortijo de Archidona deposit, in the Cabo de
Gata region, Almeria, Spain (Fernandez et al., 2004; Garcia-Gutiérrez
et al., 2001; Villar, 2007; Villar and Lloret, 2007).

A detailed description of FEBEX bentonite can be found elsewhere
(ENRESA, 2000; Fernandez et al., 2004; Lloret et al., 2004; Villar, 2002,
2007; Villar and Lloret, 2007). The major mineral phase
(90-92 mass%) of the FEBEX bentonite is the mixed layer of montmoril-
lonite-illite with 10-15% of illite layers (Villar, 2007; Villar and Lloret,

Table 2

2007) or with 11% illite layers (°A26 = 5.502) according to Fernandez
et al. (2004). The FEBEX bentonite contains variable amounts of quartz
(2 & 1 mass%), plagioclase (2 4 1 mass%), K-feldspar, calcite and opal-
CT (cristobalite-trydimite, 2 4 1 mass%), as well as numerous accessory
minerals (dolomite, gypsum, pyrite, barite, celestite, halite, mica, chlo-
rite) (ENRESA, 2000; Fernandez et al., 2004; Villar, 2002; Villar and
Lloret, 2004, 2007; Villar and Lloret, 2007).

Mock-Up-CZ is an artificially-prepared buffer-like mixture com-
posed of Rokle bentonite (85 vol.%), quartz sand (10 vol.%, PR33 type
glass raw material of narrow grain sizes 0.1-0.6 mm, from the Provodin
area, Czech Republic), and graphite (5 vol.%, with 94-96 vol.% carbon
content provided by Grafit Netolice, a.s., Czech Republic). The Mock-
Up-CZ experiment was performed at the Centre of Experimental
Geotechnics (CEG), Czech Technical University, with the objective to
simulate the vertical placement of a canister with radioactive waste ac-
cording to the Swedish KBS-3 system (Pacovsky et al., 2007; Svoboda
and Vasicek, 2008). Samples used in this study were extracted from
the central part of the experimental set-up, where they had been ex-
posed to: a combination of increased temperature (60-70 °C) and hy-
dration through artificially prepared groundwater for a period of
45 months. Its use in this test extends the time for interaction of the ma-
terial components with the fluids at given temperature.

3. Experimental procedures
3.1. Composition of saturation media

The experimental materials described in the previous section were
subjected to interactions with five types of saturation media (see
Table 1), which either represent natural groundwater (Josef) or simu-
late artificial groundwater with an increase primarily in K+ and Mg?*
content. Natural groundwater was collected from the drill holes in the
Josef Underground Educational Facility (the Josef UEF; located near
the Slapy Reservoir by the village of Celina in the Pfibram district, south-
ern part of Central Bohemia, Czech Republic).

3.2. Test conditions

The experiments were performed using the study material (Table 2)
in (1) highly compacted blocks, (2) in dispersions and (3) as a hole-
filling during an in situ experiment. In the case of the highly compacted
blocks, only the Rokle bentonite was pressed to achieve a dry density of
pa = 1600 to ~2000 kg/m>. The blocks were placed in small physical
models, and were saturated with SGW-K and Josef saturation media at
95 °C. To avoid drying during the thermal loading which included a pe-
riod of 13 days at 95 °C and 1 day at 25 °C, with a break for water level
monitoring/water refilling, the samples were placed in pressure vessels.
For further testing, individual samples were extracted after 3, 6, 12, and
18 months of interaction.

In experiments with dispersions, 4 kg of wet experimental material
was mixed with 3 L of the saturation media (SGW-K and Josef type)
into the intended dispersion. Pressure vessels were also used to avoid
drying during thermal loading, which also included a period of
13 days at 95 °C and 1 day at 25 °C. Individual samples were extracted
after 3, 6, 12, and 18 months of interaction.

Tests specification. Explanation to abbreviations: Ro = Rokle bentonite, CEG = Centre of Experimental Geotechnics, ICT = Institute of Chemical Technology.

Test no. Test purpose Material Saturation media Test technique
Mineralogical stability Ro SGW-K, Josef CEG, highly compacted blocks, 95 °C
Mineralogical stability Ro, Feb, Mock-Up-CZ SGW-K, Josef CEG, suspension, 95 °C
Mineralogical stability Ro, Feb, Mock-Up-CZ Josef CEG, in situ procedure, Josef UEF

Mineralogical stability
Retention behaviour
Diffusion behaviour

Ro, Feb, Mock-up-CZ
Ro, Feb
Ro, Feb

Dk WN =

SGW-K, SGWK-10, SGW-Mg, SGW-Mg-10, Josef
SGW-K, SGWK-10, SGW-Mg, SGW-Mg-10
SGW-K, SGWK-10

ICT laboratories, 25 °C/80-90 °C
ICT laboratories, 25 °C
ICT laboratories, 25 °C
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Fig. 1. XRD pattern of the original Rokle bentonite before the experiment. Note the variable position of d(001) of montmorillonite (15.386-14.030). Explanation of abbreviations: mmt =
montmorillonite, ill = illite, kao = kaolinite, qtz = quartz, fsp = feldspar, ant = anatase, gly = glycolated samples.

During the in situ procedure, highly compacted cylinders of benton-
ite were inserted into 70 cm long perforated tubes. Subsequently they
were pushed into the five drilled holes (the Rokle and Mock-Up-CZ ma-
terials were represented twice, with the FEBEX bentonite in one of the
drill holes) at the Josef UEF site. The perforated tubes provided inflow
of water from the surrounding rock mass and minimized the erosion
of the bentonite and its transport out of the test site. During this exper-
iment, the specimens were only subjected to ambient temperatures
within the rock mass. Samples were extracted after 4, 6, 11, and
17 months.

A fourth set of specimens was subjected to hydrothermal treatment,
at 25 °C and 80-90 °C, in the laboratories of the Institute of Chemical
Technology in Prague (ICT). Non-compacted experimental materials
from all sample types were mixed with the saturation media at a 1:3
ratio and were continuously clamped to a laboratory shaker. The

saturation media were not refilled during the experiment. The samples
were extracted after 1 and/or 2weeks, and after 1,2, 3, 4, 5,7, 10, and/or
12 months. Those samples saturated with the Josef saturation medium
were extracted only during the first 4 months.

The mineralogy of the studied bentonites was determined with
powder X-ray diffraction (XRD), using an X'Pert Pro (PANalytical) dif-
fractometer (Laboratory of XRD, Institute of Geochemistry, Mineralogy
and Mineral Resources, Charles University in Prague) equipped with
an X'Celerator detector with the following measurement conditions:
CuKo radiation, secondary graphite monochromator, scanning range
3-70° 2 theta, scanning step 0.05° time 200 s per step, at 40 kV and
30 mA. For a parallel set of specimens, solvation with ethylene glycol
at 40 °C for 24 h was used, in order to identify expandable clay minerals
(in our case, smectites) from oriented traces of bulk samples. The XRD
traces were processed using Bede ZDS 4.17 software (Ondrus, 1997).

2 Theta 10

Fig. 2. XRD pattern of the original FEBEX bentonite before the experiment. Note the variable position of d(001) of montmorillonite (14.679-13.533). Explanation of abbreviations: mmt =

montmorillonite, qtz = quartz, fsp = feldspar, cc = calcite, gly = glycolated samples.

mmt

qtz +ill

in kao N
Mﬁ e
: — .
10

L
2 Theta

Fig. 3. XRD pattern of the original Mock-Up-CZ bentonite before the experiment. Note the variable position of d(001) of montmorillonite (15.288-14.904). Explanation of abbreviations:
mmt = montmorillonite, ill = illite, kao = kaolinite, qtz = quartz, cc = calcite, fsp = feldspar, ant = anatase, gly = glycolated samples.
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Table 3
Brief result specification.

Test no. and form of the samples Test results

1. Highly compacted blocks

2. Suspension

3. Drill hole filling (in situ Josef)
4. Common batch experiment

No mineralogical changes

No mineralogical changes

No mineralogical changes

Rokle, SGW-K-10 medium: newly-formed
gypsum and bassanite

FEBEX, SGW-K-10 medium: newly-formed
gypsum and bassanite, illitization

FEBEX, SGW K-10 medium: very low

changes at retention of **Cs

Rokle, SGW K-10 medium: decrease of Kd of >*Cs
Retardation ability of bentonite materials confirmed

5. Static batch experiments

6. Through-diffusion

3.3. Adsorption and diffusion experiments

The experiments were conducted using the static batch approach
(adsorption experiments), and by through-diffusion to investigate the
diffusion behaviour of Cs in the laboratories of ICT. In the static batch ap-
proach, two types of bentonite (Rokle and FEBEX) were used, both as re-
ceived and after treatment. The treatment included interaction with
four different types of artificially-prepared groundwater (Table 1) for
56 and 150 days and then air-drying prior to adsorption experiments.

To study the retention behaviour, all bentonite samples were mixed
with the saturation media at a ratio of 1:10, spiked with 50 pL of
134CsCl, and shaken for 7 days. The solid phases were separated by
centrifugation (4000 rpm, 20 min) and the Eh, pH, specific conductivity,
and y-activity of **Cs were determined in the supernatant solutions.
Freundlich and Langmuir adsorption isotherms were used to interpret
the adsorption experiments. These isotherms have a concave profile,
and their coefficients describe the adsorption behaviour of radionuclides
(Khan et al., 1994). In the Freundlich isotherm, coefficient k is a curve-
fitting parameter, and coefficient n is an empirical parameter expressing
the intensity of adsorption. Langmuir isotherm coefficients represent an
equilibrium constant of the addition reaction and maximum availability
concentration of the monitored compound in the solid phase (Gutierrez
and Fuentes, 1993).

In the through-diffusion experiments, the compacted bentonite sam-
ples were held in steel holders and sealed in diffusion cells. The diffusion
cells consist of a source reservoir and a collection reservoir (Jurcek et al.,
1999; Tsai et al., 2001). The bentonite samples were saturated with dis-
tilled water for 4 weeks. After the saturation period, a tracer solution
(1*4CsCl) was added to the source reservoir with synthetic groundwater
(SGW-K or SGW-K-10). The analysed solutions were sampled from the
source and the collection reservoir. The activity was measured in each
sample. Samples were extracted for 196 days. The y-activity of the '>4Cs
was measured in 1.5 mL of the aqueous phase with a Triathler type liquid
scintillation detector (Hidex Oy), using the Cr-51 method at a 2 min time
interval. The value of the cumulative amounts of the diffused radionuclide

Table 4

Table 5

°A26 values of highly compacted cylinders of Rokle, FEBEX and Mock-Up-CZ materials
inserted into 70 cm long perforated tubes, pushed into the five drill holes in the Josef
UEF (in situ test) and left to long-term interaction with local groundwater.

Drill Installed Extracted
Rokle
549 P2 16.10.2008 5.2.2009
536 P2 16.10.2008 9.4.2009
535 P2 16.10.2008 24.9.2009
542 P2 16.10.2008 12.3.2010
535 P4 16.10.2008 5.2.2009
535 P4 16.10.2008 9.4.2009
549 P4 16.10.2008 24.9.2009
542 P4 16.10.2008 12.3.2010
FEBEX
549 P1 10.10.2008 5.2.2009
542 P1 10.10.2008 9.4.2009
549 P1 10.10.2008 24.9.2009
542 P1 10.10.2008 12.3.2010
Mock-Up-CZ
548 P3 16.10.2008 5.2.2009
548 P3 16.10.2008 9.4.2009
535 P3 16.10.2008 24.9.2009
549 P3 16.10.2008 12.3.2010
549 P5 16.10.2008 5.2.2009
553 P5 16.10.2008 9.4.2009
555 P5 16.10.2008 24.9.2009
555 P5 16.10.2008 12.3.2010

per unit area (Q/A) was plotted against the experiment duration time
(Jurcek et al., 1999).

4. Results
4.1. Mineralogical composition of original materials

The XRD traces of the original, untreated materials are shown in
Figs. 1-3. Based on the positions of the 001/002 and 002/003 reflections
(Moore and Reynolds, 1989), the bentonites are actually composed of
an illite—smectite mixed layer phase containing 10% max. illite layers
(°A26 = 5.38-5.45) in the Rokle bentonite, 11% illite layers (°A26 =
5.38-5.51) in the FEBEX bentonite, and less than 10% (°A20 = 5.42-
5.43) in the Mock-Up-CZ material. The error in the determination of il-
lite layers is estimated to be +3%.

4.2. Phase changes in experimentally treated material

No transformation processes were identified in the bentonite samples
which reacted with solutions in the form of highly-compacted blocks,
dispersion, and/or with the in situ drill-hole fillings (Tables 4-5). In the
samples subjected to common batch laboratory experiments (ICT labora-
tories), phase changes or formation of new phases was not observed in

°A26 values of Rokle bentonite in the form of highly compacted blocks saturated by Josef and SGW-K saturation media and left to interact at 95 °C for 6 and 18 months and of Rokle, FEBEX
and Mock-Up-CZ materials in the form of dispersion suspension saturated by Josef and SGW-K saturation media and left to interact at 95 °C for 3, 6, 12 and 18 months.

Type of material Type of saturation medium Duration of exposure
3 months 6 months 12 months 18 months
Highly compacted blocks
Rokle Josef - 542 - 5.40
SGW-K - 542 - 545
Suspension
Rokle Josef 542 544 5.42 542
SGW-K 535 5.38 5.28 536
FEBEX Josef 547 5.52 5.46 548
SGW-K 547 547 5.42 549
Mock-Up-CZ Josef 5.50 549 5.50 549
SGW-K 551 5.53 5.52 5.52
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Table 6

Presence of newly formed phases and phase transformation (increased illitisation of montmorillonite) in Rokle and FEBEX bentonite samples saturated by SGW-K-10 saturation medium.
Explanation to abbreviations: gyp = gypsum, bass = bassanite, n.d. = not detected, + = change of A26 value indicating partial transformation of smectite to illite.

Duration of saturation Temperature (°C) Rokle bentonite FEBEX bentonite
Specimen Newly formed phases °A20 Specimen Newly formed phases °A20
1 week 20 R56 nd. n.d. F55 n.d. +
80-90 R43 n.d. nd. F43 n.d. +
2 weeks 20 R57 nd. nd. F56 nd. +
80-90 R44 nd. nd. F44 nd. +
1 month 20 R58 nd. nd. F57 n.d. +
2 months 20 R59 nd. nd. F58 nd. +
3 months 20 RGO nd. nd. F59 nd. +
80-90 R45 nd. nd. F45 nd. +
5 months 20 R2/5M n.d. n.d. F2/5M n.d. +
80-90 R6/5M nd. nd. F6/5M nd. +
7 months 20 R10V nd. n.d. F1ov gyp +
80-90 R14V nd. nd. F14V 2yp +
10 months 20 R18V gyp n.d. F18V gyp +
80-90 R22V 2yp nd. F22v 2yp +
12 months 20 R26V n.d. n.d. F26V gyp, bass +
80-90 R30V gyp, bass n.d. F30V bass +

the Rokle and FEBEX bentonites interacted with the SGW-K, SGW-Mg,
SGW-Mg-10, and Josef saturation media. In contrast, some significant
phase changes were achieved in the Rokle and FEBEX bentonite samples,
which interacted with the SGW-K-10 saturation medium (Table 6).

The first change concerns the partial transformation of the montmo-
rillonite layers to illite in the FEBEX bentonite, based on the A26 values
(14-21% + 3% of illite layers), compared to the original material. For the
Rokle bentonite, this parameter remained unchanged.

The second change observed is related to the formation of new
phases - gypsum (CaSO,4-2H,0) and bassanite (CaSO4-1/2 H0) - in
both bentonites studied from the 7th month (FEBEX bentonite), or
from the 10th month of experiments (Rokle bentonite) (Table 6). Gyp-
sum is the prevalent phase in the Rokle bentonite samples (Figs. 4-5)
and the FEBEX bentonite samples (Figs. 8-9). Bassanite often visible
with naked eye was identified in the FEBEX bentonite samples F26V
and F30V (Figs. 8-10) and in the Rokle bentonite sample R30V
(Figs. 5, 6). The extraction of the phase from the R30V Rokle bentonite
sample showed that the white crystals in fact are a mixture of bassanite
and gypsum (Fig. 7). The grains were very small, and not easily extract-
ed, indicating that some admixtures of other minerals were included in
the XRD pattern (Fig. 7). On the other hand, the crystals in the F30V
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Fig. 4. XRD patterns of sample R18V (Rokle bentonite, SGW-K-10 saturation medium, lab-
oratory temperature, 10 months) with gypsum, and R26V (Rokle bentonite, SGW-K-10
saturation medium, laboratory temperature, 12 months). Explanation of abbreviations:
R18Vg and R26Vg = glycolated, mmt = montmorillonite, ill = illite, kao = kaolinite,
qtz = quartz, fsp = feldspar, ant = anatase.

sample were large enough to extract almost a pure sample of the
phase for XRD measurement, and to confirm that these newly-formed
white grains belong to bassanite (Fig. 11).

4.3. Retention and diffusion of *4Cs

4.3.1. The retention of '>*Cs in Rokle and FEBEX bentonite with various
aqueous phases

In the '*“Cs adsorption experiment the Rokle and FEBEX bentonites
displayed different behaviour (Tables 7-8). The respective coefficient,
calculated from the adsorption isotherms of the Rokle bentonite proved
a remarkable decrease with both the duration of the treatment, and
with increased concentrations of the relevant cations in the saturation
media (cf. differences in the coefficient values between e.g. SGW-K
and SGW-K-10 saturation media in Table 7). The adsorption coefficients
displayed the more significant influence of a (ten times) higher concen-
tration of potassium, than that of magnesium. The reason for this is that
K™ has a low hydration energy, and is therefore fixed in the interlayer
positions of the clay minerals, whereas the Mg?*, with a high hydration
energy, is not fixed. The decrease of the adsorption coefficients of the
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Fig. 5. XRD patterns of sample R22V (Rokle bentonite, SGW-K-10 saturation medium, 80—
90 °C, 10 months) with gypsum, and R30V (Rokle bentonite, SGW-K-10 saturation medi-
um, 80-90 °C, 12 months) with bassanite. Explanation of abbreviations: R22Vg and
R30Vg = glycolated, mmt = montmorillonite, ill = illite, kao = kaolinite, qtz = quartz,
fsp = feldspar, ant = anatase.
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Fig. 6. Very small crystals of gypsum and bassanite (white colour) in sample R30V. Gamma
parameter of the image was adjusted to 0.6 in order to increase the visibility of the grains.

loaded Rokle bentonite indicates lower retention intensity than the re-
tention intensity of raw bentonite.

By using the same approach to evaluate the '**Cs adsorption in
FEBEX bentonite, the influence of higher concentrations of competing
cations and/or the duration of the experiment is not as well pronounced
as in the case of the Rokle bentonite (Table 8). The decrease of the coef-
ficients seems to be more pronounced at lower concentrations of the re-
spective cations in the saturation media (SGW-K, SGW-Mg) than in the
case of the experiments using saturation media with higher concentra-
tions (SGW-K-10, SGW-Mg-10).

4.3.2. The through-diffusion of '>!Cs in the Rokle and FEBEX bentonites
under different conditions

Through-diffusion tests were used to determine an apparent diffu-
sion coefficient D, which can be expressed as:

D, = L*/6t, M

where L is the thickness of the bentonite sample, and t is the lag-time.

The diffusion experiments were conducted with Rokle and FEBEX
bentonites. Samples 9, 10, 17, and 18 were bentonite samples from dis-
persions saturated by SGW-K and Josef saturation media and heated at
95 °C for 3 months. The samples P14B-P44A were in-situ procedure
samples put into the drill-holes at the Josef UEF site for 3 months. The
summarized results are listed in Table 3.

bassanite
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Fig. 8. XRD patterns of sample F10V (FEBEX bentonite, SGW-K-10 medium, laboratory
temperature, 7 months) with gypsum, F18V (FEBEX bentonite, SGW-K-10 medium, labo-
ratory temperature, 10 months) with gypsum, and F26V (FEBEX bentonite, SGW-K-10
medium, laboratory temperature, 12 months) with gypsum and bassanite. Explanation
of abbreviations: mmt = montmorillonite, qtz = quartz, cc = calcite, fsp = feldspar.

Diffusion of '>“Cs in the studied bentonites is limited, as document-
ed, by the low D, values (Table 9). However, the apparent diffusion co-
efficient indicates differences in the diffusion behaviours of the Rokle
and FEBEX bentonites by one order of magnitude. This can be explained
by the variable abundance of montmorillonite, which evidently is
higher in the FEBEX bentonite (90-92 mass%) compared to the Rokle
bentonite (60-65 mass%). The composition of the saturation media did
not affect the diffusion behaviour of '**Cs in the compacted saturated
FEBEX bentonite. In contrast, the diffusion behaviour of the Rokle ben-
tonite seems to be affected by the composition of the saturation medi-
um (Table 9). This may be caused by formation of new minerals due
to the interaction with the tested aqueous phases.

5. Discussion

5.1. Mineralogical changes due to experimental conditions
Transformation of smectite to mixed layer clay minerals and/or illite

is one of the major reactions affecting the long-term performance of the

buffer material, and a key factor in safety scenarios of nuclear waste re-
positories (Arcos et al.,, 2008).

Gypsum and bassanite
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Fig. 7. Marked diffractogram of gypsum (g) and bassanite (b) extracted from a Rokle sample saturated with SGW-K-10 saturation medium and left to interact at 80-90 °C for 12 months
(R30V). The grains were very small and not easily extracted, so that some admixtures of other minerals were included in XRD pattern. Explanation of abbreviations: ill = illite, kao =

kaolinite.
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Fig. 9. XRD patterns of samples F14V (FEBEX bentonite, SGW-K-10 saturation medium,
80-90 °C, 7 months) and F22V (FEBEX bentonite, SGW-K-10 saturation medium, 80-
90 °C, 10 months) with gypsum, and F30V (FEBEX bentonite, SGW-K-10 saturation
medium, 80-90 °C, 12 months) with bassanite. Explanation of abbreviations: mmt =
montmorillonite, qtz = quartz, fsp = feldspar, cc = calcite.

Despite numerous previous experimental studies and collected
knowledge on the illitization process in bentonite barriers that is driven
by temperature, pressure, pore fluid composition, bulk chemistry of
the clay, specific composition of the smectite, and time (see review by
Wersin et al, 2007 and references therein, Hatano et al, 1995;
Hokmark et al., 1997; Pusch and Karnland, 1996, among others), the de-
tails of the smectite to illite transformation are still being debated. Note
that most of the references above regarding illitization pertain to bar-
riers of radioactive waste. There is also much information about
illitization during diagenesis and/or hydrothermal activity which has
not been considered in this paper. The presence of potassium is a pre-
requisite for illite formation, and it is generally accepted that the rate
of smectite-to-illite conversion is controlled by some specific activation
energy (Huang et al., 1993).

Fig. 10. Bassanite in sample F30V (white coloured grains). Gamma parameter of the image
was adjusted to 0.45 in order to increase the visibility of the white grains in pale FEBEX
bentonite.

In our experiment, abundant K-availability and the bulk chemistry of
the clay were the key factors for illitization, since only the FEBEX ben-
tonite in the SGW-K-10 medium was affected, regardless of the temper-
ature. Some potassium could have been provided by the decomposition
of K-feldspar as well. Various hydrothermal tests (Pusch et al., 2010)
showed that the dissolution of the accessory minerals present in the
bentonite (calcite and feldspars, but also quartz) is common.

The effect of potassium availability is more important at lower tem-
peratures (our case) than at higher temperatures (Whitney, 1992). Ini-
tially, the illite proportion increased rapidly decreasing dramatically
with time (Whitney, 1992). This is in agreement with our experiment,
where the amounts of illite layers increased during the first week, be-
coming stable later.

Gypsum formation was controlled by calcite dissolution and the
presence of fluids rich in the sulphate anion (SGW-K-10 saturation me-
dium). Neoformation of gypsum in buffer clay materials seems to be
quite common in both the FEBEX bentonite (Fernandez and Villar,
2010) and the Rokle bentonite (Kolafikova et al., 2010) used within
the Mock-Up-CZ experiment. During both experiments mentioned
above, there was an unlimited supply of artificially prepared groundwa-
ter. In the ICT laboratory experiments, the bentonites were initially
mixed with the saturation media at a ratio of 1:3, and the fluids were
not further refilled during the experiment. The insufficient amount of
the saturation media after 12 months transformed the newly formed
gypsum to bassanite.

The gypsum to bassanite transformation was also controlled by tem-
perature and the bulk chemistry of the bentonite. Bassanite was identi-
fied in specimens of the FEBEX bentonite subjected to treatments in the
ambient and elevated temperatures for at least 12 months; similar re-
sults were achieved for the Rokle bentonite subjected to only at 80—
90°C. In one specimen (F30V), the gypsum was completely transformed
into bassanite. However in other specimens (R30V, F26V) the mixture
of gypsum and bassanite indicated only a partial transformation.

Except for the FEBEX and Rokle bentonite samples subjected to in-
teraction with the SGW-K-10 saturation medium, other transformation
processes were not observed. The other saturation media did not affect
mineralogical changes under the experimental conditions used in this
study.

5.2. Influence of experimental conditions on retention and diffusion

Retention/adsorption and diffusion of radionuclides in bentonites
are controlled by mineralogy i.e. the presence of smectite and their
physicochemical properties (Bartl and Czurda, 1991; Galambos et al.,
2009a,b, 2010a,b; Kamel, 2010; Tsai et al,, 2001; Vejsada et al,, 2005;
Villar and Lloret, 2004). However, the presence of smectite cannot
fully guarantee favourable behaviour if it is transformed to mixed-
layer clay minerals or to illite, a process that leads to a significant loss
of adsorption capacity, as has been proven in previous experimental
studies (Kolafikova et al., 2010; VinSova et al., 2008). Changes in the re-
tention behaviour of cationic radionuclides can indicate structural
changes of the smectites caused by the long-term interaction of the ex-
perimental materials with the aqueous phase (Galambos et al., 2012).

The composition of the reactive fluid, and the concentration of spe-
cific cations, can speed up the deterioration of retention/adsorption, as
shown by our experimental results using the SGW-K and SGW-K-10
saturation media (the later possesses a 10-times greater concentration
of potassium than the first). The presence of potassium, occasionally ac-
companied with elevated temperature, can lead to a rapid illitization
and loss of adsorption potential (Kolafikova et al.,, 2005). The content
of other “competing” cations of similar size, charge, and hydration in
the aqueous phase can further decrease the retention capacity of ben-
tonites, as proven in this work and shown by previous studies (e.g.
Eriksen et al., 1999; Missana et al., 2004).

The diffusion behaviour of caesium was investigated using through-
diffusion experiments based on recommendations found in the
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Fig. 11. Marked diffractogram of bassanite extracted from a FEBEX sample saturated with SGW-K-10 and loaded with a temperature of 80-90 °C for 12 months (F30V).

literature (e.g., Garcia-Gutiérrez et al., 2001). The resulting low values of
the diffusion coefficient showed the good retardation ability of both the
Rokle and FEBEX studied bentonites. Compared with previously pub-
lished experimental data on the diffusion coefficient of the FEBEX
bentonite (values ranging from 0.9 to 3.3 x 10~ '>m?/s) (Cormenzana
et al., 2003), the D, values from our study are about 2-orders of magni-
tude higher. This could result from the lower density of our specimens
used in the batch experiments. The range of D, values of the Rokle

bentonite (1.90 x 10°-9.68 x 10~ ' m?/s) can be due to the presence
of new mineral phases, which were formed by the interaction of the
bentonite and saturation media.

6. Conclusions

Phase changes in Rokle and FEBEX bentonites and one buffer-like
mixture (Mock-Up-CZ) prepared under various conditions, and

Table 7

Langmuir (A, B) and Freundlich (k, n) coefficients for adsorption of Cs™ on Rokle bentonite with various saturation media.
Treatment Alg/L] B [g/mg] k[L/g] n
0day
SGW-K 0.179 4 0.001 0.0007 + 0.00008 0.63 +0.03 134+ 0.01
SGW-Mg 0.184 + 0.007 0.0006 =+ 0.00008 0.47 +0.01 124 +£0.01
SGW-K10 0.102 + 0.003 —0.0002 + 0.00004 0.07 +0.02 0.94 +0.03
SGW-Mg10 0.169 4 0.001 0.0011 + 0.00011 0.15 +0.01 112 £0.02
56days
SGW-K 0.161 + 0.002 0.0006 + 0.00002 0.47 +0.05 128 £0.03
SGW-Mg 0.1581 4 0.0004 0.0006 =+ 0.00002 0.41 +0.03 1.25+£0.02
SGW-K10 0.0603 4 0.0004 —0.00002 + 0.000005 0.056 + 0.002 0.985 + 0.01
SGW-Mg10 0.0934 4 0.0003 0.00041 <+ 0.000003 0.29 + 0.04 1.28 +0.04
150 days
SGW-K 0.037 4+ 0.002 —0.000002 + 0.00002 0.0317 + 0.007 0.9781 + 0.027
SGW-Mg 0.0525 4 0.002 0.00007 4 0.00003 0.0878 + 0.010 1.092 + 0.019
SGW-K10 0.047 4+ 0.0008 —0.0001 <+ 0.00001 0.0266 + 0.004 0.9089 + 0.019
SGW-Mg10 0.0365 + 0.002 —0.00005 + 0.00003 0.032 +0.011 0.971 + 0.043

Table 8

Langmuir (A, B) and Freundlich (k, n) coefficients for adsorption of Cs* on FEBEX bentonite with various saturation media.
Treatment AlgL] B [g/mg] k[L/g] n
0day
SGW-K 0.632 + 0.001 0.00107 + 0.00001 0.90 + 0.05 1.11+£0.01
SGW-Mg 1.140 £ 0.01 0.0050 + 0.0001 27+02 1.367 £ 0.003
SGW-K10 0.257 + 0.005 —0.0065 =+ 0.00006 0.138 + 0.003 0.872 + 0.004
SGW-Mg10 0.187 + 0.001 —0.00049 4+ 0.00002 0.099 + 0.007 0.88 £0.01
56days
SGW-K 0.494 + 0.005 0.0003 =+ 0.00005 0.44 +0.03 1.09 £ 0.01
SGW-Mg 0.695 + 0.001 0.00300 =+ 0.00001 1.8+03 138 £0.05
SGW-K10 0.193 4+ 0.004 —0.00020 4+ 0.00004 0.170 + 0.008 0.964 + 0.01
SGW-Mg10 0.194 4+ 0.002 0.00015 =+ 0.000020 0.044 + 0.009 0.81 +0.02
150 days
SGW-K 045 +0.02 0.0021 + 0.0003 0.468 + 0.007 1.119 £ 0.003
SGW-Mg 0.173 4+ 0.006 0.00048 + 0.00007 0.53 £+ 0.05 127 +0.03
SGW-K10 0.245 4 0.008 0.00071 + 0.00009 0.31+0.02 1.14+0.02
SGW-Mg10 0.260 + 0.003 0.00074 + 0.00004 0.58 + 0.04 122+ 0.02
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Table 9
Diffusion coefficients (D,) of '**Cs of FEBEX and Rokle bentonites exposed to Josef, SGW-K
and SGW-K10 saturation media.

Samples Bentonite Medium Dq [m?/s]

9 FEBEX Josef 3.23E—-10
10 FEBEX SGW-K 255E—10
P14B FEBEX SGW-K 1.08E—10
P14B FEBEX SGW-K10 9.93E—11
17 Rokle Josef 1.90E—09
18 Rokle SGW-K 1.52E—10
P24A Rokle SGW-K 1.67E—11
P44A Rokle SGW-K 1.61E—-10
P24A Rokle SGW-K10 3.17E—-11
P44A Rokle SGW-K10 9.68E—11

exposed to saturation by liquids with an increased content of potassium
and/or magnesium were studied. The availability of potassium and the
bulk chemistry of the original materials control the partial transforma-
tion of the smectite to illite, which was accompanied by formation of
abundant gypsum and/or bassanite, the latter formed from insufficient
supply of a liquid phase to the experiment. The transformation of smec-
tites and the formation of new phases were enhanced by an increased of
temperature (80-90 °C in this case).

The composition of the saturation media influences the retention be-
haviour of the bentonite material, especially at higher concentrations of
potassium. The decrease in the retention behaviour is due to the mea-
surable partial transformation of smectite to illite and to the composi-
tion of the saturation fluid where competing cations fill active
adsorption centres on the surface of bentonite materials. The low values
of the diffusion coefficient indicate the good retardation ability of the
bentonite materials studied.
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