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Abstrakt

Studium migrace U vifrodnim progtedi gedstavuje vyznamnyifspivek
pro poznani procésvyznamnych pro hodnoceni bezpesti hlubinného
Ulozisg jaderného odpadu. \fipadt prirodniho analogu Ruprechtov Ize
sedimentarni horniny povazovat za analogii pokrgimyatvad nad
hostitelskymi masivy HU.

K identifikaci a charakterizaci prodesmobilizace a imobilizace U
v prostedi jilovych hornin s obsahem organické hmoty byluzit
multidisciplinarni gistup, sestavajici jak z konwarich metod (nap
sekverni extrakce, chemicka analyza na mokré ccagiod.), tak novych
spektroskopickych metod (nap-XRF, u-XAFS).

Sekverini extrakce, chemickd analyza na mokré &éstpektroskopické
metody prokézaly, Ze v malo oxidovanych vzorcich Wevyskytuje
prevazige ve form¢ U(IV). Pfi oxidaci vzorku sasem se U igsunuje
smerem ke snaze uvolnitelnym formam. $Saesré metody prokazaly
asociaci U s As a P a ne &kavanymi prvky Fe a S. Tento vysledek vedl
k teorii, Ze se U(VI) z podzemni vody redukoval WélV) na povrchu
pyritu pokrytého precipitovanym As.

Analyza hydrogeologickych, hydrogeochemickych danalyzy stabilnich
izotopd pomohly z#adit vySe uvedené vysledky do obecného konceptu
imobilizace U: oxidace organické hmoty probih& z&rabialni katalyzy.
Produkty degradace organické hmoty jsou tieedny do podzemni vody.
Neovliviiuji vSak vyznamé speciaci U v podzemni véd Oxidovatelné
latky (nag. SQ%) v podzemni vod jsou redukovanygimZ je umozan
vznik pyritu Fe$. Na jeho povrchu se srazi povlak As, na jehoZ gavie
U(VI) redukovan na U(IV). Ten reaguje s BQuvolrtnym mikrobialni
oxidaci organické hmoty, za vzniku fosfatu U(IVingyoitu.

Analyza pondru aktivit 2U/”%U prokéazala, ze formy U(IV) jsou
dlouhodols stabilni (1Ma). Diky tomuto zd&w je mozno deklarovat
potenciélni bariérovou funkci hornin obdobného tyfilové sedimenty-

organicka hmota), jeZ mohou topokryvné vrstvy hostitelského masivu
hlubinného Ulozi$t Naopak je nutno Zdaznit vliiv CQ, na zvySenou

mobilitu U(VI) i v redulkénim prostedi podzemnich vod.



Abstract

U migration was studied on the Ruprechtov natunal@ue site in order to
better understand to processes of safety relevanteats, particularly U.
The rock sequence on the site can be analogous potential rock

overburden of deep geology repositories.

A multidisciplinary approach was undertaken in orde identify and
characterise uranium mobilisation/immobilisation oqgasses within
sedimentary clayey rocks with organic matter emttlinterlayers. Both
conventional methods (i.e. sequential extractiost, ehemical method) and
modern sophisticated spectroscopic methods |{i¥RF, u-XAFS) were
combined. Sequential extraction, wet chemical nethand even
spectroscopic methods proved that U prevailed enUfiVv) form in low-
oxidised samples. It moved towards more easilyasglble fractions with
sample ageing (oxidation).

The combination of SEp-XRF and u-XAFS results proved U to be
unexpectedly associated with As and P, leadinghéo gresumption that
U(VI) from groundwater was reduced to U(IV) on pgrcoated by As.

The evaluation of the hydrogeochemical conditiond &sotope analyses
then brought the results into broader context: @ig&an contribute to
U(VI) reduction to U(IV). Sedimentary organic mattevithin the
sedimentary layers was microbially oxidised, raleggissolved organic
matter and providing Hin order to dissolve sedimentary inorganic
carbonates. SP could be reduced under reducing groundwater ciondit
thus causing FeSformation. Furthermore, Arsenic got reduced tarfor
FeAsS precipitates on FeSurfaces. U was reduced on FeAsS surfaces to
U(IV) and reacted with phosphates () produced by microbial organic
matter oxidation. U phosphates (ningyoite) weres ttaumed.

The U/ activity ratio determination proved the fact thi{tV) phases

had been stabile for more than 1 Ma. This factngfiyo supports potential
barrier function of similar rock systems (clayeydiseentary rock with

organic matter content). On the other hand, it ézegsary to stress
important role of C@ in increased mobility of U(VI) in reducing
groundwater conditions.



Zkratky
AR

porrer aktivit 2U a®*®U (v této praci)

DOM rozpusna organickd hmota

HU hlubinné Glozigt

IAEA Mezinarodni atomova agentura

Ma milion let

SE sekveni extrakce

SOM sedimentarni organicka hmota

VAO vysoceaktivni odpady

VJP vyhdelé jaderné palivo

u-XAFS metoda mikrospektroskopie jemné strukturyell@tasti
absorgni hrany

u-XRF metoda rentgenové fluores¢ahmikrospektrometrie

Abbreviations

AR activity ratio®*U and®**U (in this work)

DGR deep geological repository

DOM dissolved organic matter

HLW high level waste

IAEA International Atomic Energy Agency

Ma milion of years

SE sequential extraction

SNF spent nuclear fuel

SOM sedimentary organic matter

u-XAFS micro X-ray absorption fine structure method

u-XRF micro X-Ray fluorescence spectroscopic method



Uvod

Zakladnim konceptem hlubinného Glogi¥HU) vyhaelého jaderného
paliva (VJP) a vysoce aktivnich odga/AO) je v dlouhodobém titku
izolovat tyto produkty od obyvatelstva.fiPhodnoceni dlouhodobé
bezpenosti HU je nutné se zaffit na bariérovou funkci okolniho
geologického pro#edi v dlouhodobéntasovem nititku (100 000 — 1
milion let). Uran, pochéazejici z vykelych palivovych tyi, pati k
jednomu z nejvyznandisich radionuklid, daleZzitych pro hodnoceni
bezpenosti HU. Z tohoto pohledu se jeviidni analogy, v tomtoffpads
ptirodni vyskyty U, jako vhodny néstroj pro studiumoges: v dlouhych
¢asovych periodach (Come & Chapman, 1986; McKintEy89; IAEA,
1989).

Z téchto divodi byla lokalita girodniho analogu Ruprechtov, vyzna
unikatnim vyskytem U akumulace, organické hmotgyjich sedimerit a
graniti, vybrana pro poznani prodeskteré mohou ovliifovat migraci
radionuklich v horninovém prosgedi.

Cile préace

Cilem gedkladané disertai prace je studium proaes migrace
radionuklidi v geologickém ¢ase a vreadlném horninovém prest.
Ziskané poznatky maji velky vyznam pro hodnocemphlmosti HU. Prace
se zanitily zejména na procesy mobilizace a zachytu urahominovém
prostedi s jilovymi a organickymi sloZkami, které nadét¢ Ruprechtov
tvoii pokryvné Gtvary granitoidtedy hornin uvazovanych jako kandidatni
prostedi pro HU.

Na detailni poznani chemickych forem uranu pomeékoblika navzajem se
doplhiujicich metod navazalo vzorkovani a analyza slojmdzemnich
vod, stanoveni ifrozenych izotofi v sedimentérnich vzorcich a vzorcich
podzemni vody a charakteristika organické hmotyejich komponent.
Vyzkumné prace, provedené v Ustavu jaderného vypkid®? a.s. se
zanttily na vzorkovani sedimeiita podzemnich vod, charakteristiku
hornin, sekveéni extrakci a vyhodnoceni geochemie podzemnich vod.
V8echny dalsi aktivity byly provédy v blizké kooperaci s GRS
Braunschweig, University Helsinki, FZK-INE Karlsreha University
Krakow.



Metodika studia

Studium proce® mobilizace/imobilizace U na lokalit Ruprechtov
v sedimentérnich hornindch &tpmnou slozkou organické hmoty bylo
zaloZeno na multidisciplinarnintigtupu.

Vzorky hornin (z horizontu jilovych sedimeints organickou hmotou a z
podlozZnich granif) byly pouzZity pro analytické prace s cilemcitr
chemické formy U v horni) charakterizovat chovani organické hmoty a
definovat potencialni scéfgimobilizace U. (Havlova et al., 2007).
Vzorky podzemnich vod z vrti na lokali# Ruprechtov slouZzily pro
poznani rozdil v chemickém sloZeni vody z jilovych sediment
s organickou hmotou a z horizontu granitu. Cilero lpfedevsim sledovat
ptirozené procesy migrace a interakce grvikhorninovém prosgedi
(Havlova et al., 2007).

Pro tyto G¢ely byly pouzity nasledujici metody:

- sekveréni extrakce (SE Havlova et al., 2006; Denecke and Havlova,
2007; Havlova et al., 2007; Noseck et al., 2008a).

- micro X-ray fluorescence {1-XRF) a micro X-ray absorption fine
structure (u-XAFS) — moderni povrchové analytické metody (FZK-INE;
Denecke et al., 2005, Denecke a Havlova, 2007).

- méFeni poméru aktivity **U/”%U v horninovych  vzorcich,
podzemnich vodach a vyluzich SEHelsinki University, Noseck et al.,
2007; Suksi et al., 2006).

- uréeni oxidaniho stavu U(IV) a U(VI) chemickou analyzou na mokré
cest (Helsinki University, Noseck et al., 2007).

- analyza sloZzeni podzemni vodyHavlova et al.,, 2007; Noseck et al.,
2009)

- analyza p‘irozenych izotopi v podzemni vod a v sedimentech
(Havlova et al., 2007; Noseck et al., 2D09

Vysledky a diskuze

Sekverni extrakce (SE) prokézala, Zecerstvych vzorcich jilovych
sedimeni s organickou hmotou se U vyskytujgepazrig ve forng U(IV)
(Obr. 1). S postupujicim starnutim vzorku (oxidatghazi k pesunu U ve
smeru snaze dostuggsich frakci, které umaiiji jeho snazSi uvolmi do
prostedi.
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Obr. 1 Podil U (v %) v horninovych vzorcich (vyslety sekvereni extrakce).
Vzorky NA10, NA15A: granit, kaolinitizovany; zbyvajici vzorky: horizont
jilovych sedimenti s organickou hmotou (Denecke and Havlova, 2007).

Vysledky byly potvrzeny stanovenim forem U(IV)/U{(VImetodou
chemické analyzy na mokré cog&sta modernimi povrchovymi
spektroskopickymi metodamiy{(XRF, p-XAFS; Noseck et al., 2007;
Denecke et al., 2006; Denecke and Havlova, 200@)){e previadajici
formou predevdim ve 4. a 5. kroku sekven extrakce (ozngnych jako
redukovana forma a reziduélni forma). Royn aktivit *%U/”%U se
vyzname liSily ve U(IV) a U(VI) formach, s posrem <1 v U(IV) fazi a
pomgrem >1 v U(VI) fazi prakticky ve vSech vzorcich (déxk et al.,
2007). Tyto vysledky ddle korelovaly s vysledky sekvémich extrakci
(Obr.2). Nizké hodnoty po#ru aktivit izotogi U a ***U je mozZno
dosdhnout pouze zarqupokladu, Ze je horninovy systém dlouhatiob
stabilni po dostate¢ dlouhou dobu (zde 1 milion let), tj. nedoSlo
k uvolréni podstatného mnozstvi U (Noseck et al., 2007
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Obr. 2 Obsah U (vah. %) a pondry izotopu v roztocich z jednotlivych kroki
sekvertni extrakce pro vzorky NA13 a NA14 (2007, cf Fig. ¥ Noseck et al.,
2008a).

Moderni spektroskopické metody-XRF, p-XAFS, kombinované s
rozStenou metodikou sekvéni extrakce (analyza dagovych prvki

z vyluhi SE) ukazala, Zze se U nachaékvapiw¥ v asociaci s As a P,
nikoli v ocekavané korelaci s S a Fe. Na zakladhoto zjiS¢ni bylo
mozno vyslovit za¥r, ze U(VI) z podzemni vody byl redukovan na
povrchu As pyritu (Obr. 3), ktery vznikl v redtikich podminkach jilovych
sedimeni s obsahem organické hmoty (Denecke and Havloay)20
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Obr. 3 u-XRF distribu &ni mapy obsahu As, Fe and U pro plochu 150*150 pfm
vybrusu. M. Denecke, FZK INE. Detaily viz Denecke teal. (2005) a Denecke
and Havlova (2007).



Hydrogeochemické vyhodnoceni a analyzatirogpenych izotof

v podzemni voél (Noseck et al., 2007; Noseck et al., 2008hgslo dalSi
detailni informace kvySe prezentovanym vysledka zapojily je do
SirSiho kontextu procésna lokali€. Byly tak ziskany podklady pro
vytvoreni koncepéniho modelu mobilizace/imobilizace U v systému
sediment— uran-organickd hmota—granit(Noseck et al., 2008a, 2009):
Degradace organické hmoty je katalyzovandtomnosti mikrofi a
negimo gispiva k imobilizaci U(VI) a k inkorporaci U(IV) dminerélnich
fazi. Proces oxidace (degradace) sedimentarni icigahmoty (SOM) na
lokalit¢ probih& za fitomnosti mikroorganisin Diky tomuto procesu jsou
jako produkty degradace uwolvany do podzemni vody organické latky
(nag. huminové a fulvinové kyseliny aj.). Tyto organéclkatky v podzemni
vok vSak nemaji &Si vliv na komplexaci U(VI) v podzemni ve&d
(Cervinka et al., 2010). Oxidaci SOM jsou rézruvokovany protony a
CO,, jeZ rozpudiné v podzemni vadprispivaji k rozkladu sedimentérnich
anorganickych karbonét V disledku &chto proces dochazi ke zgnam

v izotopické sloZeni systému (Havlova et al., 208@seck et al., 2008a,
2009). S@ a NO; v podzemni vod jsou v reduknim prostedi vrstev
s organickou hmotou redukovany. Redukce swlf@de ke vzniku FeS
Rozpustny As je sorbovan na FeSimz vznika tenky povlak arsenopyritu
(FeAsS). Uran(VI), uvolény z podloZzniho granitu je na povrchu FeAsS
redukovan na U(IV) a reaguje s fosfaty (®) uvolnsnymi v disledku
mikrobialni oxidace SOM. Timto procesem vznika &sf(IV) ningyoit.
Uran je imobilizovan ve forgh U(IV) v systému sedimentarni jilova
hornina — U — organickd hmota — granit, stabilmieaobilni po vice nez
milion let. Na druhé stran piekvapiva pitomnost U(VI) v reduénim
prostedi podzemni vody na lokalitie mozna jen dikyjeho vazk
v karbonatovych komplexech (Noseck et al., 2008b).

Zaver

Prezentované vysledky vyzna&npiispivaji k poznani chovani
radionuklich v prirozeném horninovém prdsdi. Jsou vyznamné i pro
hodnoceni bezgaosti hlubinného UloZi&t radioaktivnich odpad
Sedimentarni horniny mohou za ¢itlych podminek hrat ezitou
bariérovou funkci omezujici migraci radionuklidv tomto gipad pro



U.Diky tomu miize dojit ke sniZzeni aktivity U a sniZzeni jeho poi&imiho
dopadu na okolni prastdi.

Z&kladnim pedpokladem je iftomnost organické hmoty. Vyskyt
organické hmoty neznamena a priori zvySenou p@vdobnost
mobilizace radionuklid vlivem komplexace s organickymi ligandsi
vazl® na organické koloidy. filfomnost organické hmoty a procesy jeji
degradace fifspivaji gedevSim kudrZzeni redékiho prostedi, a to
zejména Vv horizontu jilovych sediménta pgrispivaji k imobilizaci U.
V daném pipact na lokalit piirodniho analogu Ruprechtov byla
prokazana stabilita forem uranu v redoimn prostedi jilovych sedimeiit

s organickou hmotou po vice neZz milion let. Naopakutno zdraznit
vyznam vlivu giirozeného C®na potencialni mobilizaci U v horninovém
prostedi.
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Introduction

The basic concept of deep geological disposal (D&Rpent nuclear fuel
(SNF) and high-levaladioactive waste (HLW) is to isolate the wasterfro
the human environmefdr the long term. To assess DGR long-term safety,
it is necessary to focus on the barrier functiothefsurrounding geological
environment, i.e. the host rock and adjacent/ovsglyock formations (e.g.
sedimentary rocks) in long time periods (100 0001tdMillion years).
Therefore, natural analogues can be used as &lsuitstrument for such
long time periods (Come and Chapman, 1986; McKinlE389; IAEA,
1989). Furthermore, Uranium, originating from buwwut- SNF fuel rod
material, is one of the most important radionudider a DGR long-term
safety analysis.

Considering the reasons, mentioned above, the Rljoe natural
analogue site with unique system of U accumulatioarganic matter —
clay— granite was thus used in order to study @m®e® that can potential
can slow down or immobilise the element within thek environment.

Aims of the study

The Thesis was intended to focus on study of peasem a natural system
that can be used to demonstrate issues importathdosafety assessment
of a deep geological repository (DGR). The workamntrated namely on
the processes of mobilisation and retention thatniiim, an important
DGR inventory element, can undergo within rockshwitay and organic
constituent, that can form possible cover of gramitassives, considered as
candidate host rocks.

Uranium forms and phases were studied in detaitorapanied by
groundwater sampling and analyses, natural ischmadyses in both solid
and groundwater samples, study of organic matterpoments, etc. The
study comprised both laboratory and in-situ workstlee Ruprechtov
natural analogue site (CZ). The activities, as ithpgut for the Thesis,
basically performed at Nuclear Research Instituez Ric. (NRI Rez),
included namely rock and groundwater sampling arahitaring, rock
characterisation, sequential extraction, and groamer geochemistry
evaluation. All the activities were performed clasmperation with GRS
Braunschweig, Helsinki University, FZK-INE Karlsrehand University
Krakow.

11



Material and methods

A multi disciplinary approach was undertaken inesrtb study Uranium
mobilisation/immobilisation processes within a seeintary clayey rock
with organic matter enriched interlayers.

Sedimentary rock samples(from clay/lignite and granite horizons) the
site were used for analyses in order to determintorhs in the rock,
sedimentary organic matter behaviour and potektiagtention scenarios.
Samples from clay/lignite horizon and samples frgmanite/kaoline
horizon were studied (Havlova et al., 2007).

Groundwater samplesfrom boreholes drilled on the site were used for
analyses of their composition, tracing natural peses within the
environment (Havlova et al., 2007).

The following methods were used:

Sequential extraction (SE Havlova et al., 2006; Denecke and Havlova,
2007; Havlova et al., 2007; Noseck et al., 2008a)

puX-ray fluorescence fi-XRF) and pX-ray absorption fine structure (p-
XAFS) —modern material surface analytical methods (FZK-:IMWEnecke

et al., 2005; Denecke and Havlova, 2007).

24/28 activity ratio (AR) measurements in sequential extraction
leachates and groundwater(in cooperation with Helsinki University,
Noseck et al., 2007; Suksi et al., 2006).

U(lV) and U(VI) state determination (wet chemical methgdHelsinki
University; Noseck et al., 2007).

Ground water analyses(Havlova et al., 2007; Noseck et al., 2009)

Stable isotope analysem groundwater (Havlova et al., 2007; Noseck et
al., 2009)

Results and discussion

Sequential extraction (SE) of uranium forms in seditary samples from
the Tertiary clay/lignite horizon proved that U migi prevailed in U(1V)
form in low-oxidised samples (Fig. 1). Sample agdioxidation) moves U
towards more easily accessible fractions that enibleasier mobilisation
and release.

12
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Fig. 1 Fractions (in %) of U in the sediment samplke (SE results). NA10 and
NA15A origin from kaolinized granite layers, the rest of the samples origin
from clayl/lignite horizon (Denecke and Havlova, 200).

Moreover, the result was confirmed by wet chemistgV)/U(VI)
analyses and modern spectroscopic methpddRF, u-XAFS); Noseck et
al., 2007; Denecke et al., 2006; Denecke and Hayl007). U(IV) can be
expected to be present predominantly in SE stepd45a(U in reduced
form and U in residual form). The activity ratioAR) **U/~%U
measurements differed significantly in the U(IV)dad(VI) phases, with
ratios <1 in U(IV) phase and ratios >1 in the U(\phase in nearly all
samples. They correlated well with AR measuremehSE leachates (see
Fig. 2). Low AR values for U decay chain memb&fs and**®U can be
only reached only if the rock system was stableafsufficiently long time
(here 1 Ma), i.e. any significant release of bulkid not appear (Noseck et
al., 2007.
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Fig. 2 U content (wt%) and Activity ratios in sequatial extraction leachates
for samples NA13 and NA14 (2007) (cf Fig. 7 v Nodeet al., 2008a).

pu-XRF, u-XAFS methods, combined with extended SE analyaealyses
of additional elements in SE solutions) proved thavas associated with
As and P, instead of Fe and S as expected. Thdtsrdsad to the
presumption that U(VI) from groundwater was reduced arsenopyrite
surfaces (see Fig. 3) which had been formed duediacing conditions in
the clay/lignite horizon (Denecke and Havlova, 2007
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Fig. 3 u-XRF distribution maps of total As, Fe andU for a 150*150 unf area
of a thin section of a sample from NA5, M. Deneckd;ZK INE. For details see
Denecke et al., 2005 and Denecke and Havlova, 2007)
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The hydrogeochemical evaluation and isotope anslys®ught more
detailed view onto results mentioned and incorgarahem into a broader
context of the site processes. The results thdsthe bases faronceptual
model of U mobilisation/immobilisation in the systen sediment — U —
organic matter — granite (see Noseck et al., 20082009)

Organic matter degradation was a microbial mediagtedess contributing
indirectly to U(VI) immobilisation into secondary (I¥) phases.
Sedimentary organic matter (SOM) within the seditagn layers was
microbially oxidised, releasing dissolved organiater (DOM) into
groundwater and providing protons to dissolve sediiary inorganic
carbon phases. The processes change isotopic cibimposf system
components. The oxidation agents (SCand NQ) were reduced.
Reduction of sulphate caused F&8mation. Dissolved As got sorbed onto
FeS, forming thin FeAsS precipitates. U(VI), releasemm the underlying
granite, was reduced to U(IV) on FeAsS surfaces esmtted with
phosphates (PP), produced by microbial SOM oxidation. Uranium
phosphates (ningyoite) were thus formed. Uraniumsteypredominantly in
the U(IV) state, stable and immobile. It was provbdt U(IV) mineral
phases stayed stabile for more than million ye@ms.the other hand,
presence of U(VI) in reducing groundwaters was iptssonly due to
complexation into carbonate complexes.

Conclusions

The results mentioned above bring important coutitim to the potential
use in a deep geological repository Safety Casdintmtary rock can
provide under certain circumstance a strong barffienction for
radionuclides, in this case for Uranium, potengialecreasing its activity
and reducing its potential impact to the environtnen

The key parameter is presence of organic matter ¢batributed to
maintaining reducing conditions in the clay/ligniésers. The presence of
organic rich horizons does not naturally mean iaseel mobilization of
radionuclide due to organic ligand complexation anganic colloid
formation. There is no indications for significddtanium release during
the last million years within reducing conditiont abay/lignite layers on
the Ruprechtov natural analogue site. Potentiduénice of natural CO
flux and its role in radionuclide complexation amigration in this case
must be stressed.
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