
FI9900130

POSIVA 99-24

Dissolution of unirradiated U02 fuel
in synthetic groundwater

-F ina l report (1996-1998)

Kaija Oll i la
VTT Chemical Technology

3 0 - 4 2

May 1 999

POSIVA OY

M i k o n k a t u 1 5 A , F I N - O O 1 O O H E L S I N K I , F I N L A N D

P h o n e ( 0 9 ) 2 2 8 0 3 0 ( n a t . ) , ( + 3 5 8 - 9 - ) 2 2 8 0 3 0 ( i n t . )

F a x ( 0 9 ) 2 2 8 O 3 7 1 9 ( n a t . ) , ( + 3 5 8 - 9 - ) 2 2 8 0 3 7 1 9 ( i n t . )



Posiva-raportti - Posiva Report Raponmiunnus-Report code
POSIVA 99-24

Mikonkatu 15 A, FIN-00100 HELSINKI, FINLAND Julkaisuaika-Date
Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30 M a y 1999

Tekija(t) - Author(s)

Kaija Ollila
VTT Chemical Technology

Toimeksiantaja(t) - Commissioned by

Posiva Oy

Nimeke-Title

DISSOLUTION OF UNIRRADIATED UO2 FUEL IN SYNTHETIC GROUNDWATER -
FINAL REPORT (1996-1998)

Tiivistelma - Abstract

This study was a part of the EU R&D programme 1994-1998: Nuclear Fission Safety, entitled
'Source term for performance assessment of spent fuel as a waste form'. The research carried out at
VTT Chemical Technology was focused on the effects of granitic groundwater composition and redox
conditions on UO2 solubility and dissolution mechanisms. The synthetic groundwater compositions
simulated deep granitic fresh and saline groundwaters, and the effects of the near-field material,
bentonite, on very saline groundwater. Additionally, the Spanish granite/bentonite water was used. The
redox conditions (Eh), which are obviously the most important factors that influence on UO2 solubility
under the disposal conditions of spent fuel, varied from strongly oxidizing (air-saturated), anaerobic
(N2, O2< 1 ppm) to reducing (N2, low Eh). The objective of the air-saturated dissolution experiments
was to yield the maximum solution concentrations of U, and information on the formation of
secondary phases that control the concentrations, with different groundwater compositions. The static
batch solubility experiments of long duration (up to 1-2 years) were performed using unirradiated
UO2 pellets and powder. Under anaerobic and reducing conditions, the solubilities were also
approached from oversaturation.

The results of the oxic, air-saturated dissolution experiments with UO2 powder showed that the
increase in the salinity (< 1.7 M) had a minor effect on the measured steady-state concentrations of U.
The concentrations, (1.2...2.5) • 10"5 M, were at the level of the theoretical solubility of schoepite or
another uranyl oxide hydrate, e.g. becquerelite (possibly Na-polyuranate). The higher alkalinity of the
fresh (Allard) composition increased the aqueous U concentration. Only some kind of oxidized U-
phase (U3O8-UO3) was identified with XRD when studying possible secondary phases after the contact
time of one year with all groundwater compositions. Longer contact times are needed to identify
secondary phases predicted by modelling (EQ3/6).

In the anoxic dissolution experiments with UO2 pellets, the solubilities of U in synthetic
groundwaters ranged from 9.6 • 10"'°... 3.5 • 10"8 M. The lowest concentrations (10"9M) were
measured in synthetic groundwaters with redox control (low Eh: -0.2...-0.3 V). The composition of
the groundwater had a minor effect. The solubilities measured in the oversaturation experiments were
generally in good agreement with the pellet experiments. A trend towards lower solubility was
observed with fresh (Allard) composition. According to the analyses with XRD, a weakly crystalline
UO2-U3O7 was precipitated with all compositions. In saline groundwaters, an impure U(IV)-oxide,
including possibly Sr or Ca, seemed to precipitate with the UO2-U3O7. The measured Eh values in the
anoxic experiments suggest that the presence of the U solid phase had a buffering effect on Eh.

Avainsanat - Keywords
UO2, solubility, dissolution mechanisms, batch experiments, synthetic groundwaters, oxidizing, reducing conditions

ISBN
ISBN 951-652-079-0

ISSN
ISSN 1239-3096

Sivumaara - Number of pages
44

Kieli- Language
English



i - POSJVa Report Raportin tunnus-Report code
POSIVA 99-24

Posiva Oy
Mikonkatu 15 A, FIN-00100 HELSINKI, FINLAND Julkaisuaika - Date
Puh. (09) 2280 30 - Int. Tel. +358 9 2280 30 Toukokuu 1999

Tekijä(t) - Author(s)

Kaija Ollila
VTT Kemiantekniikka

Toimeksiantaja(t) - Commissioned by

Posiva Oy

Nimeke-Title

UO2 POLTTOAINEEN LIUKENEMISMEKANISMTT SYNTEETTISESSÄ POHJAVEDESSÄ
- LOPPURAPORTTI (1996-1998)

Tiivistelmä - Abstract

Tämä tutkimus oli osa EU:n tutkimusohjelmaa (Nuclear Fission Safety) vuosina 1994-1998:
'Source term for performance assessment of spent fuel as a waste form'. VTT Kemiantekniikassa
suoritettu tutkimus keskittyi UO2-polttoaineen liukoisuuteen ja liukenemismekanismeihin synteettisissä
graniittipohjavesissä erilaisissa hapetus/pelkistys (redox) olosuhteissa. Pohjavesien koostumukset
jäljittelivät syvää makeaa ja suolaista pohjavettä. Lähialuevesi jäljitteli bentoniitin vaikutuksia erittäin
suolaiseen pohjaveteen. Lisäksi mukana oli espanjalainen graniitti/bentoniitti-pohjavesi. Redox-
olosuhteet (Eh), jotka ovat todennäköisesti tärkein UO2:n liukoisuuteen käytetyn polttoaineen
loppusijoitusolosuhteissa vaikuttava tekijä, olivat: 1) voimakkaasti hapettavat (ilmakyllästetyt),
2) anaerobiset (N2, O2 < 1 ppm) ja 3) pelkistävät (N2, matala Eh). Hapellisissa olosuhteissa suoritettujen
kokeiden tarkoituksena oli mitata uraanin maksimipitoisuudet eri pohjavesissä, ja saada tietoa
liukoisuutta rajoittavista kiinteistä faaseista. Staattiset (batch) pitkäkestoiset (1-2 vuotta) liukoisuus-
kokeet suoritettiin käyttäen kiinteänä faasina säteilyttämätöntä UO2-polttoainetta pelletti- ja
jauhemuodossa. Anaerobisissa ja pelkistävissä olosuhteissa liukoisuutta tutkittiin myös saostuskokeilla,
joissa liukoisuustasapainoa lähestytään ylikyllästystilasta.

Hapellisten UO2-jauheen liukenemiskokeiden tulokset osoittivat, että pohjaveden suolaisuuden
kasvulla (I<1,7M) oli vähäinen vaikutus mitattuihin uraanin pitoisuuksiin kyllästymistilassa (steady-
state). Kun mitattuja pitoisuuksia verrattiin teoreettisten liukoisuuksien (EQ3/6) kanssa, olivat ne lähellä
uranyylioksidihydraattien (schoepiitti, becquereliini) tai Na-polyuranaatin liukoisuusarvoja. Makean
pohjaveden (Allard) korkeampi alkaliniteetti kasvatti liuennutta pitoisuutta. Tutkittaessa UO2:n
liuetessa mahdollisesti saostuvia, sekundaarisia uraanin liukoisuutta rajoittavia kiinteitä faaseja X-
diffraktometrialla vuoden koeajan jälkeen identifioitiin vain hapettunut U-faasi (U3O8-UO3). Tarvitaan
todennäköisesti pitkiä, usean vuoden koeaikoja, että mallinnuksen ennustamia kiinteitä faaseja voidaan
identifioida.

UO2-pellettien hapettomissa liukenemiskokeissa uraanin liukoisuudet synteettisissä pohjavesissä
vaihtelivat: 9,6 • 10"10 ... 3,5 • 10'8M. Matalimmat pitoisuudet mitattiin (10'9M) vesissä, joissa Eh oli
säädetty matalaksi (-0,2...-0,3 V). Pohjaveden koostumuksella oli vähäinen vaikutus. Ylikyllästys-
kokeissa mitatut liukoisuudet tukivat pellettikokeiden tuloksia. Makeassa pohjavedessä liukoisuus laski
jonkin verran. Kaikissa pohjavesissä saostui X-diffraktometria-analyysien mukaan heikosti kiteinen
UO2-U3O7. Suolaisissa pohjavesissä jokin epäpuhdas, mahdollisesti Sr:ia tai Ca:ia sisältävä U(IV)-oksidi
näytti saostuvan UO2-U3O7:n lisäksi. Hapettomissa kokeissa suoritetut redox-mittaukset viittaavat siihen,
että kiinteällä U-faasilla on Eh:ta puskuroiva vaikutus.
Avainsanat - Keywords

UO2, liukoisuus, liukenemismekanismit, batch-kokeet, synteettiset pohjavedet, hapettavat, pelkistävät olosuhteet

ISBN

ISBN 951-652-079-0
ISSN

ISSN 1239-3096
Sivumäärä - Number of pages

44
Kieli - Language

Englanti



FOREWORD

Within the European Commission Nuclear Fission Safety Program (1994-1998), the
research project 'Source term for performance assessment of spent fuel as a waste form'
(Contract No. F14W - CT95 - 0004) has been jointly carried out by Forschungszentrum
Karlsruhe, (FZK.INE, Germany), Empresa Nacional de Residuos Radioactivos
(ENRESA, Spain), Commissiariat a 1' Energie Atomique, Direction du Cycle du Com-
bustible, Service de Confinement des Dechets (CEA/Valrho, France), Freie Universitat
Berlin, FB Chemie (FU, Germany), Institute for Transuranium Elements (JRC-ITU,
Germany), Studiezentrum voor Kernenergie, Waste & Disposal (SCK.CEN, Belgium),
Studsvik Material AB, (STUDMAT, Sweden) and Technical Research Centre of Fin-
land, Chemical Technology (VTT, Finland). B. Grambow from Forschungszentrum
Karlsruhe was the co-ordinator of the project. The Finnish studies were funded by the
European Commission and Posiva Oy. The contact persons for Posiva Oy were Margit
Snellman and Jukka-Pekka Salo. The contact person for VTT Chemical Technology was
Kaija Ollila.



TABLE OF CONTENTS

page

Abstract
Tiivistelma
Foreword

1 INTRODUCTION 3

2 METHODS OF EXPERIMENTS 4
2.1 Materials 4
2.2 Synthetic groundwaters 4
2.3 Redox conditions 5
2.4 Dissolution procedure 7

2.4.1 Dissolution experiments with UO2 pellets and UO2 powder 7
2.4.2 Precipitation experiments 8

2.5 Analytical methods 9

3 RESULTS AND DISCUSSION 11
3.1 Comparison of steady-state solution concentrations of U

in various groundwaters under oxidizing conditions 11
3.2 Solubility of UO2 under anoxic conditions 18

3.2.1 Dissolution experiments with UO2 pellets 19
3.2.2 Precipitation experiments 29

4 SUMMARY 32

5 REFERENCES 34

6 ACKNOWLEDGEMENTS 36

APPENDIX 1: Compositions of the synthetic groundwaters 37
APPENDIX 2: The experimental conditions of the oxic dissolution experiments 38
APPENDIX 3: The experimental conditions of the anoxic dissolution experiments....39
APPENDIX 4 ...8: X-ray diffraction patterns 40-44



1 INTRODUCTION

The spent fuel from Finnish nuclear power plants is planned to be disposed of in a re-
pository to be constructed at a depth of about 500 meters in crystalline granitic bedrock.
Under reducing conditions normally prevailing in deep granitic groundwater, UO2 (or
U4O9), which is the main component of the spent fuel, is the stable uranium solid and
has a very low solubility or dissolution rate. Under disposal conditions the stability of
spent fuel depends on the near-field chemical conditions, the effects of radiolysis (a),
canister materials (steel, copper) and their corrosion products, the backfill materials
(bentonite) and the composition of the groundwater. The solubility and dissolution rate
of UO2 are strongly affected by the redox conditions, especially by the availability and
the nature of oxidants from a-radiolysis. The composition of granitic groundwater,
which will come into contact with spent fuel, depends on the geological formation and
the interactions with bentonite.

This work is a part of the EU R&D programme 1994-1998: Nuclear Fission Safety, en-
titled 'Source term for performance assessment of spent fuel as a waste form'. The re-
search carried out at VTT Chemical Technology was focused on the effects of granitic
groundwater composition (saline, fresh) and redox conditions on UO2 solubility and dis-
solution mechanisms. The effects of near-field materials, bentonite and metallic iron
were also studied. The experimental studies were performed using unirradiated UO2
fuel, both in pellet and powder form.

This report presents the results obtained from solubility experiments of unirradiated
UO2 pellets and UO2 powder in various synthetic groundwaters. The saline (OL-SO,
OL-SR) and fresh (Allard) groundwaters were reference groundwaters used in the ex-
perimental and theoretical studies within the site investigations for spent fuel disposal in
Finland. The Spanish granite/bentonite groundwater (by Ciemat) simulated the effects of
bentonite on Spanish granitic groundwater. The near-field groundwater simulated the
effects of bentonite on very saline groundwater. Redox conditions included oxidizing
(air-saturated), anaerobic (N2, O2 < 1 ppm) and reducing (N2, low Eh) environments.
The low-Eh conditions were maintained by the addition of reducing species, S(-II),
Fe(II) or metallic Fe, to synthetic groundwater prior to the start of the experiments. The
solubilities under anaerobic and reducing conditions were also approached from over-
saturation in the precipitation experiments. A comparison of the experimental data was
made with the solubilities calculated using the geochemical code EQ3/6 in order to
evaluate solubility-limiting (steady state) factors.



2 METHODS OF EXPERIMENTS

2.1 Materials

Unirradiated, sintered polycrystalline UO2 pellets and UO2 powder were used in the ex-
periments. The pellets had an average mass of 4.8 grams and a geometrical surface of
3.3 -lO^m2. A predissolution in synthetic groundwater was carried out for the pellets
both under oxic and anoxic conditions, in an attempt to remove a more soluble pre-
oxidized layer that might have been present on the surface due to the earlier manipula-
tion of the pellets in air.

UO2 powder (made by ABB Atom, Sweden) had a particle size of 0.7 um, which results
in a high specific surface area of 5.4 m2/g (BET-method). The composition ratio, O/U,
was 2.10 (gravimetric method). The powder had been treated with a mixture of nitrogen
and air in order to stabilize it against spontaneous oxidation.

Metallic iron was added as iron chips (Baker Chemicals, reducing power as Fe
100.3 %).

2.2 Synthetic groundwaters

Four types of synthetic groundwaters were used in the experiments. Appendix 1 gives
the compositions.

The fresh Allard groundwater (1= 0.0045 M) is the reference groundwater for fresh
groundwater conditions at great depths in granitic bedrock /Allard etal. 1981/. The
composition was modified due to the stability problems of the original Allard ground-
water both under air-saturated conditions and in N2 atmosphere /Vuorinen and Snellman
1998/. The Ca, Mg, Si and carbonate contents were lowered in order to prevent the pre-
cipitation of calcite and silicate phases, and the loss of carbonate from solution.

The saline groundwater (1= 0.5 M) represents the saline groundwater found at a depth of
600 m in granitic bedrock. The composition was based on groundwater studies within
the site investigations for spent fuel disposal in the Olkiluoto area. The saline Na-Ca-Cl
water has a low alkalinity. The composition of the synthetic water was planned for air-
saturated (OL-SO) and anoxic (N2 atmosphere) conditions (OL-SR) with the help of
EQ3/6 modelling and stability tests /Vuorinen et al. 1997/.

The saline granite/bentonite groundwater (1= 0.25 M) by Ciemat (Spain) simulates the
effects of bentonite on Spanish granitic groundwater /Martinez et al. 1996/. This syn-
thetic groundwater has a high NC>3~ content (110 mg/1) compared with all the other
groundwaters (Appendix 1).

The very saline near-field groundwater (1= 1.7 M) simulates the effects of bentonite on
very saline groundwater. It is a Na-Ca-Cl water with a low alkalinity. The composition
of this near-field groundwater was based on measured laboratory data on a bento-
nite/saline groundwater interaction /Muurinen et al. 1998/. The outset was the very sa-
line groundwater (TDS 67 g/1) obtained within the site investigations for spent fuel dis-
posal in the Olkiluoto area in 1997 from a depth of 861-866 m.



2.3 Redox conditions

The redox conditions included:

1) oxic, air-saturated conditions (po2 = 0.2 atm, pco2 = 0.0003 atm)

2) anoxic conditions:

- anaerobic conditions (N2 atmosphere, O2 < 1 ppm, CO2 ~ 0.1 ppm)

- reducing conditions (N2 atmosphere, low Eh, CO2 « 0.1 ppm)

The oxic experiments were carried out in polyethylene bottles. The bottles were kept
loosely closed during the dissolution periods in order to allow equilibrium with air in
the aqueous phase.

The anoxic conditions of deep groundwater were simulated in an anaerobic glove box
(Mecaplex, Braun) filled with nitrogen (adsorbers for O2 and CO2 : Cu catalyst and mo-
lecular sieve, respectively). The pellets were immersed in deaerated (with N2) synthetic
groundwater in polyethylene bottles inside the glove box. The oxygen concentration in
the atmosphere of the box normally stayed below 1 ppm (0.1...0.5 ppm). The carbon di-
oxide content was low, « 0.1 ppm /Vuorinen et al. 1997/. The experimental vessels were
kept tightly closed during the experiments.

An important parameter to be considered is the Eh of the aqueous phase. Under anaero-
bic (N2) conditions, it may vary from slightly oxidizing to reducing depending on the
composition of the gas phase (trace O2, H2) and the composition of the aqueous phase.
The complex formation of uranium with carbonate probably affects the relative stabil-
ities of the oxidation states. This makes U(VI) stable in a more reducing redox regime
than in the absence of carbonate, increasing solubility /SKI Project 1991/. Earlier UO2
dissolution studies in synthetic groundwater (Allard) in N2 atmosphere in the absence of
reducing species have shown that dissolved uranium was mainly (> 90 %) at
the U(VI) state /Ollilaetal. 1996/. Obviously, the trace oxygen content in the atmos-
phere of the box was enough to cause slightly oxidizing conditions for uranium. The
steady-state concentration of uranium was nevertheless low (2 • 10" M).

The earlier tests in Allard and saline groundwater /Vuorinen et al. 1997/ have shown
that lower Eh values can be achieved by the addition of reducing species, Fe(II), S(-II),
typically present in natural groundwaters, or metallic Fe to synthetic deaerated ground-
water. The Eh values in the presence of 1 ppm Fe(II) or 1-5 ppm S(-II) ranged from
-300 ... -200 mV. The Eh value for deaerated synthetic groundwater in the absence of
redox species fluctuates. Values from -20 ... +175 mV have been measured for synthetic
groundwater samples after the equilibration for short periods (^ 1 month) in the glove
box. During longer periods in the box a trend towards lower Eh was observed.

The stability of the water chemistry (pH, Eh, S(-II), Fe(II)) in the experiments, as well as
in parallel groundwater samples without UO2 pellets, was followed during long dissolu-
tion periods (up to 300 days). Figure 2-1 gives the measured Eh and pH values as a
function of time in a parallel sample of saline groundwater with 3 ppm S(-II) during a
follow-up period of 600 days. A platinum electrode (Yokogawa) was used as the redox
electrode in combination with an Ag/AgCl reference electrode (Yokogawa). The refer-
ence electrode is filled with a gelled electrolyte solution. The sulphide content decreased



rapidly after the addition to synthetic groundwater, probably by reacting with trace oxy-
gen left in the solution after deaeration with N2, but remained rather stable after that, see
Table 2-1, which gives the average values and deviations of all the S(-II) and Fe(II) de-
terminations, as well as of the Eh/pH measurements carried out during the dissolution
experiments (0...300 days) in different aqueous phases. The determination of S(-II) was
made using a standard spectrophotometric method (SFS 3038), while the determination
of the ferrous iron was made by a ferrozine method /Dimmock et al. 1979/. The stability
of redox conditions in synthetic groundwaters with S(-II) was also shown by the Eh and
pH measurements. The scatter in the measured Eh was small, whereas in synthetic
groundwater with Fe(+II) as reducing species, there is more scatter in the measured Eh
values.

Table 2-1. The stability of water chemistry during the UO2 dissolution experiments
in saline andAllard (modif.) groundwaters under anoxic conditions.

Redox species
addition

1 ppm S(-II)

3 ppm S(-II)

5 ppm S(-II)

1 ppm Fe(+II)

Saline
S(-II)orFe(+II)

[ppm]

0.46 ± 0.04

1.99 ±0.14

3.69 ±0.11

0.87

Saline
Eh [mV]

pH

-216 ± 5
8.69 ±0.07

-265 ±17
9.22 ± 0.06

-281 ± 16
9.56 ± 0.07

-138 ±68
8.05 ± 0.08

Allard (modif.)
S(-II) or Fe(+II)

[ppm]

0.59 ± 0.02

2.01 ±0.11

3.39 ±0.12

0.16 ±0.04

Allard (modif.)
Eh [mV]

pH

-235 ± 16
9.08 ±0.06

-275 ± 8
9.35 ± 0.06

-297 ±10
9.45 ± 0.04

-318 ± 114
8.79 ±0.08

-200

5

LU

200 400

days

10.0

600

X
Q.

Figure 2-1. The measured Eh and pH values in a parallel sample of saline ground-
water with 3 ppm S(-II) during a follow-up period of 600 days under anaerobic condi-
tions.



2.4 Dissolution procedure

2.4.1 Dissolution experiments with UO2 pellets and UO2 powder

The method of the dissolution experiments, both under oxic and anoxic conditions, was
a static batch dissolution procedure. UO2 pellets or a UO2 powder was immersed in
equilibrated synthetic groundwater in polyethylene bottles. The ratio of UO2 surface area
to water volume (S/V) was 0.66...19.8 m"1 (geometric surface area) in the experiments
with pellets, and 1 000 m'1 (specific surface area by BET) in the experiments with pow-
der. The amount of uranium, which was released into the aqueous phase, was followed
by taking small aliquots (0.5...2 ml) periodically for further analysis of uranium. These
aliquots were replaced with fresh water which had a similar composition, in order to
keep the water volume the same. The concentrations of uranium in unfiltered and micro-
filtered samples (0.45 urn pore size) were analyzed. Ultrafiltration was performed in
selected samplings with filters, which had a 50 000 molecular weight cut-off (~ 3.2 nm
pore size). The dissolution experiment was continued until a steady state for uranium
concentration was reached.

For the experiments under anaerobic conditions, synthetic groundwaters were made by
diluting from pre-prepared deaerated stock solutions in the glove box. In the case of
more saline groundwaters (saline, near-field, see App. 1) the Na- and Ca-chlorides were
dissolved in deionized water under atmospheric conditions. The solution was deaerated
with N2, and transferred into the glove box, which was followed by the pipetting of the
rest of the components from stock solutions. The pH was adjusted with 0.01 M NaOH
or HC1. The synthetic groundwaters were allowed to equilibrate after preparation for at
least one week. The pH was readjusted if necessary. The redox species were added to
the equilibrated groundwaters from stock solutions (Na2S • 9H2O or FeCk • 4H2O in
deionized water) in the glove box. The synthetic groundwaters with S(-II) or Fe(II) were
allowed to stabilize for a couple of weeks after the addition of reducing species. The ex-
perimental conditions of the dissolution experiments with UO2 pellets and UO2 powder
performed in oxic and anoxic conditions are listed in Appendices 2 and 3, respectively.

Prior to the start of the dissolution experiments, a predissolution was carried out for the
pellets in an attempt to remove a more soluble preoxidized layer that might have been
present on the surface of the UO2 pellets. Predissolution was carried out for both oxic
and anoxic experiments. The pellets were immersed in aerated or in deaerated synthetic
groundwater in the glove box, respectively, with water compositions similar to those
used later in the dissolution experiments. The water was changed every two days for 2
weeks. The amount of uranium released into the water phase per day was measured. The
dissolution rate of U decreased during this predissolution period by 1-1.5 orders of
magnitude showing the presence of a preoxidized surface layer, see Figure 2-2, which
shows the dissolution rates of U in saline groundwater during the predissolution period
under anaerobic conditions. The rates were calculated per specific surface area, which
was based on the BET determination made by Universitat Politecnica de Catalunya
(UPC)/de Pablo 1997/.
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Figure 2-2. Dissolution rates of uranium from UO2 pellets during the predissolution
period in saline groundwater under anaerobic conditions (N2) (filled symbols: S/V=

-1 -16.6 m" , open symbols: S/V= 19.8 m" ) .

2.4.2 Precipitation experiments

The method in the precipitation experiments was as follows. All solutions were made up
and handled in N2 atmosphere in the glove box. The U(IV) stock solution (~ 0.56 M)
was prepared by dissolving U(IV)C14 (anhydrous, Strem Chemicals) in 1 M HC1. Earlier
tests have shown that U(IV) is stable in 1 M HC1 under anaerobic conditions
(O2 < 1 ppm) for several months at least /Ollila 1996/.

Just before the initiation of the experiments, the U(IV) stock solution was diluted with
deaerated deionized water. An aliquot of this solution, U(IV) in 0.1 M HC1, was added
to synthetic groundwater. The precipitations were performed with fresh (modif. Allard),
saline and very saline (near-field) compositions (App. 1). The final uranium concentra-
tion was approximately 0.56 mM. The pH was immediately readjusted with NaOH.
Upon pH adjustment dark-green precipitates were observed in modified Allard and sa-
line groundwaters. In near-field groundwater, the colour of the precipitate was different,
light-green.

After this, the precipitates in synthetic groundwaters in the experimental vessels were
allowed to equilibrate for periods of different length (7 ... 50 days). At the end of the
equilibration periods, the supernatant solution was sampled by syringe, filtered (0.45 urn
pore size) and analyzed for uranium (ICP-MS). Ultrafiltration was made after selected
periods using filters with a 50 000 molecular weight cut-off (~ 3.2 nm pore size). Addi-
tionally, in the experiments of Allard groundwater the U concentration was followed
during the ageing of the solid phase after precipitation. The solid phase was analyzed
with X-ray diffractometry at the end of the selected periods. The sample of the solid
phase on filter (or on glass slide) was enclosed in a vessel in the glove box and was
transferred in a tightly-closed vessel to the Geological Survey of Finland. The vessel



was not opened until just before the diffraction measurement. Contact with air during
the diffraction measurement could not be avoided. Table 2-2 gives the conditions of the
precipitation tests. The pH/Eh values were measured in the presence of U precipitates
after the ageing time of 7 ... 45 days. The length of the ageing time did not seem to have
effect on the measured values. The measured Eh was influenced by the U precipitates.
This is discussed more in the connection of the results.

Table 2-2. The experimental conditions of the precipitation experiments.

Synthetic groundwater
(see App.l)

modified Allard

modified Allard, 3 ppm S(-II)

modified Allard, met. Fe

saline

saline, 3 ppm S(-II)

saline, met. Fe

very saline near-field

very saline near-field, 3 ppm S(-II)

very saline near-field, met. Fe

pH

8.8

9.2

9.0

8.3

9.2

8.4...8.8

7.5

7.5

7.6...8.0

Eh
measured

[V]

-0.25...-0.30

-0.27...-0.34

-0.45

-0.30

-0.31

-0.47

-0.31

-0.33

-0.48

2.5 Analytical methods

The uranium contents in the aqueous phase were analysed by ICP-MS. In Allard
groundwater, the detection limit with the conventional nebulization method is low,
8.4-10 M. The sensitivity of this method is lowered by the salinity of synthetic
groundwater. The sensitivity can be improved using a high efficiency sample nebuliza-
tion device (Mistral). The detection limit of uranium in saline groundwater (1= 0.5 M) is
2-10"10 M with Mistral. There were, moreover, practical difficulties in using Mistral for
the saline groundwater samples, especially in the case of very saline near-field ground-
water (1.7 M), because of the blocking of the tubes.

For this reason a method for uranium separation, similar to the one used for U(VI) sepa-
ration when analyzing U oxidation states /Ollila 1996/, was tested, and used for the sa-
line and near-field groundwater samples in the precipitation experiments. An anaerobic
sample was first allowed to aerate in order to oxidize the U(IV) in the sample. A known
amount of 233U was added to the sample for the yield determination. After this, the sam-
ple was acidified with HC1 to form chloride complexes of uranium. Hussonnois et al.
/1989/ have concluded that U(VI) is fixed at 100 % on the anionic resin with 4.5 M HC1
medium. Subsequently, the U(VI) was recovered by elution with 0.1 M HC1. Finally, the
concentration of uranium was determined with ICP-MS. The detection limit in 0.1 M
HC1 was at the same level as in Allard groundwater.
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The oxidation state of uranium in the anoxic dissolution experiments was determined
using a method based on the separation of the tetravalent and hexavalent states by an-
ion-exchange chromatography in HC1 medium /Hussonnois et al. 1989, Ollila 1996/.
Afterwards, the uranium contents of each of the fractions were measured with ICP-MS.

A platinum electrode (Yokogawa) was used as the redox electrode in combination with
an Ag/AgCl reference electrode (Yokogawa).

The crystallization of precipitates was analyzed using X-ray diffractometer (XRD). The
measurements were performed at the Geological Survey of Finland.
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3 RESULTS AND DISCUSSION

3.1 Comparison of steady-state solution concentrations of U in vari-
ous groundwaters under oxidizing conditions

Under oxidizing conditions, UO2 is not thermodynamically stable. The oxidation of UO2
leads to the formation of progressively higher oxidation states of uranium and an oxi-
dized surface layer with a composition of UO2+X, where 0 < x < 1. The UO2/UO2+X ma-
trix is unlikely to achieve a solubility limit. The system will evolve to form thermody-
namically stable secondary phases. The formation of these alteration products depends
on the composition of the groundwater. The solubility of the uranium increases until
saturation with respect to the alteration product is reached.

A general result from the dissolution experiments with spent fuel and unirradiated UO2
pellets performed in the presence of atmospheric oxygen is that the solution concentra-
tion of the uranium attains a steady state after a certain time period /Forsyth and Werme
1992, Grambow 1989/. In previous dissolution experiments with unirradiated UO2 pel-
lets in synthetic granitic groundwater by Allard /1981/ under air-saturated conditions,
a constant value for the solution concentration of the uranium was reached after a 500-
days'-period at a concentration of (1 - 2 ) • 10"5 mol/1 /Ollila 1995/, which is in good
agreement with the results of the spent fuel dissolution experiments by Forsyth and
Werme /1992/. The measured data in Allard groundwater is difficult to correlate with
the solubility calculated assuming chemical equilibrium. It has previously been observed
in evaluating solubility-limiting (steady-state) factors, that, assuming a redox potential
controlled by the U3O7/U3O8 equilibrium, a good agreement could be obtained between
the calculated and measured data /Grambow 1989, Forsyth and Werme 1992, Ollila
1995/. A low S/V ratio (1.8 m"1, geometric) was used in those experiments. In the dis-
solution experiments with UO2 powder using a higher S/V, schoepite and a uranyl sili-
cate (possibly sodium boltwoodite) were identified as secondary phases in air-saturated
Allard groundwater /Ollila and Leino-Forsman 1993/. The surface of the UO2 powder
was oxidized in air prior to the initiation of these experiments, which may have had an
effect on the dissolution mechanisms. In synthetic bentonite groundwater, which simu-
lates the effects of bentonite on fresh granitic groundwater /Snellman 1986/, a steady
state was at the level of the solubilities of uranyl silicates (1 • 10"6 mol/1) at low S/V. No
secondary phase of U was identified. In deionized water, the corresponding steady-state
value was (3 - 5 ) • 10" mol/1, which is close to the calculated solubility of schoepite
/Ollila 1995/.



12

1.0e-4

o

1.0e-5

Schoepite (EQ3/6)
comU
pH8.3
pO2= 0.2 atm

U3O7/U3O8 (EQ3/6)
comU
pH 8.3, pO2= 0.2 atm

steady-state concentration
in earlier UO2 pellet tests
/Ollila 1995/

100 200 300

Time [days]

400

Figure 3-1. Uranium concentration vs. contact time in air-saturated Allard sround-
waters during dissolution of UO? powder, S/V= 1 000 m1 (filled symbols: Allard
groundwater /Allard et al. 1981/, open symbols: modified Allard groundwater
/Vuorinen and Snellman 1998/, see App. 1). The dashed lines show the theoretical ura-
nium solubilities in equilibrium with the marked phases (comU= Data.0.com.R2
/Wolery 1992/).

The main objective of the dissolution experiments with UO2 powder (S/V= 1 000 m"1)
and UO2 pellets (S/V= 0.66, 1.98 and 19.8 m"1) was to obtain information on the maxi-
mum solution concentrations of uranium and on the secondary alteration products that
possibly control the uranium concentration in solution. Several parallel dissolution tests
with UO2 powder were initiated in order to study the solid phases at the different stages
of dissolution reactions.

UO2 powder was allowed to remain in contact with synthetic groundwater for different
time periods. The solid phases were analyzed at the end of the periods. In one experi-
ment in each of the groundwaters, the evolution of the uranium concentration was fol-
lowed vs. contact time. The contact time in these experiments was 350 days. The dura-
tion of the experiments with UO2 pellets was 700 days.

Figure 3-1 gives the measured uranium concentrations vs. contact time in Allard
groundwaters under air-saturated conditions. The modification of the composition of the
original Allard groundwater /Allard et al. 1981/, which was done due to the stability
problems shown by modelling /Vuorinen and Snellman 1998/, does not seem to have
any effect on dissolution by the end of the experimental time. The main reason for the
modification was the oversaturation with respect to calcite. Hence the Ca+ and HCO3~
contents were lowered (see App. 1). The filtration with membranes of 12 000 molecular
weight cut-off (~ 2 nm pore size) did not have an influence on the measured U contents.
The pH remained stable during the experiments (App. 1).

At the early stages of dissolution, the uranium concentration increases linearly. The dis-
solution rate calculated per specific surface area is (1.2 ± 1.1) • 10,-6 molm'2 d'1. After
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~ 20 days the dissolution rate slowed down, but the uranium concentration continued to
increase until the end of the experimental time. The dissolution rate remained un-
changed after 20 days, being (2.1 ± 1.0) • 10'7 mol m~2 d"1.

The reference lines in Figure 3-1 present the theoretical solubilities of some uranium
solid phases, which were calculated with the EQ3/6 code (Version 7.2b) using the
DataO.com.R2 thermodynamic database by Lawrence Livermore National Laboratory
/Wolery 1992/. This composite data file includes the compilation of thermodynamic
data for uranium minerals, aqueous species and gases evaluated by the Nuclear Energy
Agency /Grenthe et al. 1992/. The formation of uranyl oxide hydrates, e.g. schoepite or
becquerelite, is predictable at the early stages of dissolution. Schoepite is thermody-
namically stable in water with low activities of dissolved Ca and silica /Bruno et al.
1995, Finch and Ewing 1992/. The thermodynamic data for becquerelite has not been
included in the DataO.com.R2. The uranium concentration still increases slowly after the
experimental time of one year. It is below the theoretical solubility of schoepite. The
steady state in the earlier experiments in Allard groundwater /Ollila 1995/ at considera-
bly lower S/V (1.8 m"1, geometric) seemed to stabilize at a lower level, which was close
to the uranium solubility at the U3O7/U3O8 redox potential, see Figure 3-1. A very
slowly increasing trend was observed in those experiments until the end of the experi-
mental time (2000 days). Longer duration and possibly higher S/V tests are needed to
confirm the steady state value.

In saline and Spanish granite/bentonite groundwaters, the U concentration attained a
steady state after 80-100 days, Figure 3-2. The main differences of these groundwaters
compared with Allard groundwater were the lower HCO3~ content, lower pH and higher
ionic strength (see App. 1). The steady state in saline groundwater is somewhat higher
than the theoretical solubility of schoepite. The formation of another uranyl oxide hy-
drate, becquerelite, Ca(UO2)6C>4(OH)6 • 8 H2O, is favourable with this composition due
to the high Ca2+ content. Grambow/1998/ has calculated the solubility of becquerelite
using a database valid for high ionic strengths (Pitzer coefficients). The solubility of
becquerelite is at the same level as the solubility of schoepite. Similar solubility is ob-
tained for Na-polyuranate (Na2U2C>7). In Spanish granite/bentonite groundwater, the
steady state was attained at the U concentration close to schoepite/becquerelite solubil-
ity, Figure 3-2. In the highly saline Na-Ca-Cl near-field groundwater (1= 1.6 M), there is
a decreasing trend towards the end of the experimental time, Figure 3-3. The U concen-
tration is close to the solubility of schoepite (or becquerelite).

In addition to the experiment with UO2 powder (S/V= 1 000 m'1), three series of disso-
lution experiments with UO2 pellets using different S/V ratios, 0.66, 1.98 and 19.8
m"1 (based on geometric surface area) were performed in synthetic saline groundwater
under air-saturated conditions. Figure 3-4 summarizes the results of all these experi-
ments. In the experiments with UO2 pellets and hence lower S/V, long experimental
times are needed to reach steady states. The uranium concentration levelled out only in
the experiment with UO2 powder (Figure 3-2). At the highest S/V (19.8 m"1) with pel-
lets, the uranium concentration increases rapidly in the beginning, the dissolution rate
being (7.4 + 5.3) • 10"7 mol m"2 d"1 (< 60 days), which is followed by a slower increase.
The decrease in U release may result from the formation of alteration products. The dis-
solution rate after 60 days is (1.3 ± 0.7) • 10"7 mol m'2 d"1.
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Figure 3-2. Uranium concentration vs. contact time in air-saturated saline (upper
figure), and Spanish sranite/bentonite sroundwater (lower fisure) during dissolution of
UO? powder, S/V= 1 000 m'1 (filled symbols: unfiltered samples, open symbols: filtered
samples, 12 000 M). The dashed lines show the theoretical solubilities of schoepite
(comU= DataO.com.R2 /Wolery 1992/).
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Figure 3-3. Uranium concentration vs. contact time in air-saturated near-field
sroundwater during dissolution of UO7 powder, S/V= 1 000 m'! (filled symbols: unfil-
tered samples, open symbols: filtered samples, 12 000 M). The dashed line shows the
theoretical solubility of schoepite (comU= DataO.com. R2 /Wolery 1992/).
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Figure 3-4. Uranium concentration vs. contact time in air-saturated saline sround-
water in the experiments with different S/V. The measured data at each S/V is for two
parallel experiments.
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The rates were calculated based on the specific surface area (0.00019 m2/g /de Pablo
1997/). At lower S/Vs, 1.98 and 0.66 m"1, the U release remains high until the end of the
experimental time, at (1.0 ±0.4) • 10'6and (1.2 ±0.4) • 10"6molm"2d'', respectively.
The U release rate per surface area unit in the experiment with UO2 powder is
(3.4 ± 0.5) • 10"7 mol m"2 d"1, which is at the same level as the slower rate with UO2
pellets at the highest S/V.

An attempt was made to experimentally identify possible secondary alteration products
during dissolution of UO2 powder. The separation of UO2 powder from aqueous solu-
tions was performed by filtration using ultrafiltration membranes with 300 000 molecu-
lar weight cut-off (~ 18.2 run pore size). The powder on the filter membrane was ana-
lyzed with X-ray powder diffractometry. The analyses were made after the contact times
of 200, 300 days and 1 year in Allard, modified Allard, saline and Spanish gran-
ite/bentonite groundwaters, and after the contact times of 160 and 225 days in near-field
groundwater. After 200 and 300 days, no secondary phases were found in any of the
synthetic groundwaters. The X-ray diffraction patterns showed only the major UO2
peaks, see App. 4, which shows the diffraction patterns obtained from the UO2 powder
samples after a contact time of 200 days. After a contact time of 1 year in Allard, modi-
fied Allard, saline and Spanish groundwaters, the diffraction patterns showed weak
peaks of a higher uranium oxide, U3O8 - UO3, App. 5. No schoepite or other uranyl ox-
ide hydrates were found. In near-field groundwater, the contact time was shorter. No
secondary phases were found by the end of the experimental time.

Table 3-1 gives a comparison of the steady-state uranium concentrations and dissolution
rates for various groundwater compositions under air-saturated conditions. The dissolu-
tion rates have been given per specific surface area.
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Table 3-1. Measured steady-state solution concentrations and dissolution rates of U
in the dissolution experiments with UO2 in various groundwaters under oxic (air-
saturated) conditions.

Material/
groundwater
composition

UO2 powder/
Allard, fresh

UO2 powder/
mod. Allard,

fresh

UO2 powder/
saline

UO2 pellets/
saline

UO2 powder/
Spanish

granite/bentonite

UO2 powder/
very saline
near-field

Ionic
strength

0.0045

0.0035

0.50

it

0.25

1.7

pH

8.4

8.4

7.0

7.5

6.8

[HCO3I

mmol/I

2.00

1.50

0.16

0.44

0.14

Uranium
concentration

mol/I

increasing
(no steady state
after 350 days)

(2.5 ±0.1)- lO"5

increasing
(no steady state
after 700 days)

(1.3 ±0.1)- 10"5

(1.2 + 0.2)- 10-5

Uranium
dissolution rate

mol m"2 d"1

(1.2 ± 1 . 1 ) - 10"6 J)

(2.1 ± 1 . 1 ) - 10-7 2)

(1.2 ± 1 . 1 ) - 10"6 !)

(2.1 ± 1 . 0 ) - lO"7 2)

(3.4 ± 0 . 5 ) - 10"7

(1.1 ± 0 . 4 ) - 10-*3)

( 1 . 3 ± 0 . 7 ) - 1 0 " 7 4 )

(1.6 ± 0 . 4 ) - lO"7

(1.4 ± 0 . 4 ) - 1Q-7

Secon-
dary

phases

U3O8 or
UO3

-

U3O8 or
UO3

none

1) initial dissolution rate, < 20 days, 2) dissolution rate > 20 days
3) initial dissolution rate, S/V= 19.8 m': < 60 days, S/V= 1.98 and 0.66 m1: < 700 days
4) dissolution rate, S/V= 19.8 m': > 60 days



18

3.2 Solubility of UO2 under anoxic conditions

Under reducing conditions, i.e. in the redox regime where U(IV) is the predominant
oxidation state, UO2 is thermodynamicaUy stable. The dissolution reaction,

UO2 + (n-2) H2O -> U(OH)n
(4"n)+ + (n-4) H+

attains equilibrium in the absence of oxidants. U4+ is hydrolyzed or complexed in solu-
tion. The concentration of uranium in solution is limited by the solubility of the dis-
solving solid, which is very low in the absence of oxidants (< 10*9 mol/1). Nearly insolu-
ble UO2 limits the solubility in low-Eh environments. Coffinite (USiC>4) may become
stable relative to UO2 in groundwaters with a high silica content /Langmuir 1978/. At
intermediate Ehs, however surface oxidation and dissolution is enhanced particularly
when carbonate is present. The uranium concentration in solution is still low. The com-
plex formation with carbonate affects the relative stabilities of the oxidation states. The
relative amounts of the U(VI)-carbonate complexes and the U(IV)-hydroxide complexes
depend on the carbonate content, pH and Eh /SKI Project-90 1991/.

In earlier dissolution experiments with UO2 pellets in synthetic groundwaters (Allard
groundwater /Allard et al. 1981/, bentonite groundwater /Snellman 1986/) under anoxic
(N2) atmosphere /Ollila 1995/, the measured concentrations of uranium at steady state
seemed to be in equilibrium with some kind of slightly oxidized phase. They were at the
level of the calculated U4O9 (UO2.25) solubilities, which were clearly higher than the
solubilities of well-crystallized UO2. No reducing species were added to the solutions in
those experiments. The oxidation state of the uranium in the aqueous phase was deter-
mined at the end of the experiments, after a contact time of 500 days. According to the
analyses, the uranium was mainly at the U(VI) state. Obviously, the trace oxygen con-
tent in the atmosphere of the anaerobic box is enough to cause slightly oxidizing condi-
tions for uranium in the absence of reducing agents. This is in agreement with the solu-
tion concentrations being at the level of UO2.25 (U4O9) solubilities, which is a surface
oxidation product of UO2.

The objective of the anoxic UO2 dissolution experiments was to measure the solubility
of UO2 fuel in synthetic groundwater under anoxic conditions. The solubility was ap-
proached from undersaturation using unirradiated polycrystalline UO2 pellets as the
solid phase. Fresh (modif. Allard) and saline water compositions were used (App. 1 and
3). Additionally, in the precipitation experiments the solubility was approached from
oversaturation. The oversaturation experiments were performed with fresh (modif. Al-
lard), saline and very saline near-field compositions. The reported data in the literature
for UO2 solubility under anoxic conditions varies over orders of magnitude /Ollila and
Ahonen 1998/. In practice, there are difficulties in maintaining the reducing conditions
in the experiments. There are also problems with sorption and with removal of fine par-
ticles from the solution.



19

3.2.1 Dissolution experiments with UO2 pellets

As discussed earlier, two types of redox conditions were used in the anoxic experiments:

1) anaerobic conditions, (N2 atmosphere, O2 < 1 ppm)

2) reducing conditions (N2 atmosphere, low Eh by the addition of reducing spe-
cies to the aqueous phase: S(-II), Fe(II) or metallic Fe)

The detailed experimental conditions are given in App. 3. All the anoxic experiments
were carried out with UO2 pellets. A low and higher ratio of surface area to water vol-
ume were used, S/V= 0.66 and 19.8 m"1, respectively. The surface of the pellets was pre-
treated with predissolution periods prior to the start of the batch dissolution experiments
(see Dissolution procedure, p. 7).

Anaerobic (N2) conditions

The measured solution concentrations of the uranium as a function of contact time in
synthetic groundwaters with saline and fresh (modified Allard) compositions under an-
aerobic conditions are given in Figures 3-6 and 3-7 at S/V= 0.66 and 19.8 m'1, respec-
tively. The main differences between the compositions are the higher ionic strength of
the saline one (0.5 M) and the presence of carbonate (1.07 mM) in the fresh one
(App. 1). At lower S/V, 0.66 m'1, the concentration of uranium increases slowly in both
groundwaters, Figure 3-6. There was no difference between the unfiltered and filtered
samples (0.45 um pore size). In the case of saline composition, there were practical dif-
ficulties in using ICP-MS due to the blocking of the tubes. For this reason, the follow-up
of the U concentration in the experiments in saline groundwater was finished after an
experimental time of 300 days. The concentrations of uranium were re-analyzed using a
method with uranium separation (see Analytical methods, p. 9) after a contact time of
700 days.

The comparison with theoretical solubility calculations with the EQ3/6 code was made
in order to evaluate the solubility-limiting uranium oxide. The results show that the so-
lution concentrations are higher than the solubility of the unoxidized, well-crystallized
UO2 predicts. There is a difficulty in giving the redox parameter input in the modelling
calculations. Based on the O2 level in the N2 gas of the anaerobic box (0.3 ... 0.5 ppm
/Vuorinen et al. 1997/), a very high Eh is results, see Table 3-2.

The measured redox values in the absence of UO2 pellets are varying, whereas in the
presence of UO2 pellets they are relatively stable, being -0.1 ... -0.15 V. The values
suggest that the UO2 surface/U in solution has an effect on the measured Eh. Under
these conditions the formation of an oxidized surface layer, U4O9 or U3O7, cannot be
excluded. The effect of these oxide layers on the Eh can be simulated in the EQ3/6 code
assuming that the equilibrium between different U oxides, UO2/U4O9 or UO2/U3O7,
fixes the oxygen fugacity. The equilibrium with U4O9 or U3O7 is the constraint assigned
to C>2(g). The Eh values calculated in this way for the UO2/U4O9 and UO2/U3O7 redox
potentials are presented in Table 3-2. They are much lower than the value given by the
O2 fugacity. The calculated UO2/U4O9 redox potential in Allard groundwater is at the
same level as the measured one. In saline groundwater, the measured value is lower. The
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speciation of U lander these redox conditions is dominated by the U(VI) state, see Table
3-3. This is in agreement with the U oxidation state measurements, which showed that
uranium was mainly at the U(VI) state.

Table 3-2. pH and Eh under anaerobic conditions.

no UO, pellets

measured values:

calculated values:
log O2 fugacity= -7

UO> pellets

measured values:
at S/V= 0.66 m'1

at S/V= 19.8 m'1

calculated values:

UO2/U4O9 redox potential
UO2/U3O7

Saline groundwater

pH/Eh

8.0 ... 8.1/-0.020...+0.175 V

8.3/0.6 V

8.3/-0.1 V
8.0/-0.15 V

8.3/-0.035 V
8.3/-0.020 V

Fresh groundwater
(modif. Allard)

pH/Eh

8.8/-0.050...+0.120V

9.0/0.6 V

9.0/-0.110V
44

9.0/-0.083 V
9.0/-0.060 V

Table 3-3. U speciation under anaerobic conditions.

Measured
U oxidation states:

Calculated
U speciation:

UO2/U4O9 redox potential

UO2/U3O7 redox potential

Saline groundwater

0-15%U(IV)
85-100%U(VI)

UO2(OH)2(aq) (64%)
UO2(OH)3" (22 %)
U(OH)4(aq) (14%)

Fresh groundwater
(modif. Allard)

100%U(VI)

UO2(CO3)3"- (63 %)
UO2(CO3)2

2- (25 %)
UO2(OH)2(aq) (6%)
UO2(OH)3- (5 %)

it
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Figure 3-6. Uranium concentration vs. contact time in anaerobic (N?) saline (upper
fisure) and modified Allard (lower fisure) sroundwaters during dissolution of UO2
pellets, S/V= 0.66 m1. The measured data are for two parallel experiments (open and
filled symbols) in each of the figures. The dashed lines show the theoretical solubilities
of uranium oxides in equilibrium (EQ3/6, composite database) at measured pH and Eh
values.
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Figure 3-7. Uranium concentration vs. contact time in anaerobic (NT) saline (upper
figure) and modified Allard (lower figure) groundwaters during dissolution of UO2
pellets, S/V= 19.8 m'1. The measured data are for two parallel experiments (filled sym-
bols: unfiltered samples, open symbols: filtered samples, 0.45 jum) in each of the fig-
ures. The dashed lines show the theoretical solubilities of uranium oxides in equilibrium
(EQ3/6, composite database) at measuredpH and Eh values.
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The theoretical solubilities presented in Figures 3-6 and 3-7 were calculated using the
average measured Eh in the presence of UO2 pellets during the dissolution experiments
as the redox parameter input. These Eh (pH) values are given in each of the figures. The
solution concentrations measured in the anaerobic Allard groundwater during dissolu-
tion of the UO2 pellets are in good agreement in the experiments with different S/Vs,
and in good agreement with the earlier measurements (S/V= 0.45 m'1) in the original
Allard groundwater as well /Ollila 1995/. The uranium concentration at steady state is
close to the calculated solubilities of U3O7 or U4O9. In contrast, there is a difference
between the measured data at different S/Vs in saline groundwater. This may be related
to the analytical problems due to salinity. The measured concentrations at S/V= 19.8 m"1

are higher, but there is a decreasing trend towards the end of the experimental time and
some difference between the unfiltered and filtered samples is observed at the end. An-
other explanation could be the insufficient removal of the pre-oxidized surface layer
during predissolution periods causing a higher release in the beginning of the experi-
ment and precipitation afterwards. The predissolution periods were carried out under
similar conditions using saline groundwater as leachant and S/V= 19.8 m"1 (see Figure
2-2, p. 8). The solution concentration at the end of the experiments with the higher S/V
is at the same level in both groundwaters.

After the conclusion of the higher S/V experiments (Figure 3-7) in saline and Allard
(modif.) groundwaters the aqueous phases in both experiments were filtered with ultra-
filtration membranes with 50 000 molecular weight cutoff (~ 3.2 run pore size) and the
material retained on the membrane filter was analyzed with X-ray diffractometry. The
diffraction pattern of the solid material retained on the membrane filter from the aque-
ous phase after the dissolution experiment in saline groundwater is given in App. 6. It
shows the presence of UO2 (or U4O9) in the aqueous phase, which may have formed as a
secondary phase. This suggests the occurrence of precipitation phenomena, possibly
caused by the dissolution of a more soluble pre-oxidized surface layer and subsequent
precipitation, or different dissolution mechanisms. No solid material was found from the
aqueous phase after the dissolution experiment in Allard groundwater.

Reducing (low Eh) conditions

The measured solution concentrations of uranium as a function of contact time in syn-
thetic groundwaters with saline and fresh (modified Allard) compositions under reduc-
ing conditions are given in Figures 3-8 and 3-9 at S/V= 0.66 and 19.8 m"1, respectively.

The batch experiments at low S/V were performed in the presence of varying amounts
of redox species. The measured Eh values were between —200 and -300 mV. The pH
was allowed to change due to the redox species additions (App. 3). The filtration
(0.45 um) did not have an effect on the measured uranium contents. In the experiments
with saline groundwater the concentrations were close to the detection limit of the ana-
lytical method (ICP-MS with Mistral nebulization). The solution concentrations were
followed vs. a contact time of 300 days, after which the experimental vessels were left
in the anaerobic box. The solution concentrations were re-analyzed using the method
with uranium separation after 700 days. The results were in good agreement with the
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earlier ICP-MS analyses. For Allard groundwater there was no problem with the analyti-
cal method even though the concentrations were very low.

The control of the Eh by the addition of reducing species lowered the amounts of ura-
nium in the aqueous phase at low S/V, Figure 3-8. A steady state was attained in both
groundwaters after a few days. The effect on the solubility was greater in Allard
groundwater. The uranium concentration was decreased by one order of magnitude
(cf. Figure 3-7). The measured concentrations are very similar with fresh and saline
composition. A comparison of the measured data with the calculated solubilities shows
that the solution concentrations are a little higher than the theoretical solubilities of the
well-crystallized solid, UO2, in both groundwaters. In saline groundwater, the lowest
measured concentrations agree with the theoretical solubility of UO2.

In the experiments with the higher S/V (19.8 m"1), somewhat different results were ob-
tained, Figure 3-9. The results are for two parallel batch experiments in both groundwa-
ters. In saline groundwater, there was a clear difference between the measured amounts
of uranium in the unfiltered and filtered (0.45 um) samples. The total U concentration in
the aqueous phase seems to stay at the same level as under anaerobic conditions (Figure
3-7). The U concentrations in the filtered samples were low. They were at the same level
as in the experiments with the lower S/V (Figure 3-8). The difference between the un-
filtered and filtered samples suggests the presence of some kind of particle material in
the aqueous phase. All the samples were acidified for the ICP-MS measurements, caus-
ing the dissolution of possible particles in the unfiltered samples. In Allard groundwater,
the filtration had only a small effect on the measured concentrations, but the U concen-
tration was again higher than in the low-S/V experiments. There is a decreasing trend at
the later stages of the experiment.

After the conclusion of the higher-S/V experiments (Figure 3-9) the aqueous phases
were were filtered with ultrafiltration membranes with 50 000 molecular weight cut-off
(~ 3.2 nm pore size) and the material retained on the membrane filter was analyzed with
X-ray difrractometry. The diffraction pattern obtained from the solid material, which
was retained on the filter from the aqueous phase after the dissolution experiment in sa-
line groundwater, is given in App. 6. Likewise under anaerobic conditions, UO2 (or
U4O9) was identified. The amount of this material seemed to be greater under reducing
conditions. As suggested earlier, the possible effect of the incomplete removal of pre-
oxidized surface layer cannot be excluded. No solid phase was found in Allard ground-
water.
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Figure 3-8. Uranium concentration vs. contact time in saline (upper fisure) and
modified Allard (lower fisure) sroundwaters under reducing conditions during dissolu-
tion ofUO2 pellets, S/V= 0.66 m"1. The measured data is for four batch experiments (in-
cluding parallel experiments in each) in the presence of varying amounts of reducing
species. The Eh andpH values are given in detail in App.3. The dashed lines show the
theoretical solubilities of uranium oxides in equilibrium (EQ3/6, composite database) at
average measured Eh values.
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the figures. The dashed lines show the theoretical solubilities of uranium oxides in
equilibrium (EQ3/6, composite database) at measuredpH and Eh values.
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Figure 3-10. Uranium concentration vs. contact time in modified Allard zroundwater
during dissolution of UO2 pellets (S/V- 19.8 m'1) in the presence of metallic Fe. The
measured data (unfiltered samples) is for two parallel experiments (I: black symbols, II:
open symbols). The dashed line shows the theoretical solubility ofUC>2 at measured pH
in reducing conditions (EQ3/6, composite database).

Finally, the measured solution concentrations of uranium as a function of contact time in
the presence of metallic Fe are given in Figure 3-10 for the parallel batch experiments in
Allard groundwater. The data, which is for the unfiltered samples, shows some scatter.
The measurement data was similar for the experiments in saline groundwater, the U
concentrations ranging from 10"9 ... 10'8 mol/1 /Ollila 1997/. The U contents in the fil-
tered (0.45 urn) samples were below the detection limit of the ICP-MS in both ground-
waters (< 10"10M). The aqueous phases were filtered with ultrafiltration membranes
with 50 000 molecular weight cut-off (~ 3.2 ran pore size) after the conclusion of the
experiments. The solid material retained on the membrane filter was analyzed with X-
ray diffractometry. The identification of a possible secondary phase of uranium was
made difficult by the small amount of particulate material collected from the solutions.
A very weak peak suggesting the presence of UO2 and some iron compound were ob-
served. Additional experiments to study the effect of metallic Fe on dissolution mecha-
nisms of UO2 are needed.

Table 3-4 summarizes the results of the solubility experiments of UO2 pellets in syn-
thetic groundwaters under anaerobic and reducing conditions. The solubilities are given
as average values of the steady-state concentrations and their deviations. The results of
the analyses of the oxidation states of uranium are included in Table 3-4. Some results
from earlier solubility measurements are given for comparison.
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Table 3-4. Measured uranium solubilities (mol/l) in the dissolution experiments of
unirradiated UO2 pellets in synthetic groundwaters under anoxic conditions.

Aqueous media

Saline groundwater,
1= 0.50 M
no carbonate

Fresh granitic groundwater
(modif. Allard)
/Vuorinen, Snellman 1998/
1= 0.0030 M
[HCO3"] 1.07 mM

Fresh granitic
groundwater
/Allard etal. 1981/
1= 0.0045 M
[HCO3"] 1.7-2.0 mM
/Ollila 1995/

Bentonite groundwater
/Snellman 1988/
1= 0.014 M
[HCO3~J 8.6 - 9 mM
/Ollila 1995/

Saline groundwater,
1= 0.50 M
no carbonate

Fresh granitic groundwater
(modif. Allard)
/Vuorinen, Snellman 1998/
1= 0.0030 M
[HCO3"] 1.07 mM

Saline groundwater,
1= 0.50 M
no carbonate

Fresh granitic groundwater
(modif. Allard)
/Vuorinen, Snellman 1998/
1= 0.0030 M
[HCO3"] 1.07 mM

Redox conditions,
pH/Eh measured

anaerobic (N2)
pH 8.0...8.3
Eh-0.15...-0.1 V

anaerobic (N2)
pH9.0
Eh-0.1 V

anaerobic (N2)
pH9.0

anaerobic (N2)
pH8.9

reducing
S(-II), Fe(II)
pH 8.0...9.5
Eh-0.2...-0.3 V

reducing
S(-II), Fe(II)
pH 9.0...9.5
Eh-0.2...-0.3 V

reducing
metallic Fe
pH 8.8-9.3

reducing
metallic Fe
pH9.5

Uranium
oxidation state

0-15%U(IV)
85-100 % U(VI)

100%U(VI)

10%U(IV)
90 % U(VI)

100 % U(VI)

63-80 % U(IV)
20-37 % U(VI)

30-40 % U(IV)
60-70 % U(VI)

40 % U(IV)
60 % U(VI)

50 % U(IV)
50 % U(VI)

Uranium solubility
mol/l

(3.5 ±1.4)- 10"8

(1.510.3)- 10"8

(1.9 ±0.2)- 10-8

(2.7 ±0.5)- lO'8

(9.6 ± 5.6) • 10-10

(1.7 ±0.6)- 10'9

no filtration:
(1.1 ±1.0)- 10"8

filtration:
<d.l.

no filtration:
(3.2±1.5)-10-9

filtration:
<d.l.

Reference

this study

Ollila, 1995,
1996

this study

a
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3.2.2 Precipitation experiments

In the precipitation experiments the solubility equilibrium of uranium was approached
from oversaturation in order to confirm the results obtained in the dissolution experi-
ments with UO2 pellets. The precipitations were performed with fresh (modified Al-
lard), saline and near-field compositions (App. 1). Critical in these experiments is the
length of the equilibration periods. The crystallization of the precipitations is known to
progress gradually /Rai et al. 1990, Yajima et al. 1995/. The results presented in this re-
port are all for the equilibration periods of relatively short duration (up to 45 days).

Figures 3-11 and 3-12 show the aqueous uranium concentrations measured as a function
of time in modified Allard groundwater during the ageing of the precipitates. Likewise
in the dissolution experiments with UO2 pellets, the precipitations were carried out in
the absence (anaerobic) and in the presence of reducing species, S(-II) or metallic Fe.
However, the presence of U precipitates had a clear effect on the measured Eh in the
precipitation experiments. Eh was low also in anaerobic synthetic groundwater without
reducing species in the presence of U precipitates. The measured Eh values are given in
Table 2-2 (p. 9) and are presented also in connection with the results. This suggests that
the surface of UO2 is a controlling factor for the Eh in the precipitation experiments.
The lowest Eh values were measured in the presence of metallic Fe. Generally, the low
Eh is in agreement with the measured aqueous concentrations of uranium in the over-
saturation experiments. In Allard groundwater, the solubilities are low in all cases, Fig-
ures 3-10 and 3-11. The solubilities are lower by half an order of magnitude, than those
measured in the pellet experiments with redox control (cf. Table 3-3, p. 27). They are in
good agreement with the theoretical solubility of well-crystalline UO2. The X-ray dif-
fraction patterns obtained from the solid phases after the ageing time of 7-43 days
showed the peaks of weakly crystalline UO2-U3O7 (App. 7). There is a possibility that
U3O7 has formed as an oxidation product during the diffraction measurements. The solid
samples were transferred from the anaerobic box to the X-ray diffractometer without
contact with air, but during the measurements the contact could not be avoided.

Tables 3-5 and 3-6 give the solubilities of uranium measured in saline and near-field
groundwaters. The solubilities are the results of 2-3 parallel equilibration periods
(< 45 days). Due to the salinity, a method for uranium separation was used for all the
samples before the ICP-MS measurements in order to lower the detection limit. As in
Allard groundwater, the presence of U precipitates had a clear effect on the measured
Eh. Eh was low also in the absence of S(-II) or Fe. The solubility in saline groundwater
with the S(-II), Table 3-5, is in good agreement with the solubility measured in the pellet
experiments (Table 3-4). The increase in salinity does not seem to have effect on the
solubility. In the presence of metallic Fe, a higher solubility by one order of magnitude
was measured in very saline near-field groundwater, Table 3-6. As in Allard groundwa-
ter, the analyses of the solid phases gave weakly crystalline UO2-U3O7 as a result, hi
addition, the small peaks of an impure U(IV)-oxide, including a cation, possibly Sr- or
CaUC>3, were observed in the diffraction patterns after some equilibration periods,
App. 8. This phase seemed to be more crystalline than UO2-U3O7. In one case, after the
ageing time of 30 days in very saline near-field groundwater, the solid phase gave only
the peaks of this impure U(IV)-oxide in the diffraction pattern, see App. 8. The residual
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NaCl on the solid sample coming from the evaporation of saline solution complicated
the interpretation of the diffraction pattern in some cases.
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Figure 3-11. Concentrations of uranium vs. time in the oversaturation experiments in
modified A Hard sroundwater under anoxic conditions (open symbols: without S(-II) ad-
dition, filled symbols: with 3 ppm S(-II)). The dashed line shows the theoretical solubil-
ity ofUO2 (EQ3, composite database) at measured Eh values.

PH 9.0/Eh -0.45 V
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Figure 3-12. Concentrations of uranium vs. time in the oversaturation experiments in
modified Allard sroundwater under anoxic conditions in the presence of metallic Fe.
The dashed line shows the theoretical solubility of UO2 (EQ3, composite database) at
a measured Eh value.
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Table 3-5. Concentrations of uranium and solid phases in the oversaturation ex-
periments in saline sroundwater under anoxic conditions.

Saline groundwater/
Equilibration period

no Sf-II) addition

15-40 days

3 DDm Sf-in

25-45 days

met. Fe

28-43 days

pH

8.3

9.2

8.4...8.8

Eh[V]

-0.30

-0.31

-0.47

Solubility [mol/1]

(6.5 ± 2.8) • 10'10

(9.6 ± 8.6) • 10"10

(1.8 + 1.6)- 1Q-9

Solid phase
(X-ray diffraction)

15, 30 days:
weakly crystalline:
UOr-U3O7

40 days:
U(IV)oxide including a ca-
tion (Sr, Ca), possibly
Sr- or CaUO3

weakly crystalline
UO2-U3O7

weakly crystalline
UO2-U3O7

U(IV)oxide including a ca-
tion (Sr, Ca), possibly
Sr- or CaUO3

Table 3-6. Concentrations of uranium and solid phases in the oversaturation ex-
periments in very saline near-field sroundwater under anoxic conditions.

Near-field groundwater/
Equilibration period

no Sf-II) addition

7-44 days

3 DDm Sf-ID

25-43 days

met. Fe

27-43 days

pH

7.5

7.5

7.6...8.0

Eh[V]

-0.31

-0.31

-0.48

Solubility [mol/I]

(1.210.6)- 10-9

(8.3 ± 6.6) • lO'10

(8.9+1.0)- 10"9

Solid phase
(X-ray diffraction)

weakly crystalline
UO2-U3O7

Sr- or CaUO3 (as above)

weakly crystalline
UO2-U3O7

weakly crystalline
UO2-U3O7
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4 SUMMARY

This report presents the results obtained from dissolution experiments with unirradiated
UO2 pellets and UO2 powder in various synthetic groundwaters. The objective was to
study the effects of granitic groundwater composition and redox conditions on UO2
solubility and dissolution mechanisms. The compositions simulating deep granitic fresh
and saline groundwaters, and the effects of bentonite on very saline groundwater, were
evaluated by modelling (EQ3/6) and stability tests of a long duration. Additionally, the
Spanish granite/bentonite groundwater simulated the effects of bentonite on Spanish
groundwater. The redox conditions included oxidizing (air-saturated), anaerobic (N2,
O2 < 1 ppm) and reducing (N2, low Eh) conditions. The purpose of the air-saturated ex-
periments was to obtain information on the maximum solution concentrations of ura-
nium with different groundwater compositions and on secondary alteration products that
control the concentration. Reducing conditions were maintained by the addition of re-
ducing species (S(-II), Fe(II) or metallic Fe) to synthetic groundwater. The stability of
redox conditions was indicated by the pH/Eh measurements during the dissolution ex-
periments. Under anaerobic and reducing conditions, the solubility equilibrium of ura-
nium was approached from oversaturation in order to confirm the results obtained in the
dissolution experiments with UO2 pellets. The experimental solubility data was com-
pared with the theoretical solubilities calculated with the geochemical code, EQ3/6, in
order to evaluate solubility (steady-state) limiting factors.

The results of the oxic, air-saturated dissolution experiments with UO2 powder showed
that the increase in the salinity (I < 1.7 M) had a minor effect on the measured steady-
state concentrations. The higher alkalinity of the fresh (Allard) composition increased
the uranium concentration in the aqueous phase. The steady-state concentrations in sa-
line, Spanish granite/bentonite and very saline near-field groundwaters,
(1.2...2.5) • 10~5 M, were at the level of the theoretical solubilities of schoepite or an-
other uranyl oxide hydrate, e.g. becquerelite (possibly Na-polyuranate). Unfortunately,
the contact time in the experiments with UO2 powder was obviously not long enough to
experimentally show the presence of these secondary phases in the groundwaters. Only
some kind of oxidized U-phase (U3O8-UO3) was identified in the analyses of the solid
phases after the contact time of one year. Longer contact times are needed to identify
secondary phases predicted by reaction path modelling (EQ3/6).

In the anoxic dissolution experiments with UO2 pellets, the solubilities of U in synthetic
groundwaters ranged from 9.6-10" ...3.5-10" M. The lowest concentrations
(10"9M) were measured in synthetic groundwaters with redox control (low Eh:
-0.2 ... -0.3 V). The solubility at low Eh, 10"9 M, was only slightly higher than the theo-
retical solubility of the well-crystallized U(rV)solid, UO2. The presence of the U(IV)
species in the aqueous phase (30-80 %) was shown by the analyses of the oxidation state
distribution. In synthetic groundwater without the Eh control, the solubility was one or-
der of magnitude higher, at the level of the theoretical solubility of U4O9 or U3O7. Under
these conditions, the presence of UO2 pellets also seemed to have a buffering effect on
Eh, resulting in stable Eh readings (-0.10.. .-0.15 V). The dominant oxidation state in the
aqueous phase was the U(VI). The composition of the groundwater had a minor effect.

In the anoxic oversaturation experiments, the measured solubilities were generally in
good agreement with the results of the pellet experiments. A trend towards lower solu-
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bility was observed with fresh (Allard) composition. The solubilities were also low in
synthetic groundwaters without reducing species. The presence of U precipitates had a
clear effect on the measured Eh values, which were also low in the absence of the S(-II)
or metallic Fe. This suggests that the surface of the U precipitate may control the Eh in
the over saturation experiments. The analyses of the solid phases gave weakly crystalline
UO2—U3O7 as a result with fresh, saline and very saline composition. There is a possi-
bility that U3O7 has formed as an oxidation product during the X-ray diffraction meas-
urements. In saline groundwaters, an impure U(IV)-oxide, including possibly Sr or Ca,
seemed to precipitate with the UO2-U3O7. The duration of the oversaturation experi-
ments was relatively short (< 45 days).
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App. 1. Compositions of the synthetic groundwaters.

Na+

Ca2+

Mg2+

Sr2+

K+

HCO 3 "

SiO2

Br"

F"

r
SO4

2

B3+

Cl

NO3

Ionic strength

pHtheoretlcal

Saline
granitic

groundwater
(OL-SO)

(air)

/Vuorinen et al.
1997,1998/

tng/l mmol/l

4 800

4 000

56

35

21

10

2.5

105

1.2

0.9

4.2

0.9

14600

-

209

100

2.3

0.40

0.54

0.16

0.04

1.31

0.063

0.007

0.044

0.08

412

0.50

7.2

Saline
granitic

groundwater
(OL-SR)

(N 2 )
(log pc<>2 •= -7)
/Vuorinen et

al. 1997,1998/
mg/l mmol/l

4 800

4 000

55

35

21

.

105

1.2

0.9

4.2

0.9

14600

.

209

100

2.3

0.40

0.54

-

-

1.31

0.063

0.007

0.044

0.08

412

-

0.50

8.3

Fresh
granitic

groundwater
(air)

/Allard et al.
1981/

mg/l mmol/l

52

18

4.3

-

3.9

123

8

-

-

-

9.6

-

-52

-

2.3

0.45

0.18

-

0.10

2.01

0.13

-

-

-

0.10

-

1.6

-

0.0045

8.2

Modified
Allard

groundwater
(air)

/Vuorinen and
Snellman

1998/

mg/l mmol/l

52

10

2.8

-

3.9

91

2.9

-

-

-

9.6

-

47

-

2.3

0.25

0.12

-

0.10

1.5

0.05

-

-

-

0.10

-

1.3

-

0.0035

8.4

Modified
Allard

groundwater
( N 2 )

(log pcol = -4)
/Vuorinen and
Snellman 1998/

mg/l mmol/l

52

5.1

0.7

-

3.9

65

1.7

-

-

-

9.6

-

52

-

2.3

0.13

0.03

-

0.10

1.07

0.028

-

-

-

0.10

-

1.5

-

0.0030

8.8

Spanish
granite/

bentonite
groundwater

(air)
/Martinez et al.

1996/

mg/l mmol/l

3 750

135

600

-

20

27

8.3

15

-

-

1500

-

6 550

110

163

3.37

24.7

-

0.5

0.44

0.14

0.19

-

-

15.6

-

185

1.77

0.25

7.3

Very saline
near-field

groundwater
(air)

/Muurinen et al.
1996/

mg/l mmol/l

22 700

10 000

700

-

200

8.5

1200

53 900

987

250

29

5.1

0.14

12.5

1 520

1.7

6.9

Very saline
near-field

groundwater
(N 2 )

(logpco2 = -4)
/Muurinen et al.

1996/

mg/l mmol/l

22 700

10 000

700

200

4.8

1200

53 900

987

250

29

5.1

0.08

12.5

1520

1.7

7.5
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App. 2. The experimental conditions of the oxic, air-saturated dissolution experiments (for
synthetic groundwaters, see App. 1).

Solid

UO2 powder

it

it

it,

« (

UO2 pellets

a

u

Synthetic groundwater

Allard

modified Allard

saline (OL-SO)

Spanish granite/bentonite

very saline near-field

saline (OL-SO)

(«

p H measured

8.4 (8.4)

8.3 - 8.4 (8.3)

7.0-7.1(6.8)

7.5 (7.5)

6.6 - 6.8 (6.6)

7.0-7.1
(7.0-7.1)

S/V [m1]**

1000

«<

a

ct

0.66

1.98

19.8

Duration
[days]

350

((

a

t t

204

702

«.(

i t

**

pHi (pHi): pHj and pH2 measured at the beginning and at the end of the experiments,
respectively

S/V is based on geometric surface area
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App. 3-1. The experimental conditions of the anoxic (N2) dissolution experiments with UO2
pellets in synthetic saline groundwater (OL-SR) (App. 1).

Redox species addition

none

1 ppm S(-n)
0.01 ppm Fe(II)

1 ppm Fe (II)

3 ppm S (-11)

5 ppm S (-11)

none

1 ppm S(-H)
0.01 ppm Fe(II)

metallic Fe
(5 grams iron chips/
50 ml of solution)

1 ppm S(-II)
0.01 ppm Fe(II)
metallic Fe (5 grams iron
chips/50 ml of solution)

Eh [mV]*

-

-210

-210

-250

-280

-

-210

pH
measured**

8.0-8.1(8.3)

8.7 (8.8)

8.2 (8.0)

9.2 (9.2)

9.5 (9.5)

8.0-8.1(8.0)

8.7 (8.7)

9.3 (8.8)

9.4 (8.9)

S/V [m"1]***

0.66

44

( i

44

it

19.8

46

44

44

Duration
[days]

300

(4

( 4

i t

4 (

( (

<4

( 4

4(

App. 3-2. The experimental conditions of the anoxic (N2) dissolution experiments with UO2
pellets in modified Allard groundwater (App. 1).

Redox species
addition

none

1 ppm S(-H)

3 ppm S (-11)

5 ppm S (-11)

1 ppm Fe(II)

none

3 ppm S(-II)

metallic Fe
5 grams iron chips/
50 ml of solution

Eh [mV]*

-

-250

-290

-310

-220

-

-200

pH
measured**

8.8 (9.0)

9.0 (9.2)

9.2 (9.3)

9.4 (9.5)

8.7 (9.0)

8.8 (9.0)

9.2 (9.2)

9.5 (9.5)

S/V [in1]***

0.66

44

4 t

44

44

19.8

44

44

Duration [days]

400

44

4 (

44

300

200

200

* Eh measured at the beginning of the experiments

** pHi (pH.2) measured at the beginning and at the end of the experiments, respectively

* * * S/V is based on geometric surface area
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. X-ray diffraction patterns obtained from UO2 powder samples (on filters) after a contact time of 200 days in Allard (1, red), in modified Allard
(2, green), in saline (3, violet) and in Spanish granite/bentonite (4, blue) groundwaters. The main peaks coming from UO2 are marked with X.
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App. 5. X-ray diffraction patterns obtained from UO2 powder samples (on filters) after a contact time of 1 year in Allard (2, green), modif. Allard (3, violet), saline
(4, blue) and Spanish granite/bentonite (5, brown) groundwaters. The red one (1) shows the pattern obtained from the UO2 powder sample before the contact with
synthetic groundwater. The main peaks ofUO2 are marked with X. The peaks of a higher U oxide, UiO% - UO3, are marked with S.
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App. 6. X-ray diffraction patterns obtained from the U material retained on the membrane filter after the filtration of the aqueous phase at the end of the UO2 dissolution
experiments (S/V= 19.8 m'1) in anaerobic (1, green) and reducing (2, violet) saline groundwater. The main peaks coming from UO2-U4O9 are marked with X. The peaks
coming from the residual NaCl on the filter caused by the evaporation of saline solution are marked with N.
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App. 7. X-ray diffraction pattern obtained from the U solid material, UO2- U3O7, after an ageing time of 40 days in the oversaturation experiment in Allard
(modif.) groundwater under anoxic conditions.
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App. 8. X-ray diffraction patterns obtained from the U solid phases after an ageing time of 30 days in the oversaturation experiments in anoxic saline (1, green), saline
(met. Fe)(2, red) and very saline near-field (3, blue) groundwaters. The mainpeaks coming from UO2-U4O9 are marked with X and the mainpeaks coming from an impure U(IV)
oxide (possibly Sr- or CaUOi) are marked with C. The peaks coming from the residual NaCl on the solid sample caused by the evaporation of saline solution are marked with N.
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