
aA , *, ,I,,, *,O i S -.

-~~ .* .'' . '

Commujnty RcsarG;h' '-

, 

-, ~- , *7.!

Nuclear Science

Source term for
performance assessment

of spent fuel as a waste form

A,~ ~~AU

. .

EURATOM
&g J ?7 ~- E

UAYL zxw2p 

,,I

n .echr& 1 f .
and Technology

.J

.

i

I

. I.~ 

UR 19140 EN

, , T� _�1. -:1 1-1w-K



f~~~~~~~~~~ -_ - .V

II

Interested in European research?

RTD Info is our quarterly magazine keeping you in touch with main developments (results,
programmes, events, etc.). It is available in English, French and German. A free sample copy
or free subscription can be obtained from:
Directorate-General for Research
Communication Unit
European Commission
Rue de la Loffletstraat 200
B-1049 Brussels
Fax (32-2) 29-58220
E-mail: rtd-info~cec.eu.int
Internet: http://europa.eu.int/comm/research/rtdinfo.html

,

EUROPEAN COMMISSION
Directorate-General for Research
Unit D.11.3 - R & T specific programme 'Nuclear fission safety 1994-98'

Contact: Mr Giuseppe Cottone
Address: European Commission, rue de la LoiM'etstraat 200 (MO 75 5/43),
B-1049 Brussels - Tel. (32-2) 29-51589; fax (32-2) 29-54991



I

European Commission

nuclear science
and technology

Source term for
performance assessment

of spent fuel as a waste form

B. Grambow, A. Loida, FZK-INE, Germany
A. Martfnez-Esparza, Enresa, Spain

P. Diaz-Arocas, Clemat, Spain
J. de Pablo, uPc, Spain
J.-L. Paul, CEA, France

G. Marx, FU Berlin, Germany
J.-P. Glatz, JRC-ITU, EU

K. Lemmens, SCK-CEN, Belgium
K. Ollila, Chemical Technology VTT, Finland
H. Christensen, Studsvik Material, Sweden

Contract F14W-CT95-0004

Final report

Work performed as part of the European Atomic Energy Community's -

R & T specific programme 'Nuclear fission safety 1994-98'
Area C:'Radioactive waste management and disposal and decommissioning'

Directorate-General for Research

2000 EUR 19140 EN



LEGAL NOTICE

Neither the European Commission nor any person acting on behalf of the Commission
is responsible for the use which might be made of the following information.

A great deal of additional information on the European Union is available on the Internet.
It can be accessed through the Europa server (http-/europaeu.int).

Cataloguing data can be found at the end of this publication.

Luxembourg: Office for Official Publications of the European Communities, 2000

ISBN 92-828-9168-2

© European Communities, 2000
Reproduction is authorised provided the source is acknowledged.

Pnnted in Belgium

PRINTED ON WHITE CHLORINE-FREE PAPER

. l 



EXECUTIVE SUMMARY

Nine European research organizations were working together under this contract in a
cooperative effort to develop a Source Term for' Performance Assessment of Spent Fuel as a
Waste Forn. This topic is Included in the specific' R & D conducted as part of a more
ambitious programme on the Safety of 'Nuclear Fisslon directed by' the European
Commission.

Dissolution behaviour of spent U02 or MOX fuel,.unirradiated UO2 or SIMFUEL has been
studied experimentally and by modelling techniques in'a large suite of groundwater
compositions, typical for European repositories In salt, 'granite and clay formations. The
experimental data and models are Integrated 'in a 'consistent description of the
electrochemistry,' geochemistry and radiation chemistry involved in spent fuel dissolution.-

In order to evaluate the performance of spent fuel as part of the multibarrier containment
system in a future deep geologic repository, the radionuclide release properties in
groundwater must be predicted over very long time periods. Radionuclide release is not an
inherent materials'property of the fuel but depends, besides fuel specific parameters mainly
on tirie but as well on the geochemical and hydraulic environment of the disposal location.
For quantification of the time dependency of radionuclide release it is important to account
for the heterogeneous distribution of radionuclides in the'fuel rod, i.e. the fuel matrix, grain
boundaries, the cladding, the fuel sheath gap and the surfaces of the fractured matrix.: This
radionuclide 'distribution depends on fuel type (MOX or U0 2'fuel), irradiation history, linear
power and burn-up.. Major focus of the present project was the behaviour of the'fuel matrix,
however certain insight in grain boundary release and in the' behaviour of the Zircaloy
cladding was also acquired. '

The general reaction scheme of the fuel-matrix dissolution mechanism was found to be
similar for the various geological formations. As a consequence, our generic study of fuel
performance in -various formations yielded important insight, relevant to all sites. For
example, differences in the corrosion rates in various groundwaters from different geological
settings could be explained by the effect of groundwater constituents on solubility,.
constraints, surface complex formation and the establishment of electrocheical corrosion
potentials.)' Key groundwater parameter were redox 'coiditions and carbonate
concentrations: Salinity and huImic acid concentrations were less significant.
Electrochemical dissolution mechanism are operative in .all groundwaters under oxic and
anoxic conditions, in certain cases even at negative Eh, whereas 'solubility controlled
dissolution .prevails.under reducing conditions. Under oxidizing, and possibly alsd under
anoxic conditions in the strong radiation fields'6f fresh''spent fuel, the dissolution mechanism
comprises an oxidation of the fuel surface and the 'dissolution of this oxidised layer. An
oxidative dissolution threshold (Eh)'' was''defin'edthermdynarnically as the equilibrium
potential for the reaction' UO22+ +2e-- U02(s),: 6r kinetically by equal rates of electrochemical
and solubility limited dissolution. -

Electrochemical alibrationi curves weri obtained toestablish a quantitative relation between
corrosion'potential'and corrosion rate'both for carbonate'waters and carbonate free waters.
The same calibration curves apply to granite bentonite groundwater, Boom Clay water and,
high-concentrated NaCI solutions" indicating 'similar corrosion: mechanism. Corrosion,
potentials for MOX-fuels are lower than those of UOX-fuels
In order to simulate the expebted nedr'field rdox conditions In the laboratory, three ranges
of redox'domains were differentiated: Oxic,'anoxic and reducing. Anoxic conditions were not
sufficient'to simulate natural low Eh'cdndition's:This simulation. required the addition of
reducing species'such as S2-.Reducing -conditions were also maintained by addition of
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metallic Fe, thus simulating the effect of container materials.
Studies on SIMFUEL, U02 and spent fuel are complementary in the assessment of the
performance of irradiated fuel in geological formations. Radiolytic effect are minimized in the
two first cases and overestimated in the last one for repository relevant times. More work is
necessary to simulate spent fuel with radiation representing decay times of 1000-10000 yr.
Dissolution mechanism and dissolved inventory fractions of the spent fuel matrix, of UO2 and
of SIMFUEL are 'similar under similar geochemical conditions. MOX fuel shows significantly
higher release rates for Pu and other radionuclides. Exceptions are U-release rates, which
are similar for all fuels.
There are also signiicant differences between UO2 and spent fuel. Corrosion rates of spent
fuel were found independent of pH and pCO2 in the studied range whereas, under similar
conditions, dependency of corrosion rates on carbonate was found for unirradiated U02. The'
insensitivity of spent fuel to these geochemical parameters is explained by rate control by
radiolytic oxidants. A radiolytic'mass balance was established with radionuclide release
closely matching the consumption of radiogenic oxygen.

To assess the performance of spent fuel it is important to know the maximum uranium
concentrations in repository' relevant groundwaters upon contact with spent fuel. Steady state
U-concentrations in contact with-'either U02, SIMFUEL and spent fuel are under oxic
conditions In the range of 1 ' M., close to the theoretical solubilities of schoepite or another
uranyl oxide hydrate e.g. becquerelite (possibly Na-polyuranate). Under reducing conditions, '
depending' on carbonate concentrations, in the range between 06 and 10 9 M. UOrsolubility
is enhanced under reducing conditions due to CO3 JO 2 complex formation, stabilizing
U(VI) in solution. Under. reducing conditions, in the presence of reducing species (S2', Fe')
the solubility both from over and under saturated cnditions was at, 1 O' M, at the level of the
theoretical solubility of the well-crystallized U0 2. This result reduces the uncertainty in the
magnitude of U-solubility under reducing conditions, with literature values in the range
between 10 and 10'0 M. Higher U concentrations between 1i0 and 1io M were observed
in carbonate rich groundwaters'such' as Boom Clay water with 800 ppm HCO3 or granite
bentonite water under high partial pressures of CO2 of 0.01 bar. In the absence of reducing
species, the solubility was one order of -magnitude higher. This higher solubility was a result
of U(VI) in solution.'

In experiments approaching U-solubility by pcipitation from anoxic'ovdrsaturated solutions,
the solubilities were in agreement with the results, of U02 dissolution experiments with
reducing S(-Il) species, suggesting thermodynamic equilibrium. The- analyses of the solid
phases gave weakly crystalline'U0 2-U 3O7 as a result with fresh,'saline and highly saline
composition. - ' '
Uranium concentrations decreased, strongly when metallic iron (simulating container
corrosion) and to a lesser, extent when iron corrosion products (magnetite) were added to'
oxic or anoxic (UO2 or SIMFUEL)/groundwater, systems. -The effect can be, modeled
assuming pseudo first-order kinetics. Rate constants were lower in carbonate' rich waters,
due to carbonate complexation stabilizing U(VI) in solution.
Redox sensitive elements such as the actinide ions, To or Mo, showed a strong dependency
of release/retention properties on the redox conditions. Strongest retention in the presence of
iron was observed for Pu, Am, Cm and Np concentrations well below 10'9 M. In contrast, Sr L
leaching behaviour in co-dissolution experiments with Fe did not show any changes with the
redox potential of the media. '

Radionuclide retention in secondary phases has been observed in some cases even for Cs,
and'Sr.--These:phases were observed .to redissolve if the geochemical environment is
chahged;to favourable conditions. Observed secondary reaction products include uranyl
silicate and Na-polyuranate. In presence of metallic iron U0 2 and/or U40, was observed as
secondary reaction product.
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Coprecipitation is an' important retention mechanism for actinides. Solution concentrations of
Am, Pu and Np were simildr in spent fuel dissolution experiments and in coprecipitation tests.
In these tests spent fuel or SIMFUEL was dissolved entirely in 'strong acid and precipitation
was initiated by subsequent adjustment of pH to the same geochemical conditions of the
dissolution' tests. It can be concluded that results from coprecipitation tests can be used to
empirically assess maximum radionuclide concentrations for given geochemical
environmebts. More work-is necessary, to assess coprecipitation behaviour under reducing
conditions.

The trivalent actinide concentrations in solution achieved in coprecipitation experiments were
in most cases lower than solubility of pure hydroxide solid phase. In contrast, Pu-
concentrations are not controlled by coprecipitation. From spent fuel and U-Pu
coprecipitation tests, Pu solubility appears to be controlled by -precipitation of a pure
"Pu(OH) 4(s)" phase. Geochemical solid solution modelling explains retention of pentavalent
actinides by uranyl oxide hydrates, Na-polyuranates, trivalent actinides by REE-hydroxide
solid solution. Also (Ba, Sr)C0 3 or (Ba,Na,Arn)MoO4 solid solutions are predicted to form.

Results from Integral tests (corrosion of spent fuel orSIMFUEL in the presence of crushed
granite or clay and iron in preconditioned clay or granite groundwater)-show similar fuel
matrix dissolution rates as in tests'with the absence of near field materials. However, the
retainement of the environmental materials depended on the radionuclides, from 66 to 99%
of the total radioactivity released from the spent fuel.'Analysis of the filtered lelachates also
showed that some species Including Pu and Cm are sorbed on colloids suspended in the
aqueous phase. The aqueous phase concentrations were on the order of 1 0 M for U, 1012
M for Pu and 1 `1 to 1014 M for Cm; these very low concentrations are attributable to
sorption of these species on the granite and clay

The results confirm that tests performed in the absence of near field materials will yield
conservative upper limits for release. However, for a realistic assessment, more efforts
should be directed in future projects towards quantifying the various aspects of the integral
.reaction behaviour.

Partial pressures of hydrogen of 2.7 bar were observed to reduce spent fuel corrosion rates
by a factor of 500. Long-term dissolution rates are close to the detection limit.
Model development and modelling results of various aspects (rates, solution concentrations,
reaction products, corrosion potentials, pH etc.) of the spent fuel (and U0 2 and SIMFUEL)
dissolution process were confirmed successfully by experimental data.
Electrochemical and geochemical models were coupled (electro-geochemical moder) to
explain and predict corrosion rates, corrosion and redox potentials, as well as fractional
reaction orders with respect to HCO3, 02 and pH. U02 dissolution rates were predicted in
Eh/pH diagrams.
A kinetic-geochemical reaction model has been proposed and validated for predicting the
dissolution behaviour of spent fuel matrix (U02) under several conditions. Alternatively to the
electrochemical model; fractional reaction orders were described by formation of surface
complexes.
Geochemical solid solution modelling was used to explain the retention of pentavalent
actinides by uranyl oxide hydrates, trivalent actinides by REE-hydroxide solid solutions and
possibly molybdate solid solutions. Also (Ba, Sr) C03 solid solutions are predicted to form.
Radiolysis models have shown a strong potential for explaining corrosion rates of spent fuel
which are much higher than the respective rates for unirradiated U0 2. However, there are a
lot of assumptions in rate constants of radiolytic species with U02, and more work will be
necessary to validate the existing models.
Reaction path models were used to simulate the simultaneous interactions of spent fuel, iron
and gas phases with the groundwater, considering initial dissolution, formation of secondary
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reaction products, evolution of solution composition and pH as well as oxidant generation by
radiolysis. The. model explains the dependence of solution pH on redox conditions by the
formation of secondary phases. The results emphasize the importance to quantify the
relative rates of spent fuel and iron corrosion.

For a more realistic modelling of the spent fuel alteration a quantification and modelling of all
retention mechanism of would be necessary, and not only of the dissolution process, taking
into account the geochemical composition of waters and other spent fuel and waste form
parts.
Finally, one may conclude that the results allow quantification of kinetically based.
conservative source terms for performance assessment of spent fuel in various repository
location, either for anoxic or reducing environments. Present data indicate that grain
boundary release may become fast and it is recommended to treat grain boundary
inventories as part of the instant release term In a source. term. In the presence of iron or
other reducing species, anticipated for most repository designs, corrosion rates are expected
to remain lower than 104/yr. Though U-solubility under reducing conditions has clearly been
determined, this information cannot yet be used to formulate a solubility based source term
for reducing conditions. The reason is that, solid phase transformation under reducing
conditions has not yet been quantified. Due to uncertainties in the prediction of the temporal
evolution of radiolysis effects on surface oxidation potentials, it Is not yet possible to describe
the transition from radiolytically dominated anaerobic to reducing environments in a realistic
manner.
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INTRODUCTION

The project aimed at source term quantification for spent fuel performance assessment in
granite, clay and salt formations. Processes which may control radionuclide release from the
spent fuel -are: (1) kinetics of corrosion of the fuel matrix and of segregated phases (2)
formation of secondary alteration products ((co-)precipitation processes limiting solubility), (3)
sorption on surfaces of near field materials and (4) colloid formation. Environmental factors
controlling radionuclide release include radiation field, temperature, SN, pH, pCO2, redox
conditions and the presence of backfill materials or of corrosion products of container
materials (iron etc.). The uncertainties in mechanistic interpretations and in the quantification
of release controlling processes would be reduced by combining various experimental
techniques and by interpretation of results consistently using modelling techniques. The work
programme was directed simultaneously towards the basic understanding of the mechanism
and quantification of rates of fuel matrix dissolution in the three geological environments
(salt, clay, granite) both under oxidizing and reducing conditions, understanding and
quantification of solubility, sorption and coprecipitation equilibria for individual radionuclides,
understanding the effect of near field materials on reaction rates and radionuclide release
and by development of models which describe the multitude of experimental results in a
consistent manner and which allow source term formulation.
Four materials (0 2, SIMFUEL, Spent U02-fuel (burn-up to 50 MWd/kgU) and Spent MOX-
fuel) were studied under a variety of conditions. Given the limitations related to the handling
of irradiated fuel, spent fuel dissolution experiments combined with more detailed studies
using non-irradiated chemical analogues are very useful. Irradiated fuel is characterized by
intense radioactivity, which Increases with the bumup, and which causes the radiolysis of the
aqueous leachant leading to the formation of chemical species like 02, H202, which can
enhance fuel dissolution [91CHR; 92SUN/SHO; 95ERI/EKL]. Moreover, as a result of
irradiation, U02 fuel incorporates as much as 6 wt% of various actinides, fission and
activation product elements some of which segregate as individual phases, but most of them
forming solid solutions, whose overall chemistry s still dominated mainly by the chemistry of
U02. As for pure U02 the corrosion behaviour of the spent fuel matrix is strongly dependent
on parameters like oxygen/uranium ratio, but additional parameters like burnup and linear
power rating play a significant role. The changes in chemical composition and, partially, also
the microstructure changes occurring in U02 during irradiation are simulated in part by
SIMFUEL [89LUCNER; 91LUCNER; 91MAT/LUC]. However, some physical changes that
occur during Irradiation, namely grain growth, crack and porosity formation due to
coalescence of bubbles containing gaseous fission products are not reproduced by
SIMFUEL.
A large amount of data is available in the literature concerning the dissolution behaviour of
spent U02 fuel and its chemical analogues in aqueous solutions under different conditions
[82JOH/SHO; 86FOR/WER; 90GRAIFOR; 92BRU/CAS; 92GRAITHO; 920LL; 96RON/MAT;
95GLAITOS; 96RONIMAT; 96PAB/CAS; 96RON/SER]. However, there are still uncertainties
that are necessary to solve in order to feed properly data for performance assessment
studies.
Five types of experiments are performed: dissolution tests, co-dissolution tests, precipitation
tests and co-precipitation tests and electrochemical tests.
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WORK PACKAGES

WP -Work package/ Activities: Description of Work Laboratory

I .Basic understanding of long-term sent fuel dissolution
process

1.1 Spent U0 2 and MOX fuel static dissolution test at high
surface area to solution volume ratios (SN).

1.2 Surface area measurement of fuel powder.

1.3 Dissolution of Spent MOX and U02 fuel rod segments
with preset defects.

1.4 Static dissolution of U02 and SIMFUEL.

1.5 Dynamic dissolution tests of U02.

1.6 Electrochemical investigations on U02 and SIMFUEL
electrodes

1.7 Electrochemical investigations of spent U02 and MOX
fuel electrodes

FZK

- ITU

ITU

-1 - I ENRESA-UPC

ENRESA-CIEMAT

SCK.CEN,

VTT

ENRESA

FUB

ITU

1l

11.1

Radionuclide retention during sDent fuel dissolution

Precipitation tests of dissolved spent U02 fuel or
SIMFUEL

ENRESA,
FZK,
VUr

ENRESA
FZK

11.2 Coprecipitation with of dissolved U with Pu.

11.3. Determination of oxidation states during spent fuel
dissolution.

Ill Effect of near field materials

111.1 Co-dissolution of spent fuel, U02 and SIMFUEL with
metallic Iron

FZK,
ENRESA,

VTT
ENRESA111.2 Co-dissolution tests of U02 with iron (111) corrosion

products

111.3 Integral co-dissolution tests of spent fuel and SIMFUEL CEA

3
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with rocks and/or backfill materials

IV Modellino

IV.1 Geochemical reaction path models and actinide
chemistry

IV.2 Modelling of solid solution formation

IV.3 Modelling of radiolysis product formation

IV.4 Source term quantification

FZK,

VT,

ENRESA-UPC

ENRESA-CIEMAT

FZK

ENRESA

STUDSVIK(+FZK)

FZK,

CEA

V Prolect manaaement/coordination FZK
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STATE OF-THE ART

SPENT FUEL SOURCE TERMS.

A high-level waste form, like spent fuel, may serve three different containment roles in the
multibarrier system of an underground repository: (1) it could be the only effective barrier, (2)
it could be'an effective but not necessary. primary important barrier or (3) it could be an
inefficient barrier, mainly used for handling. The role of spent fuel in overall repository safety
assessments is often masked by the geological barrier, the 'geo-engineered barriers
(bentonite'backfill"etc.) or the 'container barrier [e.g.92SKB]. However, recent models,
suggest only a few percent of spent fuel alteration despite many millions of years of contact
with'groundwaters. A direct prediction of long-term behaviour of spent fuel from laboratory
experience 'and laboratory based models is not possible. The spent fuel performance and its
role in the multibarrier system must be -assessed by a systems approach, passing from
mechanistic interpretation of surface'reactions via integral geochemical 'near field modelling
and conservative simplifications to source term quantification. The objective of the present-.
project is to clarify the scientific basis various spent fuel degradation' mechanisms in relation
to source term development

Spent LWR MOX and UOX fuels are heterogeneous substances with highest radionuclide
inventories in the fuel matrix. The release of the actinide elements including the matrix
elements uranium and plutonium will be limited by the low solubility product of the actinide- -
bearing solids and the flow rate of the water through the waste package [9OWIL1, 90WIL2].
On the other hand, the release of highly soluble radionuclides like cesium and iodine may
depend both on the heter6geneois''distribution of these'radionuclides within the fuel as'a
consequence of migration to the-grain boundaries '(together'with other fission products) and
to the pellet periphery (together with fission' gases) and on the durability of the fuel matrix in a:
potential repository. The-dissolution of soluble radionuclides from spent fuel can be divided
into components that come from three different areas [91 GRASTR]:

* The fueilcladding gap, Including the spaces between-fuel pellets and the open
porosity and cracks within the pellets.'

The grain boundaries of the fuel pellets.'
* The U02 matrix.

The cladding Is considered to contain only activation products, -and small quantities of
fission products, resulting from recoil, phenomena. The release from fracture surfaces and
the fuel sheath gap (gap release) comprises a significant fraction of overall radioactivity..
release from the fuel and is considered in the instant release.fraction (IRF). IRF values
depend mainly on-bum-up' and linear power rating.[92STR].Fission products, which are
insoluble in the fuel matrix segregate' in part to the grain boundaries;'This iicludes fission
gas bubbles and metal, particles, and sometimes .perovskite phases. -To estimate the
alteration of the fuel 'matrix, 'slow reducing' (UO2(fuelq 4 U(aq)) 'andfast oxidative
dissolution' (UO2(fuel) 4 'Uv'(aq)) must 'be.distinguished. Oxidative dissolution is often
accompanied by surface oxidation'with. O/U ratio at the surface of UO2+X as high as 2.33
(U3 07, the' stoichiometric' limit of the fluorite structure). The 'surface oxidation state 'is'
influenced by the'geochemical environment and by radiolysis.'

* . ' ' .. .

For, an oxidizing repository, oxidative 'dissolution is the riiain 'spent fuel 'degradation
mechanism. However,' most repositories are'plarnned in reducing geological formations. Here'
oxidaiive dissolution' may prevail temporarily, resultinig form an' oxidizing operation period and
from radiolysis.' A large uncertainty in estimating future spent fuel performance arises from
modelling the long-term evolution of the'redox state at the fuel surface, particularly the effect
of rdiolysis. Experiments performed in the ;3 Framework programme of the EC show that
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spent fuel corrosion can be about two orders of magnitudes faster than dissolution of
unirradiated U02 [97GRAILOI]. However, under strong overpressures of 02 [95GRAIWIL], as
well as in carbonate solutions [97GRAtLOI], the reaction rates become similar. Radioactivity
is not the only explanation for this difference. Other explanations include effective surface
area, defect structure, fission product accumulation at grain boundaries etc.
Cladding release: Cladding release probably covers the release from structural materials.
Uncertainties are large for C14'and C136 inventories. The rates estimated by performance
assessment for complete activation Product release fron the fuel cladding are in the range of
50 years (salt) to 1000/10000 years (granite).'The differences between salt and granite may
reflect different reactivities in the two geochemical media. Some work in the project is
directed to clarify this difference. .

Gap release: Gap inventories can be determined reliably from short-term laboratory leach
tests. Typical gap values used in performance assessment are 5% of Csi35 and 5-10% of
1129 and 1 to 5% of C14 and similar amounts of Cs and I are associated to grain boundaries.
Other important IRF inventories are those of Tc99, Pd107, C136, Se79 and Sn126.

Grain boundary release is difficult to quantify and is considered often together with the gap-
term in the' instant' release fraction (IRF). There' Is considerable' uncertainty in the
radionuclide inventories associated to the grain boundaries. It is generally assumed that the'
release from the fuel matrix- Is congruent. If not considered in the' IRF, the assumed -
dissolution rate for grain boundaries considered in PA varies between 500 and 10000 years.
The different life times are not related to differences in various geological disposal concepts,
but to different assumptions used.'

Uncertainties In the effective surface area of spent fuel: The surface area measured by
the BET gas adsorption technique of sPent fuel was higher than the geometric surface area,
due to pathways along grain boundaries to a depth of. about 6-8 grain layers, 95GRAMWIL,"
95FOR]; It remains, unclear, whether all gas containing grain boundaries are water
accessible. The surface area' of the fuel' may increases with time: Grain pull 'out during
leaching was observed experimentally as well as complete disintegration to individual grains
under accelerating acid conditions [95L-01, or in undersaturated. (water) testing
[97FIN],similar to fuel powderization upon oxidation to U301. A minimal surface area of ca. 7
cm2/g is the geometric area, including surface roughness factors of 3 and fracture surfaces
created during reactor operation. The maximum surface area could well be a factor of 200
higher after complete fuel disintegration. Based on the experimental observation of fuel
disintegration In a few years, even the assumed 500 years of grain boundary alteration
cannot' be justified. At least under oxidizing conditions, current knowledge requires the
inclusion'of grain boundary inventories into the IRF-values.

What Is the state of validation of fuel matrix dissolution models? U02' is a highly"
corrosion and radiation' resistant semiconductor' with a crystal structure similar to that of the'
mineral Uraninite, occurring as principal uranium bearing phase in many natural uranium ore
deposits, including the well known 2 Ma old' Oklo site in Gabon, studied in a parallel EU-
project. The times estimated by, performance assessment for complete degradation of the
fuel matrix vary between 625 years [93BREIBUH] and 'many million years. 625 years is for
salt,. the higher life, times for. other geological formations.-The difference does not reflect'
different fuel behaviour in different disposal locations but different assumptions used.
The redox mass balance at the oxide/solution interface mainly governs spent fuel dissolution.
Oxidative dissolution models for the fuel matrix can in part be validated using experimental
data either of spent fuel or of unirradiated U02. Under oxidizing conditions, two cases can be
distinguished: unlimited'supply of oxygen in unsaturated (water) horizons and limited supply
by dissolved oxygen in slow flowing water; In the first case, reaction rates under oxidizing
conditions may be used,'in the second case, maximum release would be govemed by the
flux of dissolved oxygen through the waste package (solubility of oxygen in water times
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groundwater flow rate). Intany case, complete disintegration of the fuel to individual grains
can hardly be ruled out. ','<' i

Models for reducing conditions are more difficult to validate, () because much less data are
available and'(2) because they must predict the transition from oxidizing to reducing
mechanism and they usually predict spent fuel corrosion rates orders of magnitude lower
than empirically measured. Most models used are based on radiolytic self-oxidation [96JOH]
either byVa or y radiation. However, there is no clear empirical relation between fuel matrix
dissolution rates and a- or y-activity (or dose rate DR). The only empirical data stem from.
electrochemical work with electrodes made from pure U02 . Results can be described by a
power law r=k.DRb with the exponent.b being 2.7 in case of a and 1-1-4r in case of y
radiation. It remains to be shown that these relations are applicable to spent fuel. Using
these relations,' laboratory rates of spent fuel dissolution-experiments would have to 'be
interpreted as being controlled by y and not a radiolysis. The statistical ensemble for these
observations is rather small and more work is necessary. The extrapolation of short-term rate
data to the long-term is always an uncertain step, in particular when using electrochemical
data. A significant part of the work programme of the present project was directed towards a
better understanding of electrochemistry of irradiated fuel dissolution.

The assumed relation between a-activity and extrapolated rates is very sensitive to surface
area. The proportionality factor would directly increase with increasing fuel surface area. As
the spent fuel surface area increases with time, due to disintegration of the fuel pellets Into
individual grains the corrosion rate may even increase with time.

Facing these uncertainties in the self-oxidation model, some simplifications are made and
conservatism is introduced for source terms'in performance assessment. Measured redox
controlled spent fuel dissolution rates would be applicable to natural environments if the
radiation 'level Is the same, because the rates are rather insensitive 'to groundwater
composition and environmental parameters (other than redox) such as pH, PCO2, pressure
and'temperature. Since radiation'level and dose ratio a/y are different under disposal
conditions than in'the laboratory the measured rates 'cannot be used directly in performance-
assessment. A comparison between 'the 'calculated 'dose rates - [94HAU] for 'laboratory
experiments with a full sized disposal cask (Pollux) Is given in FIGURE 1.
Though' the total dose rates 'expected 'under 'disposal conditions are' much higher
(FIGURE 1) than in the experiment (both for a and for fey) it should be kept in'mind, that
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FIGURE 1: Time dependence of dose rates from spent fuel In experiments (Ig In 100 ml soln) and for a
water filled Pollux container with 4 tons of fuel. Comparison of dose 'rates considering the total alpha
events with dose rates from alpha events with In an escape depth of 10 pin from beneath the fuel surface.
Comparison to hypothetical Irratiation of total water volume with Irradiation of a volume given by the 40'
pm maximum pathway of apha particles In water
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only a small fraction of a-particles can escape the fuel (19% from 10 pm escape depth) and
in the aqueous phase they can only penetrate to a depth of about 30-50 pm. Consequently
the a dose rate within this 30-50 pm water layer is the same, both in the experiment and
under disposal conditions. The experimental, ,y dose rate corresponds to a My dose rate
expected after 200 years under disposal conditions.

Models are developed e.g. 91SHO/SUN, 95ERI/EKL] 'which intend to describe both the
laboratory data and the expected behaviour under disposal conditions consistently. One has
to use a relation between dose rates and spent fuel corrosion rates together with a choice
between a3y radiation. In one case of spent fuel performance assessment y and not a
radiation is assumed [96JOH]. Two relations are'considered:(i)proportionality between a
dose rate (DR) (or more simple: a activity) and*corrosion rate: r(t)=k.DR,(t) with the
proportionality constant k adjusted 'by experimental data from reducing or oxidizing
conditions, (ii) the electrochemically. determined relation between dose rate and corrosion
rate r=k-DRb . In case (i) the choice of a radiation instead of 1For y radiation is conservative
due to slower decay with time, whereas in case (ii) y radiation is conservative, due to higher
rates. Though the relation (i) is more pessimistic than (ii) because the experimentally
determined relation would result in a much faster decrease of corrosion rates with'decreasing
a-dose rate and time, for both options, there Is a lack of fundamental understanding of the
underlying mechanism. It seems difficult to validate these empirical relationships to predict
fuel dissolution rates, orders of magnitude lower than experimentally- measured. Moreover,
the cases () and (ii) are not conservative, considering the possibility of increasing the fuel.
surface area by degradation of the fuel matrix into Individual grains during long-term
exposure to aqueous solutions. In contrast, the formation of alteration products of U02 at the
surface may retard back-diffusion of oxidizing radiolysis species and reaction rates may
become much lower. Indeed, a square root of time decrease in reaction rates was observed
[89GRA].
Recently, attempts are- made to take full credit from recombination effects in spent fuel
performance assessment, using models with 39 rate constants for the radiolysis of water and
rate constants between the oxidants H202 and 02 with the U02 surface 97SKB]. It has been
shown that oxygen is consumed, in the system without leading to equivalent release of UI
from the fuel [95ERVEKL]. The rate of oxygen consumption should give a maximum value for
oxidative fuel degradation.

Under conditions of overall reducing groundwaters, the decay of radiation sources will finally
lead to a decrease in reaction rates. However, a simple extrapolation of the radioactive
decay effect to very low rates is definitely neither'conservative nor realistic. The rate cannot
approach zero. What is the threshold rate, at which another rate limiting reaction takes over?
Various boundary conditions may be considered.'
(1) The rate of fuel matrix dissolution cannot become lower than the limit governed by the
solubility of the U 2-matrix under reducing conditions multiplied by the mass transfer rate
(advective flow, diffusion through' bentonite)' In the near field. The; lower the reference
solubility of U02 the later the threshold for the limit of the self-oxidation model would be
approached. It is well known, that solubility of tetravalent Uranium depends on carbonate
complexation and attachment to natural collolds. A realistic range is between 104 and 10 M.
In some assessments of spent fuel performance, a difference is made between the solubility
of U02(fuel) with 210'7 mol/l and U02(pure) with 104molVl [95SKB]. A large part of the
present project was directed towards a better understanding of U2-solubility in different
reference groundwater.

(2) The solubility of U02 can only limit the release, if UO2is thermodynamically stable. This is
only the case if there is no other solid' phase with a' lower solubility. Already the supposed'
solubility difference, between uUO2(fuel)" and UO2(pure)" could provide a thermodynamic
driving force of phase transformation (the solubility difference corresponds to an affinity
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APTd of 13.14 kJ/mol at 250C) if U02(pure) would precipitate as secondary phase.
Moreover, in silica containing groundwaters, coffinite (USiO 4)` IS more stable than U02.
Natural analogue data indicate release of trace elements (lanthanides) upon coffinitization of
U0 2 [92JAN/EWI]. Under these circumstances the release rate of radionuclides may be
governed by the rate of coffinitization of U02. This rate in turn will depend on the supply of
silica from the ground water and/or on the growth rate constants of coffinite crystals. The
latter will depend strongly on temperature. Similarly as discussed'for coffinitization, there
may also be sorption, coprecipitation or precipitation of Uranium (IV) on the canister or
canister corrosion products. U0 2 precipitation on metallic iron from UV containing solutions
[98GIWMMOL], sorption and coprecipitation [96GRAISMA] of both U and Uv on'corrosio'n
products (magnetite) were observed experimentally.'The' therrmodynamic driving force'
imposed on spent fuel dissolution has not yet be6n quantified. g

(3) Motivated by the attempt to avoid quantifying a solubility limited release-model under
reducing conditions, an empirical threshold rate (a kinetic approach) rather than a
thermodynamic assessment can be used [98GIM/MOL]. An upper limit of this threshold
corrosion rate based on dissolution rates with unirradiated U02 of 2.10'7 mokL/(m 2a) is used,
based on electrochemical data on pure U0 2.-This corresponds to a typical fuel dissolution
rate of a non-disintegrated fuel pellet (specific surface area ca. 2 cm2 lg, surface roughness
factor 2.5) of 1 0'7/a. This is much lower than any dissolution rate measured for real spent fuel
under reducing conditions. It is questionable whether such low rates extrapolated from
electrochemical data of unirradiated material are applicable' to irradiated material.

DISSOLUTION OF UNIRRADIATED U02 AS ANALOGUE FOR SPENT FUEL

The dissolution behaviour of unirradiated uranium (IV) dioxide (UO2) has been thoroughly
studied as a chemical analogue of the spent fuel matrix. These studies have been focused
on two different aspects: a) Identification of uranium secondary phases In dissolution
experiments, which can control the uranium concentration in solution and consequently the
radionuclide release both under reducing [98CAS/PAB, 980LL] and oxidizing [92WRO/BAT,
970LL, 97GRA, 98TRO/CAC, 9BDIAGRA, 94CAS/GIM] conditions. b) Determination of
dissolution rates as a function of water chemistry parameters and redox conditions by
measuring uranium concentration In solution .199SER/GLA, 92GRAILEI] as well as by
measuring corrosion potentials [89SHO/SUN, 98MAR/FEL]. - -
Generally, a batch test methodology.ls used to Identify uranium secondary phase formation
and solubility constraints. These results of solution analyses are normally complemented with'
the study of the solid by means'of X-Ray Diffraction, Scanning-Electron Microscope and
Energy Dispersive X-Ray Spectroscopy amdng other analytical techniques'One of the critical
parameters in these experiments is the SN ratio: At low SN, In dissolution experiments Ollila
[970LL] has reported an increase of the uranium concentration even after 4 years which
means no solubility control. However,' at high' SN several uranium secondary phases have
been -*reported depending on .the water' chemistry 'used in the experiment
[92WRO/BAT,98TRO/CACJ.

For the determination of dissolution rates, the' continuous dynamic tests (flow-through
reactor) has shown an advantage over batch systems. This experimental device reduces the
probability-of secondary phase precipitation. By changing the conditions of the inflow
leaching-solutions (i.e. pH, oxidant -concentrations, complexing' agent concentrations,
temperature, etc.), rates as a function of these parameters can' be obtained. These reactors
have been extensively used with both unirradiated UO2 'and spent -. fuel
[95G RA/WIL,97PAB/CAS].
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Solubility

Secondary solid phase formation and solubility constraints by either primary (U02) or
secondary, phases are'very dependent on the redox conditions of the experiments.

Anoxic and reducing conditions

Experiments under. reducing conditions. have been performed by using different reducing
species such as hydrogen with Pd catalyst, iron, magnetite and sulfide. Results obtained for
different authors [98CAS/PAB, 980LL, 98QUI/GAR, 97GRA/LOI, 86FORMWER,
98AAMCAS] are shown in FIGURE 2.
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FIGURE 2: Uranium concentration vs. pt under reducing conditions.

In earfler- dissolution experiments 'with U02 pellets in synthetic groundwaters (Allard
groundwater 81ALULAR], bentonitegroundwater. 86SNE: under anoxic (N2) atmosphere
[95OLL], the measured concentrations of uranium at steady state seemed to be in
equilibriuri with U409 (UO2.25),.which was clearly higher than the solubilities. of well-
crystallized U0 2. No reducing species were added to the solutions in those experiments. The
oxidation state of; uranium in the aqueous. phase was'determined at the end of the
experiments, after the contact time of 500 days. According to.the''analyses, uranium was
mainly at the U(VI) state. Obviously, the trace oxygen content in the atmosphere of the box is
enough to cause slightly oxidizing conditions for. uranium in the absence of reducing agents.
This is in agreement with the solution concentrations being' at the level of U022s (U,09)
solubilities, which is a surface oxidation product of U02. The reported data in literature for
U0 2 solubility under anoxic conditions vary over orders of magnitude [980LUAHO]. In
practice,' there are' difficulties' in 'maintaining the reducing conditions in the experiments,
problems with sorption, with removal of fine particles from solution.

Based on the thermodynamic database for uranium published by the NEA [92GREIFUG] and
Bruno. and Puigdomenech (89BRUIPUI], the solubility of uranium dioxide is represented in
FIGURE 2 (full line). However, experimental uranium concentrations measured under
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reducing conditions do not agree with such thermodynamical model. Recently, Casas et al
[98CAS/PAB] have proposed a new interpretation of uranium dioxide solubility considering
the' co-existence of a solid phase of uranium (IV)-probably a low-crystalline phase with a
solubility constant higher than the one corresponding to the high-crystalline phase compiled
by the NEA, together with aqueous uranium (IV) and (VI) complexes. Therefore, in this model
both the pH and the redox potential should be considered. As it is observed in FIGURE 2, the
model (dashed lines) based in both'pH and e experimentally measured fits much better
experimental results. - - -

This model is obtained by considering the water-oxygen equilibrium reaction:

0 2(g) + 4 H + 4 e =2 H20 (1)
From the equilibriurn constant of this reaction, the following equation can be written:

log P 2 =4 (pH+pe)'-83.12 (2)

with this equation,"the U02 soiubility constant and the stability constants for U(IV) aid U(VI)
complexes,'the solubility was calculated. The best'agreement was obtained at pH+pe value
range from 6 to '7 (FIGURE 2) which'corresponds to log Po2 as low as -'-59 and '-'55.

.. ,.-. , . , .r- . , .. . ,. - , . .. 

Oxidizing conditions

A great experimental effort has been undertaken.in order to identify uranium secondary
phases in U02 dissolution experiments. However, 'the identification is not easy and potential
solubility controlling phases are assessed by calculating .their saturation index for
experimentally measured Steady state uranium concentration by using geochemical codes.
Ollila' [97OLL] studied the solubility behaviour of U02 pellets. under oxic,' air-saturated
conditions in' deionized' water, in NaHCO3-solutions and in synthetic granite (Ailard) -
groundwater for up to 6 ears. Different controlling factors for U steady-state concentrations
were observed depending on the water composition.-ln deionized water at P0 2= 0.2 atm, the
U concentration in solutioi attained a steady state value of 3-5-104 mol dm , equal to the
solubility of schoepite. t

In dissolution experiments with unirradiated U02 pellets in synthetic granite groundwater
(Allard groundwater) [81AEULAR] under air-saturated conditions, a constant value forthe
solution concentration of uranium was reached after a 500-days'-period at a concentration of
1 -2 1 O's mol/I [950LL], which is' In good agreement with the results of the spent fuel
dissolution experiments [92FORiVWER]. 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 U307/U308 equilibrium," a good agreement could be obtained
between calculated and measured data 89GRA, 92FORAWILL, 950LL].. A low SN ratio
(1.8 m, geometric) was used in those experiments. In the dissolution experiments with U02
powder using'a higher SN, 'schoepite. and a'uranyl silicate '(possibly sodium boltwoodite)
were identified as secondary phases in alr-saturated Allard groundwater [93OLLLEI]. The
surface of U0 2'powder was oxidised in air prior to the initiation of tese experiments, which
may have .had an effect on the dissolution me'hariIsms. In synthetic b6ntonite 'groundViater,
which simulates the'effects of beritonite'on'fr'esh granite- groundwtater [86SNE], a'steady
state was at the level of the solubilities of uranyl silicates (1 - o' moLn) at low SN. No
secondary phase of U was, identified. In deionized water, the corresponding steady-state
value was 3- - 1 1 moVl, which Is close to the calculated solubility of schoepite [950LL].

The effect of the SN ratio on the final'steady state uranium concentration has lso been'
studied by Diaz-Arocas et al. [97DIAGAR], but no identification of secondary phase
formation was reported. The same authors 95DIA/QUI] have Identified studtite in U02
leaching experiments at high hydrogen peroxide concentration.
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Short duration (less than one year) U02 leaching' tests under oxidizing conditions, in which
schoepite was considered to explain the experimental data, have also been reported by
Torrero et al. 94TOR/CAS] in 1 M NaCI medium and Trocellier et- al. [98TRO/CAC,
95TRO/GALJ In a-synthetic granite water at 960C; schoepite crystals were identified in both
cases.
Wronkiewicz et al. [92WRO/BAT, 97WRO/BUC] have studied uranium release and.
secondary phase formation 'contacting U 2 pellets with an intermittent flow of dripping
groundwater (EJ-1 3) under atmospheric conditions at 900C. After the first 13 or 20 weeks of
testing, notable increases in U release occurred'and secondary 'uranyl alteration minerals
began to form. This change reflects the onset of oxidative dissolution of the U02 surface and
the formation of dehydrated schoepite. After 1.5 to 2.0 years of reaction, the rapid pulsed-
release of U subsided, and release rates declined to an extended tirne interval of moderate
uranium release. Most of the uranium that was released from the samples eventually
precipitated back as alteration phases onto surfaces of the test components. The sample
reaction trends observed in the experiments display a sequence of phase formation
characterized by, the following, paragenetic trend' UO2 ' dehydrated schoepite -

compreignacite + becquerelite' - soddyite - boltwoodite + uranophane + palygorskite clay.
These sequeice replicates processes that occur in, natural geologic systems, therefore this
similarity suggests that the U02 in the experiments has reacted by the same mechanism as
uraninite in the natural deposits.
Studies of long-term behaviour of spent nuclear fuel were performed by Finn et al.
[97FlNIHOH,98FIN/IFN];. The examination of the ATM-1 03 fuel after 3.7 years of reaction,
provided insight into the possible'reaction pathways- that contribute to matrix dissolution:
through-grain dissolution with formation of alteration products and slower grain-boundary
dissolution. The major alteration' product Identified was, Na-boltwoodite'
Na[(UO2)(SiO 3OH)]-H20, which was formed-from sodium' and silicon in the water leachant.-
Additional minor phases were detected, including uranophane, Ca[(UO2)2(SiO30H)0-5H20.
The' phase formation observed In these experiments, agrees with that identified In the case of
intermittent flow dripping groundwater tests using unirradiated U02, previously reported.

Dissolution rates

A classical kinetic approach to study the parameters, which affect the dissolution rate, is
given by the following expression:

r=k~e (EaaRT) rn 1 1 i *f(AG),

where ko is the rate constant, E, is the apparent activation energy, R is the gas'constant, T is
the temperature, an is the proton' activity, m is the fractional'reaction order with respect to the
protornactivity, A are the activities of species I (oxidants, carbonate species etc.)'which affect
the rate, n are the respectivefractional reaction orders and AG is the Gibbs energy of the
reaction. When experiments are performed far from the equilibrium, the term f(AG) is the
unity. - .- ,

In general, dissolution rates have, been determined varying one parameter and maintaining
constant the others. U02 dissolution rates have been determined as a function of oxidant
concentration, pH, carbonate concentration and temperature.
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Effect of oxidant concentration

The presence of oxidants in the near field can be correlated to the radiolysis of water. In this
sense, the dependence of the matrix dissolution rate on the oxidant concentration is very
important. However, the results found in the literature are controversial since different oxidant
concentration dependencies have been reported, varying from O to 1.
When the dissolution rate is determined at the beginning of the experiment, the dependence
of the oxidant concentration corresponds to a fractional reaction order of 1. In salt brines, a
linear relationship was found for three different oxidants: 02. H202 and C10 [96GIM/BAR].
The same dependence was obtained in electrochemical experiments [92SHO/SUN]. A
comparison of both results is shown in FIGURE 3.
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FIGURE 3: Dissolution rates [mglm 2d] vs. Oxidant concentration [moll]. O °2 ; 02
andO H202 * H102 and C10'

In contrast, the long-term dissolution rate determined In batch experiments as well as the
dissolution rates determined by using flow-through- reactors has given different
dependencies. In salt brines, Gimenez et al. [97GIM/PAB] reported a value of 0.4. Gray and
Wilson [95GRAMWIL] obtained with unirradiated U02 a dependency of 0.39-0.50 while with
spent fuel at 252C this dependency was 0.05. With uraninite, the same discrepancies were
obtained, Posey et al. [87POS/AXT] determined a dependency of 0.5 and Grandstaff of 1
(76GRA].
Effect of pH
Recently, Torrero et al. 97TOR1BAR] studied in detail dissolution rates as a function of both
pH and oxygen partial pressure. Results are shown in FIGURE 4. Data treatment showed
that both proton and oxygen partial pressure dependencies are fractional. For pH between 3
and 6.7 a value of 0.37 was obtained while at higher pH no dependency was observed. For
oxygen partial pressure, similar-results were obtained at acid pH, the dependency was 0.31
while at basic pH, and this dependency can be considered negligible. Torrero et al.
[97T0R/BAR] determined a fractional order respect to; proton concentration. Thomas
obtained similar results and Till [84THOITIL], a calculation with their data has given a value
of 0.30 between pH 2 and 5.

13



I I

2610 i

1.6E.10

X 1.21.10

E 8611 CZ4

a - -

2 4 6 8 10 12
pH

FIGURE 4: Dissolution rates vs. pH. O2 pressure: o5%; A 21%; 0 100%

Electrochemical results at two different pH [89SHO/SUN, 91SUN/SHO]'give also a fractional
dependency equal to 0.24. Results with spent fuel 89GRAj showed also a fractional
dependency equal to 0.52. The fractional rate order with respect to proton concentration Is
interpreted by surface complexation prior to the detachment of the dissolved Ions
[90STUMWOL]. The trend observed in the experiments points to an acid-promoted surface
controlled mechanism, where the lower the pH the higher would be the concentration of
surface protonated complexes leading to higher dissolution rates.

Effect of Carbonate

Carbonate Is present in all granite groundwaters to a major or minor extent. Therefore,
several authors [92GRA/LEI,, 95GRA'WIL, 97PABICAS, 87POS/AXT, 76GRA] have studied
the effect of carbonate on the dissolution rate. Although some discrepancies, have been
found in the literature related to the reaction order, most of the experiments performed at 25
QC indicate a fractional dependency. In FIGURE 5, dissolution rates are plotted as a function
of carbonate concentration for both unirradiated U0 2 and spent fuel. A similar trend is
observed for both solids.
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FIGURE : Dissolution rates vs. bicarbonate concentration
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From this plot a reaction order equal to 0.60 was determined. This value can be interpreted
by a surface complexatiorf mechanism in both spent fuel and' unirradiated U02 due to the
carbonate. This result will be evaluated'in the modelling section. However,- a similar
interpretation to the one described with the proton can be applied to the effect of carbonate.
When the carbonate concentration is high, carbonate surface complexes are also high and
the dissolution rate increases.

Effect of Temperature

The effect of temperature on the oxidative dissolution process of U02 has not been
extensively studied. The apparent activation energy values range between 20 - 60 kJ mol'
192GRAILEI, 76GRA, 79HIS, 57ARO/ROO]. This wide range of activation energy does not -
allow to identfy which will be the process controlling the dissolution of uranium dioxide.
Indeed, apparent energieslower than 40 kJmol indicate diffusion controlled processes,
while a-value in the range'40 '85 kJ-mol' seems to be indicative of a surface'controlled
mechanisr [84LAS]. - -

Recently, de Pablo et al. [97PAB/CAS] have performed dissolution experiments as a function
of carbonate concentration and'temperature (10 - 60 QC). The apparent activation energy-
calculated was 49.5 ± 16 kJ mol 1, which is much higher than the value determined with
spent fuel [92GRAILEI]. On the other hand, leaching experiments performed with 'spent fuel
have shown 'no' differences on radionuclide:release 'at different temperatures (25 and'150
QC). No definitive conclusions can be obtairied-about the effect of the temperature on"
dissolution rates."
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GROUNDWATERS

COMPOSITION AND PREPARATION OF SYNTHETIC GROUNDWATER
In the project, except in one case (clay) no real but synthetic groundwaters were used. The
selected water compositions represent the three types of sites for geological disposal (salt,
granite and clay). In case of granite, also a water composition, modified by bentonite
interaction was studied. Five types of synthetic granite 'groundwaters were used in the
experiments (TABLE 1). Appendix 4, TABLE 1 and Appendix 5, TABLES 3 and 4 give more
details on the compositions.

The saline granite groundwater represents the groundwater found at a depth of 600 m in
granite 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 ionic strength is 0.5 M. The composition of the synthetic water was
planned separately for' air-saturated and anoxic (N2 atmosphere) conditions with the help of
E0316 modelling and stability tests [97VUO/OLL].

The Allard groundwater is the reference groundwater for fresh groundwater conditions at
great depths in granite bedrock. The composition was modified due to the stability problems
of the original Allard groundwater both under air-saturated conditions and in N2 atmosphere
[98VUO/SNE]. The Ca, Mg, Si and carbonate contents were lowered in order to prevent the
precipitation of calcite and silicate phases, and the loss of carbonate from solution.

The near-field groundwater simulates the effects of bentonite on saline groundwater (TDS=
67 g/l). It is very saline Na-Ca-Cl water with a low alkalinity. The ionic strength is 1.6 M. The
composition was based on measured laboratory data on bentonite/saline groundwater
interaction [98MUUNUO].

A summary and comparison of the selected groundwater compositions is given in TABLE 1.
In the following, some preparation methods are briefly described.

95% saturated sodium chloride solution

For this solution 34.1 g of dry sodium chloride were dissolved in 100 ml deionized water.

Granite-bentonite water

The granite/bentonite groundwater by ENRESA/Ciemat [96MARtMEL] simulates the effects
of bentonite on Spanish granite groundwater. This saline synthetic groundwater has a high
NOj- content (110 mg/I) compared with all the other groundwaters and high chloride
concentrations with respect to granite waters (TABLE 1).This synthetic groundwater
describes a water composition, obtained from the interaction of a granite groundwater with
bentonite from Almeria (Spain). Chemicals used for this purpose were calcium chloride
hexahydrate, magnesium chloride hexahydrate, potassium bromide, potassium chloride,
potassium nitrate, sodium chloride, sodium hydrogen carbonate, sodium metasilicate
pentahydrate, sodium nitrate, sodium sulfate decahydrate and hydrochloric acid. The amount
of magnesium chloride hexahydrate was controlled by argentometric titration and the
synthetic groundwater was checked for pH and Eh.

Leaching solutions n integral tests
The two leachants used by CEA in integral tests represent the deep clay or granite
geological repository sites under consideration in France: one simulates a clayey ground-
water, the other a granite groundwater. After synthesis, both groundwater samples were
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stored at room temperature in the leaching cell feed tanks; however, their compositions
represent' equilibrium tperatures for' clay and granite 'rniterials (161C and 90'C,
respectively). The leaching experiments were performed at 900C. The composition of the
synthetic groundwater compositions were verified after preparation and at the end of the
leaching experiments.
Clay Groundwater

An interstitial water from the Boom clay site has been used with a chemical composition at
160C as indicated in TABLE 1, closely resembling the other clay waters from the Boom clay
site, studied by the group of SCK.CEN (TABLE 1). The pH of an interstitial water sample
exposed to ambient air for a few hours rises from 8.2 (measured in situ at 17.6 bars, Rbo.
3.5 x 104 atm and 160C) to 9.5. [98LEM/CAN,- 85HEN/MON] Boom clay is highly reducing

in situ, with interstitial water potential of about -2 5 0 mVsH' at 17.6 bars and 160C. However,
it is also highly sensitive to oxygen pollution by contact with air. The redox potential of the
synthetic boom clay groundwater used in WP* .4.3 is controlled by the reducing action of
humic acids 98LEM/CAN] at -140 mVSHE. However, to avoid complications no humic acids
were added in the integral test. The redox potential in contact with air was thus +400 mVs.g
The bicarbonate concentration was be estimated by charge balance constraints, i.e. by the
sum of the equivalents of the major Ionic solution species f89MIC].
Granite Equilibrium Groundwater ' ' '

The reference chemical composition Of the granite groundwater"was determined by thermo-
dynamic calculations using the PHREEOE code and validated by analysis of samples taken at
different temperatures from several outfalls in the Pyrenees. The calculations provided the
simultaneous saturation equilibrium values of. th4 'water at. 900C with 'respect to quartz,
calcite, laumontite, albite,' kaolinite, microcline and chlorite, as well as the CO2 fugacity,'the
pH and the alkalinity. The redox potential'of the granite groundwater synthesized 'in the
laboratory air was +250 mVsHE.

MAINTAINING REDUCING CONDITIONS

An important parameter to be considered In spent fuel dissolution is the Eh of the aqueous
phase. In deep geological repository conditions, after the site Is sealed and the near field
engineered barrier has been restored, the spent fuel will be in a reducing environment. Since
the spent fuel dissolution mechanism Is highly dependent on the redox conditions, the
experiments must suitably reproduce such reducing conditions. Reducing conditions can only
be achieved in an anoxic environment. Earlier U02 dissolution studies In synthetic
groundwater (Allard) in N2 atmosphere In the absence of reducing species have shown that
dissolved uranium was mainl': (> 90 %) at -the U(VI) state [960LL]. Obviously, the trace
oxygen content in the' atmosphere of the box Is enough to cause slightly oxidizing conditions
for uranium.- The different -partners of the project Implemented different procedures as
described below. -

VTT

The earlier tests in Allard and saline groundwater [97VUOI have shown that lower Eh values
can be achieved by the addition of reducing species, Fe , S2., typically present in natural
groundwaters,-or metallic Fe to synthetic deaerated groundwater. The Eh values in the
presence of these redox species ranged frorn -300 ... -200 mV (1 ppm' Fe2 , 1-5 ppm S2:). -

The Eh value for. deaerated synthetic groundwater in the abserice'of redox'species
fluctuates. Values from -20 ... +175 mV have been measured for' synthetic groundwater after
short periods (< 1 month) in the glove box. During longer periods In the box a trend towards
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lower Eh was observed.

The stability of the water chemistry (pH, Eh, S2; Fe2 ) in the experiments, as well as in
parallel groundwater samples without UO2 pellets, was followed during long dissolution
periods (up to 300 days). FIGURE 6 gives the measured Eh and pH values as a function of
time in a parallel sample of saline groundwater with 3 ppm S2' during a follow-up period of

TABLE 2. The stability of water chemistry in the U0 2 dissolution experiments under anoxic conditions.

Redox species Sal Saline Allard (modif.) Allard (modif.)
addition S(Il), Fe(+II) ,Eh [mV] S(-ii), Fe(+il) Eh [mVj

ppMl : pH _ppm : pH
1 ppmS(II) 0.46±t 0.04 : -216±5 0.59±0.02 -235±16
(+0.01 ppm ; : 8.69 ± 0.07 . 9.08 ± 0.06
Fe(+l1):saline) i _ _

3 ppm S(4I) 1.99±0.14 , -265* 17 2.01 ± 0.11 , -275 8
: 922* 0.06 : 9.35± 0.06

5 ppm S(-I) 3.69± 0.11 '-281 ± 16 3.39±0.12 : -297 10
i 9.56 *0.07 i 9.45 *0.04

1 ppm Fe(+ll) 0.87. -138±68 0.16*0.04 : -318*114
' 8.05 ± 0.08 . 8.79 : 0.08

600 days. A platinum electrode (Yokogawa) was used as the redox electrode in combination

with an Ag/AgCI reference electrode (Yokogawa). The 'reference electrode is filled with a
gelled electrolyte solution. The' sulfide content was decreased 'rapidly after the addition to
synthetic- groundwater, probably by reacting, with trace oxygen left in the'solution after
deaeration with N2, but remains rather stable afterwards, see TABLE 2, which gives the
average values and deviations of all the S(-ll) determinations carried out during the
dissolution experiments in different aqueous phases. The determination was made using a
standard spectrophotometric method (SFS 3038). The stability of redox conditions in
synthetic groundwaters with S(-ll) was shown also by the Eh and pH measurements. The
scatter in the measured Eh was small, whereas in' synthetic groundwaters with Fe(+ll) as
reducing species, there is more scatter in the measured Eh values. The determination of the
ferrous iron was made by a ferrozine method [79D1MJ.

FZK
Anoxic or reducing conditions was assured by performing the tests In closely tight Ar filled
autoclaves or'quarz glass vessels. The autoclaves as well as the glass vessels were
equipped with two ball valves allowing solution sampling through one valve, while streaming
Ar through the other. The tightness of the reaction vessels was determined by gas analyses
during the test and at test termination. N2 contamination of the gas phase was interpreted as
resulting of air intrusion. Typically less than 10 ppm of N2 were found in the gas phase, even
at reaction times as high as 1000 d.

SCKCEN
Experiments were performed in glove boxes filled with inert gas. The oxygen content was in
most cases lower than 5 ppm, but oxygen intrusion was encountered. To avoid this, a
second test series was performed in the presence of reducing species (sulfide).
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FIGURE 6: The measured Eh and pH values In a parallel sample of saline groundwater with 3 ppm S(II)
during a follow-up period of 600 days under anaerobic conditions.

ENRESA/CIEMA T

Experiments performed under anoxic conditions were carried out in a glove box (FIGURE 7)
with an N2 overpressure of approximately 150 kPa. Oxic experiments were carried under air
atmosphere.

FIGURE 7 Glove box used for experiments performed under anoxic atmosphere.

Reducing conditions In Integral tests by CEA

The experimental procedure for imposing and controlling reducing conditions in the system is
based on eliminating the oxygen present not only in the leaching solution synthesized in air
in the laboratory but also In the environmental materials and In the leaching pot. Before the
leaching solution was supplied to the test vessel, it underwent the following operations:

The solution was bubbled for about two hours with a hydrogenated gas mixture (argon
containing 3% H2 and 300 ppm C02) in the feed tank, and maintained under a blanket of the
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same gas mixture throughout the experiment. Under applicable safety regulations, the
maximum permissible hydrogen molar fraction in a restricted zone was 3%. The CO2 content
of the gas should prevent decarbonated leachant. The leachant was percolated over a
palladium catalyst to eliminate any residual oxygen. The percolation medium consisted of
divided palladium dispersed in a polymerized divinylbenzene resin. The advantage of this
technique was its room-temperature catalytic performance.
Before adding water, the leaching pot containing the environmental materials was swept by
the same gas mixture. The materials contain adsorbed oxygen that must be eliminated as
much as possible to conserve the benefits of the deoxygenated leachant. The time required
for the gas to obtain an oxygen concentration below 5 ppm in the pot was determined using a
Jacomexe oxygen trace analyzer inserted In the outflow line from the Simfuel leaching pots.
The 35 mm Hg negative pressure inside the shielded cell precluded the use of this probe; the
pots containing spent fuel were therefore swept with the gas mixture for the same time as in
the Simfuel experiments.

Iron was added to the environmental materials by placing a mild carbon steel (E24-2) plate
measuring about 9 x 1.9 x 0.3 cm with a total surface area of about 40 cm2 in the midst of
the materials in the pot. Oxidation of the iron reduced any remaining oxygen fixed on the
environmental materials after the gas treatment.
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TABLE 1: Composition (mgni) of simulated groundwaters used In the prolect
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s 196MAP/MELI
4RIC (Real Boom Claywater) is sampled In situ in the Underground Research Laboratory of SCK-CEN, and transferred to the laboratory In containers that are purged with inert gas
5 Procedure for preparation of SCW:To degassed HPLC (High Performance Liquid Chromalography) water, add 40 mg/I NaCI, 22 mg/I MgCIk.6H 20. 30 mg/I Na2SO4. 25 mg/i KCI,
and 1170 mg/i NaHCOs. To this solutlon, an excess of CaCO 3 Is added. The suspension is stirred for 24 hours at room temperature, In order to obtain an equilibrated solution.
a Preparation of SCWHA similar to the preparation of SCW, but a concentrated soln. of humic acids Is added as well. The added humic acids are purified acids, extracted from RIC.
The SCWHA\C Is similar to SCW, but HPLC water Is not CaCO 3 equilibrated and no NaHCO3 Is added. A cone. solution of humic acids Is added (as for SCWHA).

a C02 and 02 content reduced by bubbling Ar.
9 CompositIon calculated for equilibrium of deep granite water with granite and fracture filling minerals
°O The anoxic conditions of deep groundwaters are simulated In an anaerobic glove box filled with nitrogen (adsorbers for 02 and CO2: Cu catalyst and molecular sieve,

respectively). The oxygen concentration in the atmosphere of the box normally stays below I ppm (0.1 ...0.5 ppm). The carbon dioxide content Is - 0.1 ppm
"TOC=total organi ecarbon (=humi acid In mg C/I) - -
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SOLID PHASE CHARACTERIZATION

The corrosion properties of four materials were studied and compared in the project: UOX
and MOX spent fuel, unirradiated U02 and SIMFUEL.

SPENT FUEL

FZK:

TABLE 3: List of data from spent fuel rod SBS 1108, segment N 0203.

Discharge date May, 27th, 1989
Bumup 50 400 MWdttU
Irradiation time in the reactor 1226 days (1986-1989)
Average linear power (segm.N 0203) 260 W/crn
Maximum linear power (segm.N 0203) 315 W/cm
Specific activity (1 2-92) 7.4*1010 Bq/g
Initial density 10.41 g/cm 3

Initial 235U enrIchment 3.8 wt.%
U6 1171.0 g
Pthot 14.0g
Initial gap (ueVcladding) 0.17 mm
Cladding Zircaloy 4

A high bumup LWR-UOz-spent fuel rod segment (N 0203) from the PWR power plant
G6sgen, Switzerland was obtained from SIEMENS/KWU. The following data of the fuel rod
were provided by SIEMENSIKWU The fuel powder used by FZK originated from the previous
EU-project. Spent. fuel powder was prepared by anoxic crushing and milling of a total
amount of ca. 18,5 g cm-sized spent fuel (LWR-UO2 from PWR G6sgeni/CH; 50 MWd/kg U)
fragments obtained from decladded pellets. Prior to starting the leaching test, the dust
fraction generated during milling was removed by washing with DI-water In an ultrasonic
bath. The dried powder was separated and stored in T gas-tight" capsules under N2 until its
use in the various experiments. For geometric specific surface area see the compilation in
Table 10. Because of uncertainties the'effective specific surface area as well as SN ratio
may deviate about 100% from the geometric values.

ITU

The U02 fuels used in the experiments of ITU were taken from the 1-551 pin and the MOX
fuels from the F-6565 pin; both Irradiated In the BR3 reactor. The U02 pin was enriched with
a 8.25 w/o of U-235 and was fabricated by the Franco-Belge de Fabrication de Combustible"
(FBFC) in Dessel and the MOX pin had an enrichment of 6.9 % in fissile plutonium and was
fabricated byuBelgonucleaIre7 in Dessel, according to the Micronized-Master blend process
(MIMAS). The characteristics of the fuel pellets are shown in TABLES 4 and 5 shows the
Isotopic composition of the fuel pellets. The fuel samples used in these experiments are
shown in TABLE 6 together with the bum-up of the fuel.
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TABLE 4: Characteristics of the fuel pellets.

U0 2 fuel MOX fuel
Mean diameter (mm)" -, 8.04 8.22-8.24

Fuel Pellet Height (mm) - 12.22-12.41 11-12.5
Weight (g) 6.323-6.419
Mean Density (g/cm3) 10.34-10.35
(% TD) 94.3-94.6 94-95

Fuel B Equivalent (ppm B) 0.6 0.74
Stoichiometry (OIM) 1.997 1.991
Mean Grain Size (m) 11 5

TABLE 5: Isotopic composition of the pellets.

Isotope U02 fuel MOX fuel
U-234 0.063 0.003
U-235 8.253 0.309
U-236 . 0.052 0.007
U-238 91.632 99.681
Pu-238 1.663
Pu-239 58.228
Pu-240 24.848
Pu-241 9.716
Pu-242 -5.545

TABLE 6: Samples used in the experiments.

Fuel Sample * . bum-up (GWd/AU)
1-551-1-6 30

U02 1-551-2-8 5
1-551-2-5 50
F-6565-1-4 12

MOX F-6565-2-6 20
F6565-2-7 25

- ' ~ - TABLE 7 Cladding characteristics.,

U0 2 fuel MOX fuel
Alloy - _ - Zry-4 Zry-4

Outer Diameter (mm) 9.50 9.6
Intemal Diameter (mm) 8.24 8.4

Wall Thickness 0.58 0.56

- - : TABLE 8: Gap size evaluation of fuel samples.

fuel

rU0 2.
MOX
MOX

1MOX
MOX

bum-up
(GWdAU)

:.30
52
12 -' -
-23 i.
419

24

gap-min (m) -gap-max (m) - Gap-mean
. :.- - (,um)

55 . 26± 12
- 37- 14*9;

18 78 41± 14
9 71 . 37± 20
28 114 59 26

25 ~~80- ~ 51 17
','

- . 1 - .
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A first approximation for.the composition of the fuels for the different bum-ups was made
using the ORIGEN code; the results obtained in these calculations are shown in Appendix 6,
TABLES 7-1 0.

One U02 (1-551-1-6) and one MOX (F-6565-2-8) cross section samples were observed with
a JEOL 35 CX Scanning Electron Microscope. Both samples were polished first to
metallographic quality and further coated with a conductive gold layer of a few hundreds of
nm thick.

SIMFUEL

SIMFUEL is a chemical analogue of'irradiated fuel developed and manufactured by AECL
Research Laboratory. It is a complex material based in a U02 matrix in that is included some
elements simulating fission products 91 LUCNER]. SIMFUEL used in the work of ENRESA-
CIEMAT had a composition that simulates SF burned to 50 MWd/kg U, whereas SIMFUEL of
CEA simulated a bumup of 6 at% (ca. 6OMWdlkgU). The table shows the composition of the
two types of SIMFUEL used.

TABLE 9 SIMFUEL compositions ENR=ENRESA-CIEMAT, nominal values
for 50MWd/kgU simulates, CEA= measured values for 6OMWd/kgU simulates

Element % w Element %/w
ENR CEA ENR CEA

Sr 0.27 1.09 Pd 0.29 0.11
Y 0.06 0.32 Ba 0.37 0.26
Zr 0.57 0.54 La 0.31 0.30
Mo 0.52 0.46 Ce 0.88 1.88
Ru 0.38 0.07 Nd 1.00 0.61
Rh 0.63 0.60 U 94.78

SAMPLE PREPARATION

Most experiments were performed at high surface area to solution volume ratio (SN) using
powdered spent fuel (CEA, FZK), powdered U02 (SCK.CEN, VTT, ENRESA-UPC) and
powdered SIMFUEL (CEA, ENRESA-CIEMAT).- Pellet sized- samples were used for U02
(VTT) and spent fuel (FZK, continuation of tests from 3d EU-Framework programme and
ITU, pellets in rodlet). Spent fuel and SIMFUEL powders for. integral tests at CEA were
produced with similar surface area.
For preparing the powdered UO2 and SIMFUEL samples pellets chosen for leaching
experiments were grounded and sieved to obtain a suite of preselected particle sizes. The
selected particle size fraction was! washed' with water in order to eliminate fine particles
produced during powder preparation. These fine particles would contribute to a large surface
area that may lead to overestimatiorf dissolution rates. '

Spent fuel powders (CEA) were prepared under oxidizing conditions. A procedure was
developed for crushing and screening the fuel samples with the main criterion of feasibility in
a shielded cell eivironment. The resulting particles were sieved with the aide of 12 mm
diameter stainless' steel balls on a set of screens (250 pm and 50 pm) on a vibrator modified
for reiote operation. Applying' this procedure to the 60 GWdts 1 fuel yielded a fraction
(50-250 pm) representing abouzt 42%- of the total, for a useful- mass of 11 g (i.e. approxi-
mately 0.22 TBq) sufficient for our experimental purposes. The powder fraction was washed
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by rinsing with Milli-Q double-distilled water for 140 days to remove any fines and to
eliminate the labile activity thus facilitating analyses of the alteration of the fuel matrix.

SURFACE AREA DETERMINATION
The water accessible specific area is an essential parameter for calculating the leach rate of
spent fuel, SIMFUEL and U02, and for comparing the results of leaching experiments. Spent
fuel dissolution' data 'are in most cases reported in terms of Fractions of radionuclide
Inventories of fuel samples, release during the experiments Into the Aqueous Phase (FIAP).
This unit is convenient and it is significant for describing the release of labile radioactivity
from the fuel '(gap and grain'boundary contributions) but this unit masks that fuel matrix
dissolution is essentially related to the accessible surface area. Direct comparisons using the
very large amount of experimental data available in the literature of irradiated U02 and MOX
and non-irradiated U0 2 arid SIMFUEL' Is often very difficult, not only because of the existing
irradiation differences between SIMFUEL or. non-irradiated U02 and spent fuel but also the
effective surface area Is 'quite different. Spent fuel pellets have a larger specific surface area
than nori-iriadiated pellets due to the fomation of thermal gradient cracks arid pores due'to
the volatile fission products' Forsyth [95FOR] compiled spe6ific surface area values from
irradiated and unirradiated fuels concluding that for irradiated fuel the average specific
surface area Is around 6 times higher than for unirradiated fuel. In the case of MOX,
microstructure differences may also-affect-the-accessible surface area. Higher fractional
release of uranium from irradiated material in tests under oxic conditions was found
explainable in terms of different surface areas [98SERIRON].
Hence, normalization to surface area seems to be necessary when comparing different
materials behaviour. The various partners of the project employed different methods of
surface area determinations :Brunauer, Emmet and Teller BET measurements, geometric
estimations from particle size 'distributions and shape factors and by mercury porosimetry
('geometric surface area). The BET measurement overestimated the specific surface area,
since pores inaccessible to water are accessible to the gas and the geometric surface area
underestimates the surface area. '
ENRESA-CIEMAT characterized their SIMFUEL powders prior to the experiment also by the
BET method but also by laser diffraction for measuring the particle size distribution. The
specific surface area obtained was 0.043 m2Ig.'
The specific area of the CEA-SIMFUEL powder was measured by BET with Kr gas in the
CEA's Uranium Fuel Laboratory (DRN/DEC/SPU/LCU) at Cadarache. Values of 0.018
± 0.002 m2 g"' were obtained. A geometric'surface area was calculated, using the area of an
average sphere 'of 150 pm In diameter and a shape factor of 3 for SIMFUEL and 5 for spent
fuel (the higher shape factor for spent'fuel provides for its heterogeneity, its degree of
cracking' and its high porosity' after reactor irradiation). The calculated geometric specific
surface area values'were 0.012 m 2g' for SIMFUEL and 0.02 m2 g'for spent fuel. The
effective specific surface area'of the SIMFUELpowder sample was thus between 0.012 and
0.018 m2-g. The 'SIMFUEL- poWder alteration'- calculations were therefore 'performed
assuming a specific surface area, S of 0.016 m2 9'. The 3:5 ratio area ratio 'between the
SIMFUEL and spent fuel was conserved by using a value of 0.027 m2.gl. for the latter.

.. ,: . ~- ;' . '. ., , t . ,,* ; -- - , , --
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Liquid mercury porosimetry: An attempt to measure effective surface area of non
Irradiated U02 samples (original work package 1.2).

Liquid mercury porosimetry is a well-known technique used to measure open porosity, pore
size distribution and the density of solid, metal and non-metal, materials. For powder
samples the technique is used to measure the particles size distribution.
In the framework of the present work this technique was applied to calculate, the effective
pore surface of non-irradiated U0 2 pellet samples from the total pore volume. These values
will enable the wetted surface areas to be measured and thus the measured leaching data to
be converted to effective corrosion rates.
At ITU the Hg pycnometer (Carlo Erba 400) Is used to measure the total pore volume and
pore'size distribution up to a pressure of 4000 Bar of non-irradiated alpha contaminated
materials.

The, cumulative volume in mm3/g of a sample of a' non-irradiated U02 pellet (6 mm in
diameter, 1.35 mm high, geometric density 9.5 g/cm3) is shown in Figure 8 with awhistogram
of cumulative' mercury volume (mm3/g). It shows that the najority, approximately 70%, of the''
measured pores are in the range of a few nanoreters. Assuming a cylindrical pore shape an
effective pore surface of 2.38'm2/g was calculated from the specific pore volume measured.

Pore size distribution
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FIGURE 8: Liquid mercury porosimetry histogram. Pore radius versus
cumulative volume for a U0 2 sntered and non-irradiated sample.

The large, order of magnitude of the effective pore and micro crack surface clearly
demonstrate the importance of correct pore surface calculations and th-e minor effect of the
extemal specimen surface on the leaching behaviour of U02. This value is'much higher than
typically assumed for-U02 and this high value was attributed to the much lower than
theoretical density of the sample. For the case of spent fuel 'samples the performance 'of
similar effective surface area measurements failed mainly due to experimental complications:
delicate manipulations for the specimen preparation and measurement were impossible in
the hot cell, and would have required cost intensive modifications.
A comparison' of the' results of our surface area measurements'with those of the literature Is
given in TABLES 10 and 11. BET and geometric estimates were consistent with the literature
values for similar sample types. In contrast, Hg-porosimetry of unirradiated U02 gave much
higher. values; If correct, much lower surface area normalized corrosion rates would result.
However, since the Hg-porosimetry value results from a single individual sample, and no
data for irradiated material are available, we use BET or geometric estimates and refrain
from using the Hg-porosimetry data for calculating surface area normalized reaction rates.
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TABLE 10. Specific surface area of;SIMFUEL and UO2 samples and comparison with literature data

References Shapes of fuel samples Measurements Surface Notes
- method (m2.g') .___._._ .

Our workICEA powders 50-250 pm 'geometry 0,012 S.R.F. :3

BET 0,018

/ENRESA SIMFUEL Powder 50/100 m SET 0.043

ISCK.CEN U02 Powder 50-100 pm -BET 0:044

/VTT U02 pellet . geometric 0.00033

NTT U0 2.1 powder, 0.7 pm BET 5.4

/ITU pellet Hg-porosimetry 2.38

96RON/MAT pellet BET 0,00015

95BRUICAS pellet BET 0,000192

. . powders 100-300pm ,,. BET 0,0113

96GAR'SER : powders 50-100 pm, BET 0,1 Not washed -

powders 100-315 pm BET 0,026 Included fines

92BRUICAS pellet geometry 0,000058

9201i pellet BET ' 0,015

TABLE 11. Specific surface area of spent fuel samples and comparison with literature data

References Bumup Shapes of Measurement Surfaces Notes
(GWIltu) fuel samples method (m2.g')

Our workICEA 60 powders 50-250 prm Analog SIMFUEL 0,027

IFZK 50 Powder 2.5-4.5 pm geometry 0.3 SRF. 2.5

94FIN1BAT, 30 & 43 fragments geometry 0,00021
94FINIGON,
95FINIBUC,
96FINIHOH1.
96FINIHOH2 _

92GRA/STR, 33 powders 0,5-5 mm geometry 0.0006 S.R.F.: 3
92GRAILEI

. powders 15-25 pm geometry, PSD 0,086 S.R.F.: 3

96GRALOI, 50,4 pellet geometry 0,0002

94LOUGRA. fragments geometry 0,0007
94LOVGRA

95FOR . 42 & 43 fragments (2 to 4 mm). : BET . 0,007- 0,012 .,

94GRAFWHO 31 powders 7-20 pm p geometry, PSD - 0.098 S.R.F.: 3

powders 700-1700 prn geometry, PSD 0,0017 S.R.F.: 3

50 powders 7-20 pm BET 0.277

. . . . -...powders 700-1700 pm geometry, PSD 0,0019 . S.R.F.: 3

95GLA/TOS .31 & 5 . fragments -- geometry 0.00021-

PSD: Particle-Size Distribution; S.R.F.: Surface Roughness Factor .
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ENVIRONMENTAL MATERIALS

The selected environmental materials were analyzed to determine their contents of
impurities, corresponding to elements found in the' fuel, whose releases into solution might
interfere with the release of elements from spent fuel. The solutions obtained by solubilizing
the environmental materials either by acid rinses or by alkaline melting were analyzed by
ICP-AES and ICP-MS.
Iron and its corrosion products

At VTT metallic iron was added as iron chips (Baker Chemicals, reducing power as Fe
100.3 %). At ENRESA and FZK, metallic iron Fe(s) (Merck) 99.5%, was used with particle
size 10 Am. Magnetite Fe3O4(s) (Aldrich) 98% used by ENRESA had a particle size < 5 m.

Clay

In integrated experiments, CEA used smectite 4a (also known as FoCa 7) clay. This material
contains appreciable quantities of Sr-Y, La, Ce, Nd, Ba, Cs and 1, which constitute a source
of interference in determining the release rates of the same elements from the fuel source
terrms. The Mo, Ru, Rh, Pd, U and Sb concentrations in smectite 4a are below the detection
limit (10 ppm), but may also interfere with fuel release measurements. Results are given in
the following TABLE 12

TABLE 12. Chemical composition of smectite 4a

Main elements (%) Impurities elements found Other elements (ppm)
L__ __ __ ___ __ _ also in Simfuel (ppm)

Si 20,300 Sr 100 U 55

Al 11,500 Y 30 B <10

Mgs 0,410 Zr 110 Cr 350

Na 0,130 Mo <10 Sb <10

Fe 5,500 Ru <10 Cs 100

TI 0,640 Rh <10 Pb 60

K 0,190 Pd <10 Co 20

Ca 1,900 La 45 NI 70

Mn 0.052 Ce 80 Rb 10
P 0,080 Nd 40 W 400

U <10 F 65

Ba 290 1 30

Granite
For the integrated tests, we selected French granite from the Fanay-Augeres massif (TABLE
13). As with smectite 4a, Fanay-Augbres granite contains appreciable amounts of Sr, Y. Zr,
La, Ce, Nd, U. Ba and Cs, as well as traces of Mo, Ru, Rh, Pd and Sb, with the same risk of
interference for identification of release locations.
Sand

Clay alone would be much too impermeable to obtain water percolation times compatible
with our 'eperimental time frame. We therefore used a mixture of sand and clay. A
satisfactory tradeoff between a sufficient quantity of clay and the resulting impermeability
was obtained using a mixture'of 90 wt% Sika F25 sand (TABLE 14) and 10 wt% clay.
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TABLE 13. Chemical composition of Fanay-Augeres granite

Main elements (%) Impurities elements found Other elements (ppm)
also in Simfuel (ppm)

Si 31.90 Sr 50 Li 140
Al 7,50 y 15 B <10
Mg 0,20 Zr 80 Cr 300
Na 2,48 Mo <10 Sb <10
Fe 0,98 Ru <10 Cs 100
1 0,12 Rh <10 Pb 60
K 4,20 Pd <10 Co <10

Ca 0,50 La 20 Ni 30
Mn 0.03 Ce 50 Rb 440
P 0,18 Nd 20 W 280

.I . . 'U :^ 20 F 6
Ba ' 180 I 28

TABLE 14. ChemIcal composition of Sika F25 sand

Main elements (%) Impurities elements found Other elements (ppm)
.. .,also In Simfuel (ppm)

Si 45,500 'Sr 10 U -<10

Al . 0,300 Y . <10 B' <10

Mg 0,040 Zr 40 Cr - 600

Na 0.060 Mo. 20 Sb <10

-'Fe 0.800 - Ru <10 . Cs <10

TI 0,020 Rh <10 Pb 40

K 0,110 Pd; - lo .. Co . <10

Ca 0.200 La <10 Ni 100

Mn 0,005 Ce 350 Rb <10

P .0,030 Nd . <10 ..W 400

U '. <10 . F - 6

Ba 50 I 28

I .

. I , . . I

I , - r .I

. I I I I
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DETAILS .AND ACHIEVEMENTS
OF THE PROJECT WORK
PACKAGES (WP)

WP 1: BASIC UNDERSTANDING OF THE
MECHANISM OF FUEL MATRIX
DISSOLUTION

More than 95% of the radiotoxicity of spent nuclear UOX or MOX fuel is concentrated in the
U0 2 or (PuU)02 matrices. Consequently, the dissolution behaviour of this matrix must be
understood to allow reliable performance assessment for disposal sites in granite, clay or salt
formations. Natural analogue studies as well as laboratory testing have distinguished two
principal dissolution modes: (1) under oxidative conditions U02 is thermodynamically
unstable and is dissolved comparatively fast by formation of aqueous U(VI) species and
formation of secondary U(VI) solid phases and (2) under reducing conditions U02 will
dissolve by non oxidative formation of aqueous U(IV) species and/or secondary solid U(IV)
phases. If secondary U(IV) containing phases cannot be formed, U02 may become
thermodynamically stable, once solubility limits are reached.'Additionally, an intermediate
case (3) may be operative under anoxic conditions, with U02 dissolution by formation of
U(VI) species (e.g. uranyl(VI) carbonate complexes) until U02 becomes thermodynamically
stable.
The dissolution mechanism of the U02-matrix is studied under conditions relevant to various
European repository designs, combining empirical and theoretical approaches and
comparing the behaviour of real spent UOX and MOX fuel with SIMUEL and pure U02. Both
(geo)chemical and electrochemical aspects of the dissolution mechanism are considered for
oxic, anoxic and reducing conditions.
Under reducing conditions expected to prevail in all European repositories, the mechanism
(2) or (3) should prevail. For example, the spent fuel from Finnish nuclear power plants is
planned to be disposed of in a repository to be constructed at a depth of about 500 m in
crystalline granite bedrock, with reducing conditions prevailing in deep granite groundwater,
German spent fuel is planned to be disposed in 800 m depth in a domed salt, and potential
intrusion of Fe(ll) containing reducing salt brines must be considered. Similarly, in the Boom
clay formation in Belgium, reducing conditions are expected. The composition of
groundwater, which will come into contact with spent fuel, depends on the geological
formation and the interactions with bentonite. The presence of Si and Ca in groundwater has
been observed to affect the dissolution rate of unirradiated U 2. Gray and Wilson
[95GRAMWIL] showed that the addition of Si and Ca to a bicarbonate solution could reduce
the dissolution rate up to 100 times.
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WP 1.1 DISSOLUTION OF SPENT FUEL- AT HIGH SURFACE TO SOLUTION
VOLUME RAO -- ,

Dissolution experiments were performed with powdered spent fuel samples (grain size < 3
pm) at high ratios of sample surface to solution volume (SN) to simulate the long-term
corrosion at lower SN ratios. The high surface area leads to a much faster increase-.of
solution concentrations of radionuclides as could be achieved with fuel pellet samples. The
small grain size allows for complete washout of radionuclide Inventories from the grain
boundaries, thus allowing Improved assessment of the fuel matrix behaviour. Though powder
preparation occurred under N2, high corrosion rates in the range 1 *10,4d and 2*104/d have
Indicated that some powder oxidation might have occurred during storage In gas tight
capsules over some years. Nevertheless, in relative terms, significant insight into fuel
dissolution properties could be obtained.
Two types of experiments were performed at INE-FZK with the same powder: Tests as a
function of pH and pCO 2 in NaCI-solution (samples P56(1),> P56(11), P56(111)), and for
comparison tests in granite water and granite bentonite water (P4).

Effect of pH and pCO2 at high S/V

To assess the influence of pH and pCO 2, on the dissolution behaviour of spent fuel in saline
solution, static spent fuel corrosion experiments were performed using powdered spent fuel
samples in 95% saturated NaCI-solution. Quartz glass reaction vessels were used (FIGURE
1.1-1), equipped with fittings, allowing to Insert electrodes (pH,:Eh), adding of acid or base
(pH-control), sampling of solutions, sampling of gases and inserting the desired gas
atmosphere. -

FIGURE .1 -1: Glass reaction vessel used for spent fuel powder dissolution tests
under various Ar/CO2 gas atmospheres at controlled pH values.
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In FIGURE 1.1 -1 the procedure of solution sampling is shown. The carbonate content of
the solution was fixed by the C02 content of the gas phase, and the pH was varied stepwise.
One of the tests was performed under Ar (100%) atmosphere, another one under Ar 99 /
(1 %) C0 2 atmosphere and a third one under Ar 99,97 / (0,03%) C02 atmosphere.
During the first two- months two solution samples were taken from each test without
adjustment of pH. Thereafter, the pH-values of the experiments were adjusted to 7, 9, 11,
then back to pH 7 (addition of 0,I n NaOH, or 0,1 n HCI). To avoid C02 contamination NaOH
and HCI'solutions were flushed with argon for at least 2 hours. Sampling of solution was
performed at least three weeks, after the desired pH-value 'was adjusted. All solution
samples were filtered by amicrofilter membrane (0.45 pm) and aliquots were additionally
ultrafiltered (18 A) by means of centrifugation. Filtered aliquots were acidified with 1 m HNO3
to. stabilize the radionuclides in solution prior to analyses. The sampling interval of the
dissolution tests are summarized in TABLE 1.1 -1.

TABLE LI-1: Time (dais) of solution sampling since start of the static experiment

Atmosphere Sample Wash Time (days) since start of the static test

days no pH control pH adjusted to

7 9 11 7

Ar P58(l) 85 . 14 62 83 173 236 277

Ar/0,03% P56(111) 162 19 74 102 158 223 329
Co 2

Ar/ % C02 P56(11) 89. 15 59 80 169 230 274

lE-Ol.

8E-02

6E-02

C 4E-02

2E-02

OE+00
0 100 200 300 400

Time (days)

FIGURE LI-2: Released fractions of matrix bound radionuclides Cs37, Sr9O, NpI37, Tc99 as a
function of time during dissolution of spent fuel powder P56(I) In Sm NaCI solution under Are

Atmosphere
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Matrix dissolution rates and release of radionuclides

The dissolution behaviour of the fuel matrix is usually deduced from the released quantity of
radioelements which are encountered with preference in the" U02 matrix and which, after
dissolution, do not become incorporated into secondary phases. Based on the previous
experience in the past EU-project on spent fuel corrosion, the release of Sr may tentatively
be used a indicator for fuel matrix degradation. However, caution is necessary, since
previous experiments were performed in the absence of CO2. Presence of CO2 may lead to
the precipitation of carbonate phases, which could incorporate relevant quantities of Sr. Also
the release of Cs may be considered as indication for fuel matrix dissolution of fine grained
fuel powder since all grain boundaries are exposed to the solution and washing over at least
85 days (TABLE 1.1-1) will hav6 dissolved all gap and grain boundary bound Cs.-The extent
of dissolution of Sr and Cs from spent fuel powder In the experiment performed under C02'
free Ar-atmosphere is plotted in terms of FIAP-values (Fraction of the nventory in the

ueos h as a function of time in FIGURE 1.1 -2. Fractional release data oT Sr-
and Cs during three wash cycles (Cycle 1: 10 minutes, Cycle 2: 10 minutes, and Cycle 3: 85
days) are included. Additionally, FIAP values of other matrix bound radionuclides such as
Npl 37, Sb1 25 and Tc99 are shown. The times of solutions sampling with non-adjusted and
adjusted pH-values are Indicated. Decrease of FIAP values after washing is due to
replacement of the solution by fresh leachant. FIAP values' of Sr and Cs achieved'in the
subsequent static test increase with time. At the end of the static test of 277 days of duration,
the fractional release of Sr (Cs) was found to'be 4,53*102 (5,84.102). Within experimental
uncertainty, the release rate of Cs was constant ahd'seems not be influenced markedly by
the variation of pH between pH 7 and 11. Atmost pH values the fractional release of Sr was
similar to that of Cs, with the exception of pH 11. This similarity indicates that release data of
both elements can be used as indicator for matrix dissolution between pH 7 and 9, however,
at pH 11 only Cs release remains controlled by matrix dissolution. Lower Sr-release Is
probably associated to retention on the'fuel surface,' on the reaction vessel 'or in secondary
reaction products.' Indeed, a subsequent decrease in pH to a valu'6 of 7 has lead to an'
accelerated remobilization of this retained fraction of Sr, with instantaneous 'Sr release rates
even higher than those of Cs, resulting in final FAP values of Sr at test termination similar to
those of Cs.
Based on these observations one obtains a matrix dissolution rate for this experiment in the
range between 1,6-10'4/d (based on FIAP values of Sr at pH<1 1) and 2,1-104A/d (based on
FIAP values of CsTc,Sb). This is at least one order of magnitude higher than observed in
dissolution tests with spent fuel powders under similar test conditions (NaCI-solution under
Ar-atmosphere) in the previous EU-program. This difference is probably due to an oxidation
of the powder during'storage over some years before it was used in the test. The kinetics of
matrix dissolution was almost the same, if'C02 was present in the system with amounts of
0,03% or 1% In the gas phase. In FIGURE 1.1 -3the' FIAP values of matrix bound
radionuclides Cs137, Sr90, Tc99, Sb125 and Np137 obtained in the test using Ar / 1% C02

atmosphere are plotted as a function of time. Data from the test with Ar / 0.03% CO2
atmosphere are similar and are given in the appendix. The matrix Indicator nuclides Cs137
and Sr90 were released In solution to the same extent (at test termination FIAP Csl37:
5,83-102; FIAP Sr9O: 4,52102) and In a similar fashion' as in the test with C02 free Ar-
atmosphere. Within experimental uncertainty the rates of matrix dissolution were also found
the same (1,7*104Id, based on FIAP values of Sr and 2,1*10-4/d, based on FIAP values of Cs
and Sb). Again the pH values did not influence the kinetics of matrix dissolution, again Sr
retention was observed at pH 11 and again rdissolution of retained Sr was observed once
the pH was lowered again. The release of plutonium and americium into solution was found
to be enhanced in the presence of C02 if the pH was below 7 (up to one order of magnitude)
during the first 83 (or 80) days of the test. If the pH was shifted up to 11 and back to 7 during
the remaining time, no clear dependency of the americium 'and plutonium concentrations
from the C02 content of the atmosphere was obvious. This is shown in FIGURE 1.1- 4,
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FIGURE I.1-3: Released fractions of matrix bound radionuclides Cs137, Sr90, Npl37, Tc99 as a
function of time during dissolution of spent fuel powder P56(1I) In Sm NaCI solution under Ar/ 1%

COrAtmosphere

where the released fractions of plutonium and americium are plotted together with the matrix
indicator nuclides Sr90 and Cs137 as a function of time.

Concentrations of Cs, Sr, Am, Pu and Np in solution obtained during the static test are
plotted as a function of pH in FIGURE. 1.1 -5. For comparison solution concentrations of the
same radioelements from a corrosion test with spent fuel powder P1 (previous EU-program),
when the pH was 6,6 after 40 days and from coprecipitation tests, performed in 5m NaCI-
solution and completely dissolved spent fuel (this report; WP 11.2) at pH values of 8 and 8,6
are indicated.

During the first stage of the test, after 14 days, when the pH was 6,02 and after 62 days at.
pH 6.4 (no pH adjustment) the concentrations were scattering for plutonium and neptunium
around 5,9*109 MoVI, and for americium at 3,5*10 MolI, not very far away from
concentrations encountered in spent fuel corrosion tests with powder P 1.

IE-0 -
*Cs

I E-02

1 E-03 -
U.

1A Ed04 A^ 1%c02

1 E-05 '1F1pH-P

PHSA ~pH control 4-OP%. %CO2

1 E-06I
10 100 1000

Time (days)

FIGURE I.1-4: Effect of CO2 on the release of Pu, Am, as a function of time during
dissolution of spent fuel powder In Sm NaCI solution
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FIGURE .1-5: Concentrations of radioelements as a function of pH during dissolution of spent fuel
powder P56(J) In Sm NaCI solution under Ar-Atmosphere - -

However, concentrations of matrix indicators Sr and Cs were found to be distinctly lower in
corrosion test with' powder P 1 (up to one order of magnitude), which. might reflect less
oxidation of this powder, because this material was inserted mmediately in the corrosion
test, after the powder preparation was completed.
When the pH was adjusted to 7; 9 and 11 the Sr (Cs) concentration was Increasing at first to
1,3*10- MoVI (5,510' Mol/l) and remained In this'order'of magnitude. Concentration of
americium decreased from 3*1Oe to 1 109 Mot/, whereas concentration of plutonium was at
first around 3*1 0 MoVll and was increasing surprisingly to 4,1 10-7 Mol/l at pH 11. A fairly
good agreement can be observed when comparing concentrations of plutonium and
americium at pH 9 obtained during this test with Pu and Am concentrations from
coprecipitation tests at. pH 8,6 (WP 11.2 - this report). Readjustment of the pH back to 7
resulted In distinct higher concentrations of the investigated radionuclides'as found when the
pH 7 was adjusted for the first time. No clear dependenc6 between the dissolution of the fuel
powder and the associated release of radionuclides on the pH was obvious.
The effect of the presence of CO on solution concentrations of Cs, Sr, Am, Pu and Np as a
function of pH is shown in FIGURE 1.1 - 6 (Ar/0,03% C02) and FIGURE 1.1 - 7 (Ar! 1 %
C02). As expected, 'during the first phase of both tests (no pH adjustment), the pH values
were betwe'en 5 and 6, distinctly lower than found under CO2 free Ar-atmosphere (pH
between 6 and 6,5). Concentrations'of1'1, 'Am and Np (as'far as data are available) were
found to be significantly higher (up to one order of magnitude) than under pure Ar
atmosphere, but the maximum concentrations were encountered If the amount of C02 in the
atmosphere was 0,03%. Cs- and Sr concentrations in solution were only slightly Increased in
comparison to C02-free atmosphere. During the second phase (the pH was adjusted to
7,9,11 and back to 7) concentrations of Pu (Am ) were found to be in the range between
2,5*104 (5*10'°) and 8*10-7(8*104) Mot/l, with no clear dependency neither on C02 nor on
pH.
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FIGURE 1.1-6: Concentrations of radioelements as a function of pH during dissolution of spent fuel
powder P56(11) In 5m NaCI solution under Ar / 0,03% CO2 -Atmosphere
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FIGURE 1.1-7: Concentrations of radloelements as a function of pH during dissolution
of spent fuel powder P56(111) In Sm NaCI solution under Ar/ I % CO2 'Atmosphere

A possible explanation. might; be that the dissolution of powdered spent fuel and the
associated release of radionuclides is governed more by effects of radiolysis,
production/consumption of radiolysis products rather than by the effect of pH and pCO2.
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WP 1.1.2: Comparison of fuel matrix dissolution In salt solution and granite water

In order to allow a direct comparison and to identify potential differences for spent fuel
performance in salt and granite environments similar-experiments were performed in granite
water as in the previous EU-project 1121 with NaCI solutions. Important issues addressed are
(1) grain boundary inventories of various radionuclides of the fuel used, (2) corrosion rates of
the fuel matrix, (3) release of radionuclides from the fuel matrix, (4) generation of colloids
during spent fuel dissolution.

The corrosion experiments were performed as In the previous EU-project in gas tight
TV0.02Pd lined autoclaves equipped with two ball valves for sampling of gases and solutions,
and not in quartz vessels as described under 1.1.1 for studying the pH and C02 dependency.
Powdered spent fuel (sample P4: 2,8 g) prepared by the same way and with the same
characteristics as described in section. 1.1.1 was inserted together with 200 ml synthetic
equilibrium granite ground water (EGW). Additionally, cladding material (0.7 g), and a metal
chip (1.6 g T0.02Pd for analyzing sorption--on' liner'material) were added. This allows
investigations of sorbed or precipitated ,solid particles after the end of the test. The
atmosphere in the autoclave was 99,97% Ar and 0,03% C02. The experiment was started by
a wash cycle of 55 days to remove gap inventories and possibly' oxidised surfaces.
Afterwards the solution was replaced by a new batch. Sampling of solutions was performed
49, 201 and 545 days since start of the static test. Afterwards the remaining solution was
replaced by 200-ml synthetic granite - bentonite ground water (GBW) (see TABLE 1,
GROUNDWATERS). Solutions were sampled after 72 and 205 days since replacement of
the solutions, respectively 617 and 750 days since cstart of the static test with granite water.
Moreover, during this phase of the test samples of radiolytic and fission gases'were taken
directly before sampling of solution.

The pH value of the EGW solution was 9,8 after preparation, and shifted to 8.00, 7.96 and
7.21 after 49, 201 and 545 days since start of the static test. Measured values of Eh were
178 mV (initial), 214 mV, 128 mV, and 171 mV by the same order. The GBW solution was
characterized by pH values of 7.61 as prepared, and 7.42, 7.38 after 72 days of leaching,
respectively 205 days after the replacement (end of the test). Measured Eh values were 238
mV initially, and 70 mV at the end of the test.

Using an evacuated '(104 bar)"gas collection cylinder (V=50 cm3 ), the atmosphere inside of
the reaction vessels was sampled.'The gas' collection vessel was connected to 'the
autoclaves by stainless steel tubing. Prior to opening the valves of the autoclave and the gas
collection vessel, the tubing was evacuated for about 5 minutes by a pump (ca. 1 mbar). Gas
composition was analyzed quantitatively'by 'quadrupole mass spectrometer (GAM 445,
Balzers, Llchtenstein). Calibration was performed, using a gas mixture of known amounts of
H2 , N2, 0 2, Kr and Xe In Ar; '' " ''

In order to protect the experiment against air intrusion, the autoclaves were inserted into gas-
tight canisters, which were filled with Ar/0,03% CO2 before sealing.' Solution samples were all
filtered through a microfilter (45 pm) and in part through an ultrafiltration membrane (18 A) by'
means of centrifugation. Filtered aliquots were acidified with A rm HNO3' to stabilize- the
radionuclides' in-solutiorn. Further 'prepaati6n of the' solutions and radiochemical analyses
was performed as described In detail In the'final'report of the previous EU-programme
197GRA/LOI]. -

At the end of the test the corroded spent fuel powder was dried aid a few prticles were
isolated and fixed on a double-side coated carbon tape, which was fixed o a brass disc. The
dose rate was around 10 Sv, which was low enough to perform investigations by means of
SEM, outside of the shielded boxes.
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Dissolution behaviour of the matrix and release of radionuclides

The fractions of inventories of Cs, Sr, Tc, Np, Am, Eu, Pu and U found in solution during the
contact with EGW' granite water and GBW granite bentonite water are shown in
FIGURE 1.1 - 8 as a function of time. During the test in'granite water it seems that the matrix
dissolves c6ngruently, expressed by FIAP values around 1*10 for most of the matrix bound
radionuclides (FIAP between 3,4*10 [UL] and 2,4^104 [Pu];exception Cs: FIAP 1,5 102and
Tc: FIAP 5,8*10-2;). The fastest'release of Sr, Np, Tc and Cs in solution occurred during the
first 50 days of the static test. Afterwards only small fractions of these radionuclides were
released additionally. In particular the last interval of 344 days is characterized by constant
FIAP values.
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FIGURE 1.1- 8: Fractions of the Inventory of radloelements in solution during
corrosion of spent fuel powder In granite and granite bentonite water.

After 545 days since start of the static test the water was replaced by granite-bentonite -
water (GBW, ENREAS/CIEMAT specification). The main characteristics of GBW-water are a
much higher salinity, and sulfate content, whereas. CEA-granite water contains'much more
Si. HCO3 contents and pH are similar. Sampling of solutions and of gases was performed 72
and 133 days after the replacement. The fractional release rates of Sr9O, Csl 37 and Np237
increased dramatically. The fraction of Sr9O in solution increased by a factor of 100. Final
solution concentrations were atl*10' m (pH 7,3). Similar fractional release of Cs137, Tc99,
Npl37 and Sr90 at. test termination Indicates release control by congruent fuel matrix
dissolution without significant grain boundary contributions. Released fractions of Eu, Am, Pu-
and U were found to be between 1 and 4 orders of magnitude lower than Cs and Sr.

Analysis of fission (Kr,Xe) and radiolytic gases (H2, 02). has shown that also Xe and Kr
releases during corrosion In granite bentonite (GBW), water are controlled by matrix
dissolution. When comparing to 0 generation, there was'a deficit in 02 contents of the gas
phase. This deficit was equal to the extent of fuel matrix dissolution. Consequently, this 02-
deficit is consumed by oxidative fuel dissolution. There is good agreement between oxygen
consumption rate and release rates' of fission gases. This Is illustrated in FIGURE 1.1 - 9
where the fractional release rates of Sr, Cs, Tc and Np Into solution are compared with the
rates of fission gas release and of oxygen consumption.
The fast rise in release rates after changing EGW to GBW-water allow a better
understanding of the behaviour of Cs and Sr in EGW water. In this medium and for- the-
conditions of this test, Sr is no indicator for the fuel matrix dissolution, but is retained in solid
phases or is sorbed on surfaces (fuel, liner). Redissolution of this phase or desorption in
GBW-water explains the extremely high Sr-release rate. Redissolution is not substantiated
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by high U-concentrations in GBW-water (with 1 06 -1 o' m U-concentrations are lower than in
CEA-granite water) but by the fact that fractional Sr-release rates of the 72 days leachate are
much higher than those of Cs and of Oxygen consumption and that all release values are
equal at test termination.
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FIGURE 1.1 - 9: Comvarison of fractional release rates of radionuclides. ission gases and
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As indicated by To data located after 600 days on the diagonal, matrix dissolution continues
with constant rates even in EGW-water. Hence, decrease in Cs-release-rates during long-
term exposure to EGW-water indicates that also Cs becomes incorporated into a solid
phase. All alkali earth sulfate (e.g. CaSO 4) and carbonate phases (e.g. calcite) are
undersaturated in both waters (pH 7 - 7,5). May be Sr (and Cs) become incorporated into
uranyl silicate phases. Redissolution would thus be a consequence of U(VI) phase
transformations caused by the lower silica content of GBW water. A conclusion is that the
dissolution rates of the fuel are equal in both types of granite water, but lower Sr and Cs-
concentrations are due to sorption or secondary phase formation.' Dissolution rates are
similar to the initial' rates in EGW-granite water and similar to those in, NaCI-solution at
various pH and pCO2. This is illustrated in FIGURE 1.1 - 10 where the released fractions of
Sr9O, Cs137 and Tc99 are shown'as a function of time, obtained with powder P4 in granite
water, in granite-bentonite water, with powder P 56 in NaCI-solution (see WP 1.1.1) and with
powder P 2 in NaCI-solution (previous EU project, [97GRA/LOI]).. Higher Sr and Cs release
rates in the test with powder P56 in NaCI solution in comparison to results from test with
powder P 2 may be explained with probably oxidation during > 4 years of storage before start
of the test (Spent fuel powder P 2 was immediately inserted into the corrosion experiment).
We can conclude that the dissolution rates of the fuel matrix are (1) equal in both types of
granite water, but lower Cs concentrations are due to secondary phase formations and (2)
that they are not very different than found in NaCI-solutions.

Concentration of radioelements in solution and formation of colloids
During the first phase of the corrosion test (granite water, EGW) solution concentrations were
found to be up to 1,5-10 mol/I (Plutonium), 5,4*105 mol/i (Uranium), 2,5 - 3,6'108 mol/l
(Europium, Americium), which is roughly one or two orders of magnitude higher than found in
tests in NaCI-solution at the same pH. Due to rapid' dissolution 'of the fuel matrix, high
solution concentrations, low Ionic strength of the leachant colloids are, present to a large
extent. The importanceiof'the prese'nce/absence of colloids in the system is substantiated
that they represent the possibly mobile fraction in the corrosion solution. The extent of colloid
generation has been determined by ultrafiltrating solution aliquots. The difference of both
fractions may be attributed to colloid formation. However, also radionuclide sorption on filter
membranes may cause some differences in the solution concentrations of radionuclides
between the original and the filtrate solution. Consequently, differences between FIAP and
FIS (fraction in solution) values give only upper values for colloid formation. In contrast to
NaCI-media where almost no formation of colloids have been detected (previous EU-
program, [97GRAILOI]), colloids are present to a large extent in the experiments with granite
water. Differences of two orders of magnitude or more between FIAP- and FIS value were
determined for Am, Cm, Pu, Eu and Ce. Np and U reveal a minor, but still significant
difference of both fractions. The extent of colloid formation increased with time. After 545
days since start of the static test about 96 % of the U and 99% of Pu, Am, and Eu in solution
was colloidal. Almost no colloid formation was observed with Ru, Cs, Sr and Tc. The
evaluation of Am-, Pu- and U colloid formation can be assessed from FIGURE 1.1 - 11
where the concentrations of Am, Pu and U in solution in the micro(0,45pm) and the ultra-
filtrated (18 A) aliquots are plotted as a function of time.
After the replacement of the solution by higher ionic strength granite-bentonite groundwater
the solution concentrations of these elements were generally lower, and their concentration
in the micro- and the ultrafiltrated aliquots were in the same order of magnitude, which
means that under the changed conditions the amount of colloids was decreased drastically.
This behaviour is expected, because high ionic strength lead to decreased stability of
colloidal suspensions.
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FIGURE 1.1 - 11: Concentrations of Am, Pu and U in 0,45 pm and 18 A filtered aliquots during static
spent fuel powder corrosion In granite and granite bentonite ground water.

Characterization of solid phases

At the end of the test after totally 805 days of corrosion in EGW granite water, respectively
GBW granite-bentonhte water (including the wash cycle) some particles of the corroded spent
fuel powder were Investigated by means of scanning electron microscopy (SEM). In FIGURE
1.1 - 12 SEM micrographs from particles separated from corroded spent fuel powder P 4 are
shown. The micrograph on the left gives an impression of the size of the ndividual particles
which was found to be varying from 3-4 pm to less than 1 pm. In the image on the right the
spent fuel particles are shown, and additionally a newly formed secondary phase is present.
On the marked position v" Uranium, Silicon and Oxygen was found qualitatively by means of
EDX analyses,' which could Indicate the formation of a U-silicate.

FIGURE 1.1 -12: Spent fuel particles from powder P4 after corrosion over 805 days first in EGW
granite water and then in GBW granite bentonite water under Ar 10,03 %C02 atmosphere at 25'C.

- - - *-: .. At position "3" U, Si and 0 were found by EDX analyses.
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WP 1.2 SPENT FUEL SURFACE AREA DETERMINATION

Results are discussed in section SOLID PHASE CHARACTERIZATION" above

WP 1.3 LEACH TESTS ON DEFECTIVE RODLETS OF IRRADIATED FUELS

In case of water access to the waste radionuclides may become released from spent fuel by
dissolution and transport by groundwater, flow (95GRAtWIL].- The cladding will be the last
barrier before the water comes Into contact with the fuel, namely with the outer RIM of the
pellet. In safety analyses, the cladding is seldom considered as a protective barrier,
mechanical failure Is assumed and fuel leaching is assumed to start as soon as the water
has entered the waste, container. However, even if the fuel -rod Is defect, it is still not
dissolved immediately and may indeed last for thousands of years. If groundwater penetrates
inside of the fuel rod through a defect, SV ratios of porous U02 are high. The relative
importance of a-radiolysis is Increased due to an increased Inventory of a-emitters as a
consequence of increased epithermal neutron capture in the outer pellet zone. To study
these effects, different spent fuel rodlets (including MOX and U02 fuels with varying bum-up)
with preset defects on the cladding were leached in the present study (for fuel description
see TABLES 4 to 8 in SOLID PHASE CHARACTERIZATION).'
One U02 fuel rod with a bum-up of 50 GWd/tU (sample 1-551-2-5) was provided with two
series of defects (in each case, 3 holes of 1 mm diameter), one series at the top and in
contact with vapor and the other at the bottom of the rodlet and In contact with the leaching
solution. In all the other samples, the defects were placed In the center of the rodlet and the
autoclave was filled completely with the leaching solution.

Tiner

pressure vessel

fuel rod

defect
(fuel leaching)

leachant

- Ti ner

- pressure vessel

defect
(fuel oxdcation)

- fuelrod

defect
(fuel leaching)

- leachant

L - ~ V, -_ -

FIGURE 1.3.1: Schematic representation of the
experimental set-up (leaching of fuel rod, 1 defect
Immersed).

FIGURE 13.2: Schematic representation of the
experimental set-up (leaching of fuel rod, 2
defects, 1 immersed, and 1 In vapor phase).
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The leaching was carried out in autoclaves with Ti-liners using deionized water at 1000C
under anoxic or reducing~conditions. Large metal surfaces, i.e..titanium (autoclave liners),
Zircaloy (cladding) and stainless steel (end-caps) could be efficient scavengers of oxidising
species. In FIGURES 1.3.1 and 1.32 schematic representations of the experimental set-up
are shown. A picture of the rodlet can be seen in FIGURE 1.3.3.

FIGURE. .3.3: Photograph of the spent fuel rodlet 'with 2 pre-set defects

The released amounts of radionuclides were measured by iCP-MS using a Perking Elmer
Elan 250, with s ensitivity between and 0 ngfml.' The analysis of thei samples by this
technique was carred out after the addition of two' Intemal standards (1 pg/mI of Indium and
1 pg/mI ppm 'of thorium). The pH of the samples was measured by means of a Combined pH
Electrode (Metrohm).

Radlonuclde release
The results obtained for the diff erent elements are shown in the appendix FIGURE 1.3.4
show the evolution of the concentration of uranium, plutonium, cesium, Iodine and strontium
In solution with time for MOX (25 GWd/tU) and U0 2 (50 GWd/tU) fuels., The behaviour Is very
similar In both fuels, with an Initial fast dissolution followed by a much slower long-term
dissolution. odine shows a slightly different behaviour, .e. after a fast initial dissolution there
is a second increase of the Iodine concentration In solution (up to 50 days) before the slow
dissolution rate Is observed.

43



I ___ I I~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I.E+05

X~ 1.E+03~
a

a 1.E+01 -

1.E-01

J.

L.E+05

] * ]

I LE+03

a L.E+01 A

L��1.E-01 -

0 200 400
0 200 400

tin (days)
time (days)

U0 2 fuel (50 GWd/tU) MOX fuel (25 GWd/tU)

FIGURE 13.4: Release of the different radionuclides studied (in pg) for both types of fuels.
* cesium, Auranlum, odine, A strontium and * plutonium

Except for uranium, the release is higher In the case of MOX fuels, one order of magnitude
for fission products and almost two for plutonium, despite a bum-up which is only half that of
U02. FIGURE 1.3.5 shows a comparison of uranium release data of different fuels.
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FIGURE 13.5: Comparison of experimental data for uranium release from the different fuels. * MOX
fuel (12 GWd/tU), E MOX fuel (20 GWd/tU), A MOX fuel (25 GWd/tU), A U02 fuel (30 GWd/tU), 0
UO1fuel (50 GWd/tU) and 0 UO2 fuel (50 GWdltU with two series of defects).

Respective data for plutonium, cesium and strontium are shown in FIGURE 1.3.6.

44



0.6

E

0.4

0.2.

0.0

.- .... ... * -

IL - + ...... &

0.006

- 0.004

r 0.002

0.000

0 200 400 0 200 400

time (days)

plutonium in MOX fuels

time (days)

plutonium in U02 fuels

e 0.15
1.
U,
En 0.10

0.05

0.00

. _ , :::. .e

.I

L.

C/)

E

400

0.08

0.06
0.04

,0.02

0.00

0. 200

time (days) . time (days)

strontium in U0 2 fuelsstrontium in MOX fuels

100

U
50

.

'A -A,::... ..

,.* -.

p I

U

E

' "10

5

0 200 400

- time (days)

cesium in MOX fuels

0 , 200 .400

time (days)

cesium in U02 fuels
,

FIGURE 13.6: Comparison of experimental data for plutonium, strontium and cesium. * MOX
fuel (12 GWd/tU), * MOX fuel (20 GWd/tU), A MOX fuel (25 GWd/tU), A U02 fuel (30 GWd/tU),

U0 2 fuel (50 GWdItU) and 0 U0 2 fuel (50 GWd/tU with two series of defects).

Fraction of Inventory In the Aqueous Phase (FIAP)

FIAP values were calculated taking Into account the specific elemental mass' inventory of the
fuels obtained by means of the ORIGEN'code [96COQIBOT]. 'The values obtained for
uranium are shown in FIGURE 1.3.7.
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The FIAP values after 315 days are similar for all the fuels and almost independent on the
burn-up and type of fuel. The slightly higher FIAP value for the high burn-up U02 is due to a
higher initial dissolution of oxidised U02 and could be related to a higher inventory of a-
emitters in the'RIM zone produced by epithermal neutron capture. The increased radiation
dose could have led to an increased oxidation-of thie surface. FIAP values for plutonium,
strontium, cesium and iodine are shown in FIGURE 1.3.8. -As it can be seen, for. all the
radionuclides the FIAP values are always'about two orders of magnitude higher'for MOX
than for U02' fuels. ' -

These values are in good agreement with literature data in similar experiments on U02 fuel
rods by Wilson and Oversby [85WIUOVE] and on CANDU U02 by Stroes-Gascoyne et al.
[89STR/JOH] For the differences observed between U02 and MOX several explanations are
possible: - -

- a lower burn-up of MOX and consequently a larger gap between fuel and cladding, i.e. a
larger surface in contact with water

- the special structure of MOX with agglomerates containing 20 % of plutonium (fissile
material) incorporated in natural U0 2 upon irradiation. This structure leads to:

* a concentration of fission events in the agglomerates (>200 GWdItU) and release of
volatile fission products (cesium,-iodine).

-Strong neutrons capture by depleted uranium In the outer periphery leading to an
- increased inventory of fission products and plutonium.

Comparison with results obtained by Serrano et al. [98SER/GLA] on particles from'the center -
of fuel pellet shows a significantly higher release of cesium, strontium and plutonium for both
MOX and U02 fuels in our experiments. This difference can again be attributed to the higher
inventory of these elements in the RIM zone 196WAUGOL, 96SPWEN]. -

Especially the' high plutonium release could also be due to galvanic effect, which could
increase the dissolution of the two-phase material.-

Long-term oxidative dissolution
The long-term oxidative fuel dissolution rates, normalized to the surface area, were
calculated both from uranium data and from strontium data as'potential Indicator element for-
fuel matrix dissolution. For this normalization the specific surface area measured by the BET
method for pellets of unirradiated uranium dioxide [96GIMWBAR], of 1.9 10 4 m2 g was used.
It can be considered that this Is a conservative value, assuming that spent fuel has a higher
surface area at the fuel-pellet interface due to the formation of cracks and fissures in the
pellet with a contribution from the highly porous microgram structure.
The values obtained which represent the long-term oxidative dissolution are presented in
TABLE 1.3-1. Fractional release rates (FIAP/d) are given in TABLE 1.3-2.

TABLE 13-1: Dissolution rates (in mg (fuel)m 2 d')- 

MOX 12 MOX 20 MOX 25 U02 30 U02 50

Uranium 2.61 1 0'3 5.56104 1.22 10-3 1.04 104 4.171 04

Strontium 0.90 - 0.25 . 0.47 .0.11 0.15
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TABLE 1.3-2: Fractional long-term fuel dissolution rates (FlAP d-).

MOX 12, MOX 20 MOX 25 U02 30 U02 50

Uranium :5.4 10 ' 14-109 1.9-10- 2.2-109 7.3-109

Strontium 15-10'! 5-10'7 9.10'7 2.2-10'7 2.5-107

Cesium 11 105 1.2*10'5 4.0-105 0.2.10-5 1.10-5

Iodine 3.2 O 4.8-106 6.9-104 0.2-106 0.2.104

Plutonium 6.6 10'9 22-1o 3-10' 3.5-109 5.2.10'9

As expected, the long term fuel dissolution rates are quite similar for both types of fuel.

In order to assess.the barrier function of the cladding on fuel dissolution, results of the,
present project with high bumup UOX fuel (sample UO250) are compared in FIGURE 1.3-9
with respective dissolution results ofdecladded high' bumup spent fuel in deionized water
(samples K1 and K2), as'observed in the previous EC-project 97GRALOIJ . Bumups of the
two fuels were similar with about 50 MWdkgH4.-Tests were also similar (static, deionized
water, 250C). In the test with decladded fuel, the instant release fraction was washed off prior
to starting the static test. In FIGURE 1.3-9 the cumulative-release fractions (fraction of
inventory in wash solutions + fractions of inventory in static test) are compared with results
obtained only in the static test.
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FIGURE 13-9. Comparison of cumulative release fractions of Csl37 and Sr9O from decladded
and non-decladded (preset defects) high burnup spent UOX fuel (ca. SO MWdkgM) In deionized

water.

The results show a significant higher cummulative release of Sr9O from decladded fuel when
compared with non-decladded fuels with preset defects. The results only resemble each
other if the washed off fraction is not taken into consideration. In contrast to Sr, results for Cs
are verly similar in both experiments. The similarity In Cs-results indicates that a cladding
with deffects is not expected to be an efficient diffusion barrier for retarding instant release of
Cs135 or 1129.
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.Conclusions

The present study on defect U02 and MOX fuel rods simulating water.intrusion into the fuel
pin in case of cladding failure shows that the dissolution process can be described by a two- -'

step process with a fast initial dissolution possibly associated to an oxidised layer on the
pellet surfabe,-followed by oxidative matrix dissolution.',

The FIAP values representing the fast Initial dissolution show that the uranium release'is
almost the same for U02 and MOX fuels.- Higher release rates and cumulative release values;
for Cs, 1, Pu and Sr in MOX fuels compared to UO2 fuels are due to the special two-phase
structure of MOX fuel leading. to an -increased inventory, at the pellet periphery, i.e. the
surface in contact with the leachant. Especially high FIAP values were found for, cesium and
iodine. This Is considered to be due to a migration of these radionuclides to the grain
boundaries in the RIM zone of the pellet upon irradiation. - - --

The long-term dissolution rates of UOX and MOX fuels seems to approach each other, both
indicated by uranium release' rates and apparent matrix 'corrosion rates (based on Sr-data).
U-data seems to indicate an increase of release rates with burnup, however, thisiwas not
confirmed by the fractional dissolution rates of Sr.

Detailed examination of the leached samples by EPMA, optical and electron microscopy
should help to better understand ongoing processes during the dissolution process including
the definition of the surface in contact with water or the formation of secondary phases during
the leaching process.
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WP 1.4 DISSOLUTION OF UNIRRADIATED U0 2 AND SIMFUEL
For mechanistic understanding and comparison dissolution experiments with unirradiated'
U02 pellets and powders were performed both in granite and clay groundwaters.
Experiments were performed under oxic, anoxic and reducing conditions.
Under reducing conditions normally prevailing in deep granite groundwater, U02 (or U4 09 ),
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, backfill materials (bentonite) 'and the composition of the
groundwater. The dissolution rate of U0 2 is" strongly affected by the redox conditions,
especially by the availability and the nature of 'oxidants from a-radiolysis The composition of
groundwater,'which will come' into'contact with spent fuel,' depends 'on the geological
formation and, if present , on the interactions'with'bentonite.'The presence of Si and Ca in
groundwater has been. observed to affect the dissolution rate of unirradiated U02.
[95GRAIWILL] showed that the addition of Si and Ca to a bicarbonate solution could reduce
the dissolution rate up to 100 times.

WP 1.4.1 Dissolution rates and solubility of unirradlated U02 fuel In synthetic Granite
and Granite Bentonite groundwater -'
Under normally prevailing reducing conditions in deep granite groundwater, U02 (or U409),
the main matrix component of the spent fuel, has a very low solubility or dissolution rate.
Under disposal conditions the stability of spent fuel depends on the chemical near-field
conditions, the effects of radiolysis, canister materials (steel, copper) and their corrosion
products, backfill materials (bentonite) and the composition of the groundwater. The
dissolution rate of U02 is strongly affected by the redox conditions, especially by the
availability and the nature of oxidants from a-radiolysis. The composition of granite
groundwater, which will come into contact with spent fuel, depends on the geological
formation and. if present, on the interactions with bentonite. The presence of Si and Ca in
groundwater has been observed to affect the dissolution rate of unirradiated U02.
[95GRA/WILL] showed that the addition of Si and Ca to a bicarbonate solution could reduce
the dissolution rate up to 100 times.
This chapter presents the results obtained from static dissolutionsolubility experiments of
unirradiated U02 pellets and U02 powder in various synthetic groundwaters (compositions:
Appendix 1, Table 1). The main objective of the dissolution experiments was to determine
maximum solution concentrations of uranium and on secondary alteration products that
possibly control the uranium concentration in solution. Additionally, under oxidizing
conditions, dissolution rates were determined. The solubility under anoxic conditions was
also approached from oversaturation by precipitation experiments (WP IV.2).

Redox conditions included oxidizing (air-saturated), anaerobic (N2, 02 < 1 ppm) and reducing
(N2, low Eh) environment. The low Eh conditions were maintained by the addition of reducing
species, S(-ll), Fe(+ll) or metallic Fe, to synthetic groundwater prior to the start of the
experiments.

Procedure of UO2 dissolution tests at VTT
The method of the dissolution experiments was, both under oxic and anoxic conditions, a
static batch dissolution procedure. U02 pellets or a U02 powder was immersed in
equilibrated synthetic groundwater in polyethylene bottles. The ratio of U02 surface area to

50



water volume (SN) is 0.66...1 9.8 m' (geometric surface area) in the experiments with
pellets, and 1000 m' (specific surface area by BET) in the experiments with powder. Small
aliquots (0.5...2 ml) were periodically taken for analysis of dissolved uranium. These aliquots
were replaced with fresh water, which had a similar,composition, in order to keep the water
volume the samne. The amounts of uranium in unfiltered, microfiltered (membranes of 0.45
l.Lm, selected samplings) and ultrafiltered (6'ominal'cut-off value of 50 OOO M, selected
samplings) samples were measured as a function of time.
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 (Na 2S - 9H20 or FeCI 2 - 4H20 in deionized
water) in the glove box. The synthetic groundwaters with S(-lI) or Fe(+ll) were allowed to
stabilize, for a -couple of weeks after the addition of reducing species. The experimental
conditions of the dissolution experiments with UOi pellets and U02 powder performed in oxic
and anoxic conditions are listed in Appendix 4, TABLES 2-4, respectively.
Prior to the start of the dissolution experiments, oxidised surface layers were removed by
predissolution of the pellets. The selected groundwater was changed every two days for 2
weeks. The am'ount 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 (see FIGURE 1.4.1 of anaerobic saline groundwater). The rates were calculated
per specific surfaceiarea, which was based on the BET determination made by Universitat
Politecnica de Catalunya (UPC) [97PAB].
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FIGURE IA-i. Dissolution rates of uranlum from U0 pellets during the predissolution period In
saline groundwater under airnerobIc conditions (N) (filled symbols: SNV= 6.6 n 1 open symbols:

SN= 19. nf 
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Solution concentrations of U under oxidizing conditions

Under oxidizing conditions, U02 is not thermodynamically stable..The'oxidation of U02 leads
to the formation of progressively higher oxidation states of surface layer with a composition
of UOijX, where 0 s x S 1. The UO2/UO2., matrix is unlikely to achieve a solubility limit. The
system will evolve to form thermodynamically stable secondary phases controlling U(VI)
concentrations' in solution. The composition 'of these. alteration products depends on the
composition of groundwater. Several parallel dissolution tests with U0 2 powder (SIV=
1000 m'') and U02 pellets (S/V= 0.66, 1.98 and.19.8 m) were initiated under oxic conditions
in order to study the solid phases at the different stages' of dissolution. U02 powder was
allowed to be in contact with''synthetic groundwater for different time periods. The solid
phases were, analyzed at the' end of the' periods. In' one- experiment in each of the
groundwaters, the evolution of the uranium concentration was followed vs. contact time. The
contact time in these experiments was 350 days. The duration of the experiments with UO2
pellets was 700 days.

Schoepite (03/6)
comU
pH 8.3
PO2e 02 atm

1.0e-4 

_0 t U3 07JU308 (E0/)
comU

V -7 pH 8.3, p02= 0.2 atm

steady-state concentration
- - - - - - - - - - - - - -__ --- In earler U02 pellet tests

X/IOlla 1995/
1.0e-5

0 100 200 300 400

Time [days]

FIGURE A2. Uranium concentration vs. contact time in air-saturated Allard groundwaters during
dissolution of U0 2 powder, SV= 1000 ml (filled symbols: Allard' groundwater 81ALLLARJ, open
symbols: modified Allard groundwater 98VUO/SNE], see Appendix 4., Table 1). The dashed lines show
the theoretical uranium solubilities In equilibrium with the marked phases (comU= Data.0.com.R2
[92WOL).

FIGURE 1.4-2. 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 81ALL4LARJ, does not 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 [98VUO/SNE]. Hence the Ca" and HCO3 contents were lowered (see
Appendix 4, Table 1). The filtration (with membranes of 12 000 molecular weight cutoff) did
not have influence on the measured U contents. The pH remained stable during the
experiments.

At the early stages of dissolution, the uranium concentration increases linearly. The
dissolution rate calculated per specific surface area is (1.2 ± 1.1) 104 mol m-2d'. After
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- 20 days the U-release rate slows down, but -the uranium concentration continues to
increase with a constant rate of (2.1 t 1.0) 10-' mol m2 dt until the end of the experimental
time.

The reference lines in FIGURE 1.4-2 present the theoretical solubilities of some uranium solid
phases, which were calculated with the E0316 code (Version 7.2b) using the DataO.com.R2
thermodynamic database by Lawrence Livermore National Laboratory 92WOL]. This
composite data file includes the compilation of thermodynamic data for uranium minerals,
aqueous species and gases evaluated by the Nuclear Energy Agency 92GREIFUG]. The
formation of uranyl oxide hydrates, e.g. schoepite or becquerelite, is predictable at the early
stages of dissolution. Schoepite Is thermodynamically stable in water with low activities of
dissolved Ca and silica [95BRU/CAS, 92FINIEWI]. The thermodynamic data for becquerelite
have not been included n'the DataO.com.R2. The uranium concentration rests below the
theoretical solubility of schoepite. The steady state in the earlier experiments in Allard
groundwater [95OLL] at considerably lower SN (1.8 m', geometric) was close to the
uranium solubility at the redox potential of the U307/U308 phase boundary see FIGURE 1.4-2.
A very slowly increasing trend was observed in -those experiments until the end of the
experimental time (2000 days). The present results show that longer duration and possibly
higher SN tests are needed to determine maximum solution concentrations >8-105 moVl.

In saline and granite/bentonite GBW groundwaters, the U concentration attained a steady
state after 80-100 days, upper FIGURE 1.4-3. The main differences of these groundwaters
compared with Allard groundwater were the lower HCO37 content, lower pH and higher ionic
strength (see Appendix 4, TABLE 1). The steady state in saline groundwater is somewhat
higher than the'theoretical solubility of schoepite. The formation of another uranyl oxide
hydrate, becquerelite, Ca(UO2)604(0H)6. 8 H20, is favourable with this composition due to
the high Ca2 content. Further geochemical calculations of these solubilities are provided in
WPIV using a database valid for high ionic strengths (Pitzer coefficients)with becquerelite or
Na-polyuranate as solubility controlling phases. The solubility of becquerelite is at the same
level as the solubility of schoepite. Similar solubility is obtained for (Na2U207). In Spanish
granite/bentonite groundwater, the steady state'was attained at U concentration close to
schoepitelbecquerelite solubility, lower FIGURE 1.4-3. In the highly saline Na-Ca-Cl near-field
groundwater (I= 1.6 M), there is a decreasing trend towards the end of the'experimental time,
FIGURE 1.4-4 The U concentration is close to the solubility of schoepite (or becquerelite).
In addition to the experiment with U02 powder (SN= 1000 m'), three series of dissolution
experiments with U02 pellets using different SN ratio (0.66, 1.98 and 19.8 m'', based on
geometric surface area) were performed in synthetic saline groundwater under air-saturated
conditions. FIGURE 1.4-5 summarizes the results of all these experiments. In the
experiments with U02 pellets and hence lower SN, long experimental times are needed to
reach steady states. In contrast, Uranium concentration has leveled out only in the
experiment with U02 powder (FIGURE 1.4-3). At the highest SN (19.8 rn) with pellets, the
uranium concentration increases rapidly in the beginning, the dissolution rate being
(7.4 ± 5.3) - 10"' mol m 2 d ( 60 days), which is followed by a slower increase. The
decrease of U release may result from the formation of alteration products. The dissolution
rate after 60 days is (1.3 ± 0.7) .10'7 mol m 2 d'. The rates were calculated based on the
specific surface area (0.00019 rn2/g /de Pablo 1997/)..At lower SNs, 1.98 and 0.66 m',i the
U release remains high 'until the end of the experimental time, being (1.0 ± 0.4) - 104 and
(1.2 ± 0.4) - 106 mol rn2d', respectively. The' U release'rate per surface area unit in the
experiment with U02 powder is (3.4 ± 0.5) 10-7 mol m 2 d', which is at the same level as the
slower rate with U02 pellets at the highest SN.
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An attempt was made to experimentally identify possible secondary alteration products
during dissolution of U02 powder. The separation of U02 powder from aqueous
solutions was made by filtration using ultrafiltration membranes (Amicon XM 300). The
powder on filter membrane was analyzed 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 granitetbentonite (GBW) 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 pattems showed only the major U02 peaks, see Appendix 4, which shows
the diffraction patterns obtained from U02 powder samples after the contact time of 200
days. After the contact time of 1 year in Allard, modified Allard, saline and Spanish
groundwaters, the diffraction pattems showed weak peaks of a higher uranium oxide,
U3 0 8 - U0 3 , Appendix 4. No schoepite or other uranyl oxide 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 1.4-1 gives a comparison of steady-state uranium concentrations and
dissolution rates for various groundwater compositions under air-saturated conditions.
The dissolution rates have been calculated per specific surface area.

TABLE 1.4-1. Measured steady-state solutlon concentrations and dissolution rates of U In the
dissolution experiments with U0 2 in various groundwaters under oxic conditions.

Materiall Ionic pH [HCO371 U-steady state U dissolution Second
groundwater strength concentration rate ary
composition mmolI [mol/l] Mol m-2 d' phases

U02 powder, 0.004 8.4 2.00 increasing (1.2 ± 1.1) 1 0 ' U308 or
Allard, fresh (2.1 ± 1.1) 1o7 2) U03

>8i05 ;

U02 powder, 0.004 8.4 1.50 increasing (1.2± 1.1) 1) 0
mod. Allard, (2.1 ± 1.0) 10' 2)

fresh >8-10 5

U02 powder, 0.5 7.0 0.16 (2.5 ± 0.1).104 (3.4 ± 0.5) 1 '
saline

U02 pellets, Increasing (1.1 ± 0.4) 1 )
saline (1.3 ± 0.7). 10-7 4)

U0 2 powder, 0.25 7.5 0.44 (1.3 ± 0.1) 10. (1.6 ± 0.4). 107

GBW 

U02 powder, 1.6 6.8 0.14 (1.2± 0.2)-1075 (1.4 ± 0.4) 10 ' none
saline near-field

1)
3)
4)

Initial dissolution rate, < 20 days, 2) dissolution rate > 20 days
initial dissolution rate, S/V= 19.8 mi: < 60 days, SIV= 1.98 and 0.66 ml: 700 days
dissolution rate, SIV= 19.8 n': a 60 days

In summary, the main objective of the dissolution experiments with U02 powder and
U0 2 pellets under oxidizing air-saturated conditions was to obtain information on
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maximum solution concentrations of uranium with different groundwater compositions
and on secondary alteration products that control the concentration . The salinity of
groundwater had a minor effect on the measured steady-state concentrations. The
higher alkalinity of the fresh (Allard) composition increases the uranium concentration
in the. aqueous phase. The steady-state concentrations in saline, Spanish
granitelbentonite (GBW) and highly saline near-field groundwaters, (1.2...2.5) * 5 M,
were at the level of the theoretical solubilities of schoepite or another uranyl oxide
hydrate e.g. becquerelite (possibly Na-polyuranate). Unfortunately, the contact time in
the experiments with U02 powder was obviously not long enough to experimentally
show the presence of these secondary phases in the groundwaters. Only some kind of
oxidised U-phase (U 3 08 - U03 ) 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).

Solubility of UO, under anoxic conditions

Due to consumption of remaining oxidants by container corrosion or by the action of
bacteria, the geochemical conditions in European repositories are expected to become
reducing, shortly after closing the repositories. The main oxidant source is radiolysis.
After the decay of radioactivity nventories, anoxic conditions are expected to prevail.
These conditions are characterized by the-absence of air (anaerobic conditions) and by
the presence.of reducing groundwater species (reducing conditions). In order to
determine maximum solution concentrations under both anaerobic and' reducing
conditions, static dissolution tests were performed in a glove box filled with N2 -(O2 <,1
ppm) Reducing conditions, were assured by the addition of reducing species to the
aqueous phase: S(-ll), Fe(+ll), or by addition of metallic Fe. The detailed conditions are
given in Appendix 4,'TABLE s 3 and 4. All the anoxic experiments were carried out with
U0 2 pellets. A low and higher ratio of surface area to wate'r volume were used, SN=
0.66 and 19.8 m , respectively. The surface of pellets was pretreated with
predissolution periods prior to the start of the batch dissolution experiments.

Under reducing conditions, i.e. in the redox regime where U(IV) is the predominant
oxidation state, U02 is thermodynamically stable. The dissolution reaction,

U0 2 + (n-2) H20 - U(OH)n"'+ + (n-4) H+

attains equilibrium in the absence of oxidants. U4+ is hydrolyzed or complexed in
solution. The concentration of uranium in solution is limited by the solubility of the
dissolving solid, which is very low in the absence of oxidants ( 1 0'9 moVi). U02 limits
the solubility in low-Eh environments. Coffinite (USiO4) may become stable relative to
U0 2 in groundwaters with a high silica content [98LAN]. With Increasing Eh, however
surface oxidation and dissolution Is enhanced, particularly when carbonate Is present.
The uranium concentration in solution remains still low if oxidizing species are absent.
The complex formation with carbonate affects the relative stability of the oxidation
states. The relative amounts of the U(VI)-carbonate complexes and the U(IV)-
hydroxide complexes depend on carbonate content, pH and Eh 91SKI].

Anaerobic (N2) conditions

The measured solution concentrations of uranium as a function of contact time In
synthetic groundwaters with saline and fresh (modified Allard) compositions under
anaerobic conditions are given in FIGURE s 1.4-6 and 1.4-7 at SN= 0.66 and 19.8 m',
respectively. The main differences between the compositions are the higher ionic
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strength of the saline one (0.5 M) and the presence of carbonate (1.07 mM) in the fresh
one (Appendix 4, TABLE. 1). At lower SN, 0.66 m, the concentration of uranium
increases slowly in both groundwaters, FIGURE 1.4-6. There was no difference
between unfiltered and filtered (0.45 pm) samples. In the case of saline composition,
there were practical difficulties to use ICP-MS due to blocking of tubes. For that reason
the follow-up of U concentration in the experiments in saline groundwater was finished
after the experimental time of 300 days. The concentrations of uranium were
reanalyzed using a method with uranium separation from saline solution (see Analytical
methods, Appendix 4) after 700 days. The comparison with theoretical solubility
calculations with the EQ316 code was made in order to evaluate the solubility-limiting
uranium oxide. The results show that the solution concentrations are higher than the
solubility of the unoxidised, well-crystallized U02 predicts. There is a difficulty in giving
the redox parameter input in the modelling calculations. Based on the 02 level in the N2
gas of the anaerobic box (0.3 ... 0.5 ppm [97VUO]), a very high Eh is resulted, see
TABLE 1.4.2.

TABLE L4-2. Redox conditions and U specdation under anaerobic conditions.

Saline Fresh (modified Allard)
pi Eh measured In the ;.0 ... 8.1- 0.020 ... .4+0.175 V 8.81-0.050 ...+0.120 V
absence of U02 Pellets _

pKEh measured In the 8.31-0.1 V (N 0.66 m 9.0/-0.110 v
presence of U02 pellets 8.0/-0.15 V (SN= 19.8 m )
pHIEh calculated: 8.3/0.6 V 9.010.6 V
loQ O2 fuaciy= -7 .-
pWEh, U speclaton 8.3/.0.035 V 9.0/-0.083 V
calculated: U02(OH)2(aq) (64 %) Uo2(CO3)j4s (63 %)
UO/U40s UO2(OH)37 (22 %) UO2(CO)Z (25 %)

U(OH)4 (aq) (14 %) U02(OH)2(aq) (6 %)
Uo 2(OH)37 (5 %)

pHIEh, U speciaton 8.31-0.020 V 9.01-0.060 V
calculated: U speciation as above U speciation as above
U02 1u307
U oxidation state 0.15 % U(IV) 100 % U(VI)
measured 85-100 % UvI)

58



lHry -.t- 8:t

104

1 4 A. '

-- -*,-.-. .7.74 , 

16 . . . . . . . . .=~m (conv.):
eeton Imil

0
104 

U401

uo2

pH= 8.3/Eh= -0.1 V
r r _.- 10-la

10-7

o 100 200 300 700

Time [days]

oQ 10-

_ _ _ _ _.__- . se _

~ .. PH= 9.0/Eh=- O.t V

UO,

U409

UO2

1 0

0 1 :- 100 200 300 400 S00

Time [days]'*

FIGURE IA-6. Uranium concentration vs. contact time in anserobic (N,) saline (wnner fiurel and
modified Allard (lower fiure) eroundwaters durilng dissolution of U0 2 pellets, SV= 0.66 m . The:
measured data are for two parallel experiments In each of the figures. The dashed lines show the -
theoretical solubilities of uraniumoxides In equllibrium (EQ3/6, coniposite database) at measured
pH and Eh values.

59,



1 0r - -- ( f

0

E 104

_ )~~~~~~)

I U

pH= 8.0/Eh= -0.15 V

.. . . f~~~~~~f. .(

U30 7

- U4 0,

109
0 50 100 150

UJ 1
325

Time [days]

j-1 047

109
010

10-9

U307

U4 0,

0 100 200

TIme [days]

300

i

FIGURE 1.4.7. Uranium concentration vs. contact time in anaerobic (N,) saline (uvver ieure) and
modified Allard (lower figure)'eroundwaters during dissolution of U01 pellets, S/V= 19.8 m- . The
measured data are for two parallel experiments (filled symbols: unfiltered samples, open symbols:
filtered, OA5 pm, samples) 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.

60



The measured redox values in the absence of U0 2 pellets are varying, whereas in the
presence of _UO 2 pellets they are relatively stable, being -0.1 ... -0.15 V. The values
suggest that the U02 surface/U in solution has effect on the measured Eh. Under these
conditions, the formation of oxidised surface layer, U409 or U307, cannot be excluded.-
The effect of these oxide layers on the Eh can be simulated in the E03/6 assuming that
the_ equilibrium between different U oxides, U02/U40 9 or.UO2/U3 07, fixes the oxygen
fugacity. The equilibrium with U4 09 or U301 is the constraint assigned to 02 (g). The Eh
values calculated In this way for U02U40 9 and U02/U307 are presented In TABLE 1.4-,.
2. They, are much lower than the value given by the 02 fugacity. The calculated
U0 2/U409 redox potential In Allard groundwater' is at the same level with the measured
one. In saline groundwater,'the measured value is lower. The speciation of U under':
these redox conditions Is'dominated by the U(VI) state. This is in agreement with the U
oxidation state measurements, which showed that uranium was mainly at'the. U(VI)
state, see TABLE 1.4-2.
The theoretical solubilities presented in FIGURE 's 1.4-6 and 1.4-7 were calculated using
the measured Ehin the presence of UO2 pellets'as the redox parameter input. The
solution concentrations, measured 'in ,the anaerobic Allard groundwater during
dissolution of U02 pellets are In good agreement in the' experimentswith different SNs,
and in good agreement with the earlier. measurements (SN=0.45'm'In the'original
Allard groundwater. as well [950L]. The' u'raniri con'centration at steady state Is close
to the calculated'solubilities of U3 07 or'U 409. On'the contrary,'there is adifference
between'the measured data at different SNs' In saline groundwater.' This may be
related to the analytical problems due 'to salinity. The measured concentrations at
SN='19.8 im' are', higher, but there is a decreasing trend 'towards'the end'of the
experimental time and 'somedifference'between unfiltered and filtered samples is'-
observed at the end. Another explanation could be nsufficient removal of surface layer,
during predissolution periods causing high' release in the beginning of the experiment
and precipitation afterwards. The predissolution periods were carried out under similar
conditions'using saline groundwater as leachant and SN= 19.8 m'' (see FIGURE 1.4-
1). The solution concentration at the end of the experiments with the higher SN Is at
the same level in both groundwaters. . - '-

After' the conclusion of the higher .SV experiments' (FIGURE 1.4-7)kthe aqueous
phases in both experiments were ultrafiltered (Amicon, Diaflo XM 50) and the material
retained on''rriembrane filter was analyzedwithX-ray,'diffractometry. The diffraction
pattern of the solid'material filtrated from saline'groundwater is given in Appendix 4. It
shows the presence of U02 (or U409) 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 more soluble pre-oxidised surface layer and
subsequent precipitation, or different dissolution mechanisms. No solid material was
filtrated from Allard groundwater.

Reducing (low Eh) conditions
The measured solution concentrations of uranium as a function of contact time in
synthetic groundwaters with saline and fresh (modified Allard) compositions under
reducing conditions are given in FIGURES 1.4.8 and 1.4-9 at SN= 0.66 and 19.8 m'',
respectively.
The batch experiments at low SN 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 (Appendix 4, TABLE 4). The
filtration (0.45 tim) did not have effect on the measured uranium contents. In the
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experiments of saline groundwater the concentrations were close to the detection limit
of the ICP-MS. The solution concentrations were followed vs. contact time for 300
days, after which the. experimental vessels were left in the anaerobic box. The solution
concentrations were reanalyzed using the method with uranium separation after 700
days. The results were in good agreement with the earlier ICP-MS analyses.
The control of the Eh by the addition of reducing species lowers the amounts of
uranium in the aqueous phase at low SN, FIGURE 1.4-B. A steady state was attained
in both groundvaters-'after a few days. The effect in the solubility is greateiJin Allard
groundwater. The uranium concentration was decreased by one order of magnitude.
The. measured 'concentrations'are very similar with fresh and saline composition.
Comparison of the measured data with the calculated solubilities shows that the
solution concentrations' are at' the level of the theoretical solubility of the well-
crystallized solid, U02, in both groundwaters.
In the, experiments with the higher SN (19.8 mr), somewhat different results were
obtained, FIGURE 1.4-9.' The results are for two parallel batch experiments in both
groundwaters. In saline groundwater, there was a clear difference between the
measured amounts of, uranium in the unfiltered and filtered (0.45 im) samples. The
total U concentration in the aqueous phase seems to stay at the' same level as under
anaerobic conditions (FIGURE 1.4-7). The U concentrations, in the' filtered samples
were low. They-'are at the same'level as in the experiments with the lower SN
(FIGURE 1.4-8) ,The difference, between u.,nfiltered and filtered samples suggests the
presence'of some kind of colloidal material in the aqueous phase. This result was not
expected, because collold'stability was expected to be lower In saline solutions. In
Allard groundwater, the filtration had only a small effect on the measured contents, but
the U concentration is again higher than in the low-SN experiments. There Is a
decreasing trend'at the later stages of the experiment.
After the conclusion of the experiments with SN= 19.8 m''. (FIGURE. 1.4-9) the
aqueous phases were ultrafiltered (Amicon, Diaflo XM 50) and the material retained on
membrane filter was analyzed with X-ray diffractometry. .The, diffraction pattern
obtained from the solid material, which was filtrated from saline groundwater, is given:
in Appendix 4., Ukewise under anaerobic conditions, U02 (or U4 09 ) 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-oxidised surface layer
cannot be excluded. No solid phase was found in Allard groundwater.

' 62



1 0 U4 09 , Eh= - 0.25 V

U02, Eh= - 0.25 V0

10.'

10-10
A I ppm S{. I).
V 0.01 ppm F*QO 

El 1 ppm F.{I)

0
G) 3 ppm S(- 11)

5 ppm S{. l)O 
1011

0 100 200 300 700

Time [days]

10'

E

U 
$ 

U40, Eh= - 0.25 V

U0 2, Eh= - 025 V

10*

RH= 9.0 ... 9.5
Eh,-0.2...-0.3V 

. lp-ms (con.):
detection lmit10.10.

__________________w__

. . . ..

. .

. . . .

-

..

i * . .

0 20 40

I Time [days]
*:i .

I -

60 80 i

* I ppm F,{II)

G) I
* 3 ppm S(41)

A 3 ppm s(.u)
:A ' .

PP. S ) .
t -., 

FIGURE 1.4-8. Uranium concentration vs. contact time In saline (unper fieure) and modified
Allard (lower fieure) eroundwaters under reducine conditions during dissolution of UO pellets,
SIV= 0.66 mn'.The measured data are for four batch experiments (including parallel experiments In
each) In the presence of varying amounts of reducing species. The Eh and pH values are given In
detail In Appendix 4, TABLE 4. The dashed lines show the theoretical solubilities of uranium
oxides In equilibrium (EQ316, composite database) at average measured Eh values.
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U02 pellets (S/V= 19.8 m l) in the presence of metallic Fe. The measured data (unfiltered samples) Is for two
parallel experiments (1: black symbols, II: open symbols). The dashed line shows the theoretical solubility of
U0 2 at measured pH In reducing conditions (EQ316, 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 1.4-10 for the parallel batch experiments in Allard
groundwater. The data, which is for the unfiltered samples, show some scatter. The measurement
data was similar for the experiments in saline groundwater, the .U concentrations ranging from
104 ... 104 mol/I [970LL]. The U contents' in the filtered (0.45 Pm) samples were below the
detection limit of the ICP-MS in both groundwaters ( 10.0" M).'The aqueous phases were
ultrafiltered (Amicon, Diaflo XM 50) after the conclusion of the experiments. The solid material
retained on membrane filter was analyzed with X-ray'diffractometry. The dentification 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 U02 and
some iron compounds (possibly Fe-oxy-hydroxide) were observed. Additional experiments to
study the effect of metallic Fe on dissolution mechanisms of U02 are needed.
The following TABLE 1.4-3 summarizes the results of the solubility experiments of U02 'pellets in
synthetic-groundwatersunder'-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 ncluded In TABLE 1.4-3. Some results of earlier
solubility measurements are given for comparison.
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TABLE 1.4-3. Measured uranium solubilities (moln) in the dissolutionexperiments of unirradiated
U02 pellets in synthetic groundwaters under anoxic conditions.

Aqueous media Redox conditions, U Uranium solubility Reference
pHIEh measured o)ddaton state moUlI

Saline groundwater, anaerobic (N2) 0-15 % U(IV) (3.5 ± 1.4) 10' this study
l= 0.5 M pH 8.0 ..8.3 85-100 % U(VI)
no carbonate Eh 0.15....-0.1 V
Fresh granite groundwater anaerobic (N2) 100 % U(VI) (1.5 ± 0.3) 104
(modif. Allard) pH 9.0
[98VUO/SNE] Eh -0.1 V
l= 0.004 M
rHC0i1 1.07 mM
Fresh granitic anaerobic (N2) 10 % U(IV) (1.9 0.2) 0 1.2 [950LL,
groundwater pH 9.0 90 % U(VI) 960LLI
[81ALLAAR*
1= 0.004 M
[HCO1 1.7 - 2.0 mM
[950L L 1 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Bentonite groundwater anaerobic (N2) 100 % U(VI) (2.7 ± 0.5) 104 
/Snellman 1988/ pH 8.9
l= 0.014 M
[HC0 31 8.6 - 9 mM
[950U]11-_

Saline groundwater, reducing 63-80 % U(IV) (9.6 ± 5.6) 10 .' this study
I= 0.5 M S(-l), Fe(+ll) 20-37 % U(VI)
no carbonate pH 8.0...9.5

Eh -0.2...-0.3 V

Fresh granite reducing 30-40 % U(IV) (1.7 0.6) 10 IO
groundwater S(-ll), Fe(+ll) 60-70 % U(VI)
(modif. Allard) pH 9.0...9.5
198VUOtSNE] Eh -0.2...-0.3 V
l= 0.004 M
[HC0 31 1.07 mM

Saline groundwater, reducing 40 % U(lV) no filtration:
I= 0.5 M metallic Fe 60 % U(VI) (1.1 1.0) 104
no carbonate pH 8.8-9.3 filtration:

S d.l.

Fresh granite reducing 50 % U(IV) no filtration:
groundwater metallic Fe 50 % U(VI) (3.2 ± 1.5) 109
(modif. Allard) pH 9.5 filtration:
[98VUO/SNE] S dl.
I= 0.004 M
[HCO31 1.07 mM
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WP 1.4.2 Precipitation experiments

In order to check whether maximum solution concentrations of U were obtained in the dissolution
tests (WP 1.4.1), precipitation tests were performed at VTT. Using initial supersaturated solutions
with U-c6ncbntratiohs well above the solubility of known U-controlling phases, the evolution of U-
concentrations was followed as a function of time. Results of this test are also expected to show
whether equilibrium was achieved. '

Procedure of precipitation experiments

All solutions for precipitation experiments were handled In N2 atmosphere in the glove box. U(IV)
stock solution (- 0.56 M) was prepared by dissolving U(IV)Ci4' (anhydrous, Strem Chemicals) in
1 M HCI. Earlier tests have shown that'U(IV) is stable in I M HCI under anaerobic conditions
(02 < 1 ppm) for several months [960LL].
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 HCI, was added to synthetic
groundwater. The final uranium concentration was approximately 0.56 mM. The pH was
immediately adjusted with NaOH. Upon pH adjustment dark-green precipitates were observed in
modified Allard and saline groundwaters. In near-field groundwater, the color of precipitate was
different, light green.
The precipitates were allowed to equilibrate for periods of different length (7 ... 50 days). At the
end of the equilibration periods, the supematant solution was sampled by syringe, filtered
(membranes of 0.45 ,pm or 50 000 molecular weight cutoff) and analyzed for uranium (ICP-MS).
In the case of Allard groundwater the U concentration was followed during aging of the solid
phase after precipitation. The solid phases were analyzed by X-ray diffrictometry at the end of
selected periods by Geological. Survey of Finland. Contact withI air during diffraction
measurements could'not be avoided. TABLE 6 in Appendix 4 gives the conditions of the
precipitation tests. The measured Eh values were influenced by the presence of U precipitates.
This is discussed more in the connection of the results.-
Solution concentrations and solid phases in anoxic orecipitation tests
In the precipitation experiments the solubility equilibrium of uranium was approached from
oversaturation in order to confirm the results obtained in the dissolution experiments with U02
pellets. The precipitations were performed with fresh (modified Allard), saline and near-field
compositions (Appendix .4, TABLE 1). Critical in these experiments is the length of the
equilibration periods. The crystallization of the precipitates is known to progress gradually [9ORAI
/FEL, 95YAJ/KAW]. The results presented In this report are all for the equilibration periods of
relatively short duration.
FIGURES 1.4-11 and 1.4-12 show the aqueous uranium concentrations measured as a function of
time in modified Allard groundwater during the aging of the precipitates. Likewise in the
dissolution experiments with U02 pellets, the precipitation was carried out in the absence
(anaerobic) and in the presence of reducing species, S(-ll) or metallic Fe. The presence of U
precipitates had a clear effect on the measured Eh in the precipitation experiments. Eh was low
also in the absence of S(-ll). The measured Eh values were given in TABLE 1.4-2 and are
presented also in the connection of the results. This suggests that the surface of U02 is a
controlling factor for the Eh in the precipitation experiments. The presence of metallic Fe reduced
the measured Eh. The low Eh is in agreement with the measured aqueous concentrations of
uranium. In Allard groundwater, the solubilities are low in all cases, FIGURES 1.4-10 and 1.4-11.
The solubilities are lower by a half order of magnitude, than measured in the pellet experiments
with redox control (TABLE 1.4-3). They are in good agreement with the theoretical solubility of
well-crystalline U02. The X-ray diffraction patterns obtained from the solid phases after the aging
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time of 7-43 days showed the peaks of weakly crystalline U02 - U307 (Appendix 4). There is a
possibility that U307 has formed as oxidation product during diffraction measurements. The solid
samples were transferred from the anaerobic box to X-ray diffractometer without contact with air,
but during the measurements the contact could not be avoided.

TABLES 1.4-4 and: 1.4-5 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 CP-MS'
measurements in order to lower the detection limit. As in Allard groundwater, the Eh and' the
solubilities of uranium were low also in the absence of reducing species. The solubility in saline
groundwater with the S(-ll), TABLE 1.4-4, is in good agreement with the solubility measured in the
pellet experiments (TABLE 1.4-3). The increase in salinity does not seem to have effect in the
solubility. In the presence of metallic Fe, a higher solubility by one order of magnitude was
measured. As in'Allard groundwater, the analyses of'solid phases gave weakly crystalline U0 2 -
U307 as a result In all cases, Appendix 4. In addition, the peaks of impure U(IV) oxide, including a
cation, possibly Sr- or CaUO3, were observed. This phase seemed to be more crystalline than
U02 -U 3 0-

104.^

U: (5.3 2.8) 1010 moVI

_A

,1t~~ B-*_ UOj
-. - . Av X * DH8.8 ... 9.0

.v Eh -025: ..-. 34 V

0 10 20 30 40

Time [days]

FIGURE 1.4-11. U-Concentrations in the 'oversaturation experiments In modified Allard groundwater
under anoxdc conditions (open smbols: without S(-I) addition, filled symbols: with 3 ppm S(.I1)). The
dashed line shows the theoretical solublity of U0 2 (EQ3, composite database) at measured Eh values.
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FIGURE 1.4-12. Concentrations of uranium vs. time in the oversaturation experiments In modified Allard
groundwater under anoxic conditions in the presence of metallic Fe. The dashed line shows the theoretical
solublity of UO2 (EQ3, composite database) at measured Eh value.

TABLE 1.4.4. Concentrations of uranium and solid phases In the oversaturation experiments in saline
groundwater under anoxic conditions.
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TABLE 1.4-5. Concentrations of uranium and solid phases In the oversaturation
experiments in near-field groundwater under anoxic conditions.

Near-field groundwater/ pH Eh M Solubility mol1] Solid phase
Equilibration period _ _. (X-ray diffraction)
no St Il) addition weakly crystalline

U02- 307
7-44 days 7.5 -0.31 (1.2 ± 0.6). 10'

Sr. or CaUO3 (as above)
3 Dom S-li) weakly crystalline

U02- 307
25-43 days 7.5 -0.31 (8.3 6.6) 10V"_
met. Fe 7.6 .. 8.0 -0.48 (8.9 ± 1.0). 10.i weakly crystalline

U02 - Ua 7
27-43 days _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Under anoxic conditions (WP 1.4.1), the control of the Eh (-0.2...-O.3 V) had effect on the solubility
of U02 pellets in synthetic groundwater. The solubility at low Eh, 109 M, was at the level of the
theoretical solubility of the well-crystallized solid, U0 2 - In synthetic groundwater without the Eh
control, the solubility was one order of magnitude higher, being at the level of the theoretical
solubility of U4 09 or U307. The presence of the U(IV) species at low Eh in the aqueous phase (30-
80 %) was shown by the analyses of the oxidation state distribution. Under anaerobic conditions,
without the Eh control, the dominant oxidation state was the U(VI). The composition of
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 in synthetic groundwater with reducing S(-ll)
species. A trend to lower solubility was observed with fresh (Allard) composition. The solubilities
were low also under anaerobic conditions without S(-ll). The presence of U precipitates had a
clear effect on the measured Eh values, which were low also in the absence of the S(-ll). This
suggests that the surface of U precipitate may control the Eh in the precipitation experiments. The
analyses of the solid phases gave weakly crystalline U02 - U3 07 as a result with fresh, saline and
highly saline composition. There is a possibility that U3 07 has formed as oxidation product during
the X-ray diffraction measurements. In saline groundwaters, an impure U(IV) oxide, including
possibly Sr or Ca, seemed to precipitate with the U02-U 307. The duration of the oversaturation
experiments was relatively short, S 45 days.

WP L4.3. STATIC DISSOLUTION OF U02 IN INTERSTITIAL BOOM CLAY WATER

To assess the performance of the possible final disposal of spent fuel in the Belgian Boom Clay
layer, it is important to know the maximum uranium concentrations in the Interstitial Boom Clay
water upon contact with spent fuel. The objectives of the experimental programme are (1) to
measure the uranium solubility in real Boom Clay Water, with unirradiated U02 as the solid phase
and (2) to assess the impact of dissolved organic matter and carbonate concentration on this
solubility. The measured uranium solubility may be representative for the dissolution in reducing
conditions of spent fuel with an alpha activity that has decayed to the level where the fuel
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dissolution kinetics is chemically controlled. The tests are supported by calculations with
geochemical codes, to suggest possible solubility controlling solid phases.

ExDeriment -

Depleted U02 povder with a particle diameter between 50 and 100 pm was immersed in Teflon
containers with real and synthetic clay waters for various test duration, at a target SAN (= U02
surface arealleachant volume) of 1000 m''. The specific surface area of the U02 powder was
estimated to be 0.044 m2/g, based on BET measurements.' Four types of clay water were-us'ed:'
real Boom Clay water (RIC', sampled in the underground laboratory),synthetic Boom Clay water.
without humic acids (SCW'), synthetic Boom Clay water with humic acids ("SCWHA") and
synthetic Boom Clay water with humic acids, and with low carbonate content (SCWHA\Cn). To
prepare the SCWHA and SCWHA\C, humic acids, extracted from real clay water, were used. This
extract is a concentrate of dissolved organic matter (DOM'), consisting mainly of humic acids.
The media' differ mainly in their Na, Cl, '-sulfate, carbonate 'and organic content.'Typical
compositions of the blank test media are presented In TABLE 1.4-6.'Only the main-elements are
presented. -

Two duplicate test series have been performed:

For the first test series, the test temperature was 250C. All tests were performed in a glove box
with argon atmosphere. No reducing species were added. The carbonate containing media
suffered from C02 degassing, leading to a strong and continuous pH increase. Attempts to
stabilize the pH by HCI addition were ineffective.
For the second test series, the test temperature'was 20C. The tests at low carbonate contents
were performed in an argon glove box; the other tests were performed in a glove box with In
Ar/0.4% CO2. Small solution volumes of 10 mg/l sulfide in degassed high performance liquid
chromatography water were added at regular time intervals, to keep the redox potential lower
than -150 mVSHE. The pH In the carbonate rich'mbdia was stabilized by the high C02 content of
the box.
The redox measurements for both test series were performed with a combined AglAgCI redox
electrode; the pH measurements were performed with a combined glass electrode. At regular
points of time, samples of a few ml were taken from the leachates, and the test containers were
replenished to the original volume. The uranium, carbonate and organic matter in the leachates
were measured after ultrafiltration over 30 000'molecular weight cut-off filter membranes. The
uranium concentrations were'measured by'lnductively Coupled Plasma - Mass Spectrometry
(ICP-MS). The carbonate and organic matter concentrations were measured with a Total Organic
Carbon - Total Inorganic Carbon analyzer..:
Before the solubility tests were started, the oxidised layer of the U02 powder was removed in the
so-called predissolution". About 4 g of the U02 powder was weighed, and transferred in a
Teflone container of 200-ml volume.40 ml 'of the test medium was added. The containers were
kept at 25 or 200C in the argon or argon/CO2 purged glove boxes. Every few days, the leachate
was replaced by'fresh medium. The uranium'concentrations In the lea'chates-were measured by'
ICP-MS. When the corrosion rate'was constant,'the oxidised layer was considered to be more or
less removed, and the' solubility tests were' startd' We did not control the completeness of 'the
predissolution by surface analysis. ' -
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TABLE 1.4-6: Composition range of the blank test media (main elements)

Na Cl S04 HCO; DOM U

mg/i mgAi mg/l mg/i mg/l mole

RIC 380/420 25/110 0/7 800/900 131/167 2x10'9 7x10 9

SCW 3441345 51/56 22/26 <10 5x101 O/1x104

SCWHA 547/611 3351o428 * 160/177 1x109/7x109

SCWHA\C 239/256 s 301 /42 . 2x109 /4x104

'first test series; 2 second test series

Results from the first test series

In the predissolution stage, which asted almost 3 months, the leachant was refreshed 14 times.
For the first test series, the media for the predissolution were the same as those for the solubility:
tests.. The dissolution rate was found to decrease drastically in this period, as demonstrated by
the results shown in TABLE 1.4-7. This indicates the removal of U(VI) from the U02 surface. In
spite of this, we are not sure that the oxidised layer was completely' removed, especially in
SCWHA\C, where the dissolution rate was relatively high at the end of the predissolution stage. -

TABLE 1.4-7: Dissolution rate in the predissolution of the first test series, based on the
uranium concentration in the test containers (ultrafliltered over 30000 MWCO

membranes); na = not available

U02 dissolution rate (pmole U Nday or pmole U /m2/day)
replacement RIC SCW SCWHA SCWHA\C

1 33 41 36 1.9

2 2.3 3.8 3.4 1.8

3 0.78 1.7 1.3 1.1

5 0.15 0.77 0.39 0.95

9 0.042 0.14 0.055 na

11 na' na na 0.14 .

14 0.055/0.061 0.08010.12 0.052/0.023 0.1610.17

After 14 solution replacements, the containers were filled with 180 ml of leachant to start the
actual solubility tests; the medium replacement was then restricted to the. replacement of the
volume needed for analysis. The measured uranium concentrations are presented in FIGURE 1.4-
13. Figure 1.4-13a shows the concentrations measured in the first 58 days, when the atmosphere
in the (argon) glove box was anoxic. Figure 1.4-1 3b shows the concentrations measured until 240
days. After about 80 days, the glove box was severely contaminated with oxygen, with clear
consequences for the uranium concentration. After about 120 days, the containers with the
carbonate rich media were transferred to a glove box with an argon/0.4% CO2 atmosphere.

Because of the small number of sampling intervals in the anoxic stage (until 80 days), we cannot
demonstrate that saturation values have been reached in this period. The results suggest
nevertheless that we are heading towards saturation concentrations. In SCWHA\C, U
concentrations decreased between 31 and 58 days; and in SCW, SCWHA and RIC, the corrosion
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rate between 10 and 45 days Was an order of magnitude smaller than the corrosioh rate between
o and 3 days, so here also we appear to be headin2 towards saturation. After 45 to 60days, all
uranium concentrations are -between 10'7 and 10 -. mole/l. We take these concentrations as
approximate values for: the equilibrium concentrations, giving the results presented in
TABLE 1.4-9. '

The near-saturation concentrations increase in the order RIC < SCWHA < SCW <'SCWHA\C (this
order is confirmed also after 2 or3 and i0 days). The high concentrations in SCW and SCWHA\C
are not expected. Possible explanations for'the high uranium concentration in SCWHA\C are (1)
high HA complexation constants at alkaline pH values, compensating for the lower carbonate
content, and (2) incomplete predissolution.

The existence of high HA complexation constants at alkaline pH values would be in contradiction
with results from a study with U(VI) and similar Boom Clay humic acids, where uranium appeared
to have little affinity for the humic acids [97VER]. This explanation is therefore unlikely. As an
altemative'explanation, we must consider the possibility of an ncomplete dissolution of the
oxidised layer In the predissolution stage. The high'uranium concentrations in solution may be
due to the dissolution of the remnants of this oxidised layer (the most likely U(VI) solids are more
soluble than the U(IV) species).

The high concentration in'SCW, compared to SCWHA and RIC, is probably caused by the higher
pH and Eh in SCW (the organic material acts as a redox buffer against oxygen contamination and
as a pH buffer against CO2 escape). Because of the pH and Eh variation, we cannot distinguish
the net effect of the absence of humic acids.' The Eh effect is, however, much smaller than
expected. This can be-explained by the hypothesis-that the potential at the U02'surface rather
than the potential of the bulk slution Is the controlling factor [89GRA]. This potential 'may be
lower because of the presence of reduced uranium (U0 2, U02m). ' t v 

The pH and Eh'Values of TABLE 1.4-8 'were used as input in HARPHRQ calculations, 'using the
NEA thermodynamic database,'release 9, to detdrmine the theoretical solubilities of potentially
solubility limiting solid phases and the corresponding dominant species in solution. The selected
phases were schoepite in SCW, and U0 2(am),UO2(c) and U409 in the other media. We found no
good agreement with the tested solid phases, except in RIC,'where 'a relatively good'fit was
obtained with uraninite (1.7x10 7 M). The main cause for the bad agreement was probably the
poor reliability of the redox measurements, because of the absence of strong redox couples. In
all cases, U02(CO3)34 or U02(CO3)22 were the dominant species In solution, even In the medium
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with lower carbonate content.

After 180'and 240 days, the uranium concentrations were between 3.4x104 to 8.2x105 mole/I
(see'also Figure 1.4-13) in the order SCWHA\C < SCWHA < RIC < SCW, and the pH was 8.1 to'
8.2 (table 1.4-9). For the tests with the carbonate rich media, the low pH is due to the fact that'
after the oxygen contamination, these containers were transferred to an argon/CO2 glove box. It is
likely that in the relatively oxidising conditions after 80 days and more, U(IV) has been oxidised to
U(VI) and that the U(VI) species are stabilised in solution by carbonate. In these conditions, the
humic acids seem to have a negative effect on'the'uranium concentrations (the U concentrations
are lower in SCWHA and RIC than in SCW). The humic acids seem to disturb the influence of
carbonate.

TABLE I.4-8: Uranium concentrations, pH and Eb In the first series of solubility tests after 45 to 58
days (U concentrations after ultrafiltration over 3x104 MWCO filter membranes)

near-saturation U mean U pH Eh 
concentration concentration mVSHE

(mole/i) ' (mole/l)

RIC 2 2.4x10 7 2.4 x 10'7 9.0 -140

SCWHA 2 (4.1x107 / 4.8x107) 4.4 x I07 8.9 9.1 -112/ -119

SCW 2 (5.9x1 O*7 / 6.3x10) 6.2 x 1'7 9.7/9.8 +182 /+189

SOW HA\C 2 (6.3x10' /7.8*1 07) 7.0 x 10-7 8.6/ 8.6 -74 / -82

Tab;e .. 9: Ura.~ um con-entration i- the .irst set of solubility tests after 180 and 240 daysI
Table 1.4-9: Uranium concentration n the irst set o solubility tests after 180 and 240 days.

. Medium leaching duration JUl moUI | p1-|

SCW 180 8,2E-05 8.1

RIC 180 2,5E-05 8.1

SCWHA. 180 5,4E-06 8.2

SCWHA\C 240 3.4E-06 8.2

Results from the second test series

In the predissolution of the second test series, the leachant was refreshed 50 times in 207 days
fort the carbonate rich media and 22 times' in 126 days for the low carbonate medium. The
predissolution for all the'tests with carbonate rich media was performed with SCW (900 mgAi
carbonate), because this medium appeared most effective in the first test series; using only one
type of predissolution medium, we also make sure that we have a comparable U02 surface for all
carbonate rich media at the end of the predissolution. The predissolutidn for the low carbonate
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tests was performed with a siryiilar medium as SCW, but with only; 10 mg/I carbonate. As for the
first test series, the dissolution rate decreases drastically in this period, as demonstrated by
FIGURE 1.4-14. The dissolution rate is smaller in the low carbonate medium" this may be a mixed
effect of the lower oxygen content in this box (1 ppr in the argon box, contrary to 3 ppm in the
Ar/CO2 box) and the lower carbonate content. By the end of the predissolution stage, when most
U(VI) is dissolved, the uranium concentrations are very sensible to fluctuations of the oxygen
concentration 'in the glove box (the oxygen pressure variation is presented in Apendix 7) .
Therefore, it is difficult to decide whether the uranium dissolution'rate was stable at the end of the
predissolution; the-dissolution rate was then'floating around '3x104 mole U/m2/day in the
carbonate rich media. For the low carbonate medium, the dissolution rate was about 4x1 0'9, mole
U/m2/day after 126 days of predissolution. The final dissolution rate and the complete results of
predissolution are respectively presented in TABLE 1.4-10 and in Appendix 7. !
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TABLE 1.4-10: Dissolution rate in the predissolution of the second test series, based on the
uranium concentration in the test containers

U0 2 dissolution rate (pmole U Nday or pmole U / 2/day)

. replacement RIC SCW SCWHA SCWHA\C

50 0.0258 0.0258 0.0318X

22 0.003898

Data for the second series of solubility tests are available for the carbonate-rich media until-
277 days and for the carbonate-poor media until 215 days. The test containers were filled
with 180 ml of the respective media (RIC, SCW, SCWHA and SCWHA\C). A sample of the
leachate was taken every three or four days during the first 15 days of experiment and after
this period every 15 days. The'corresponding mean uranium concentrations are shown in
FIGURE 1.4-15.

The pH was in general between 82 and 8.6. The addition of sulphide species stabilised the
redox potential of the clay waters at values lower than -150 mV, the presumed threshold for
oxidative dissolution in carbonate rich-media. During the experiments, fresh sulphide solution
was added after 25 and 84 days to the carbonate rich media, but only after 117 days for the
carbonate poorimedium. The carbonate poor medium required less-adjustment, because of
the smaller quantity of oxygen in the latter glove box (normally' 1 ppm, no peaks > 20 ppm),
and - hence - the slower oxidation of sulphide species. The different behaviour confirms the
importance of the oxygen concentration in the glove box atmosphere.
The uranium concentrations initially increase to values, similar to those observed in anoxic
conditions, but afterwards, they decrease to values that are 1 to 2 orders of magnitude lower,
between 6x1 0-9 and 6x1 04 M.
This decrease occurs only for the carbonate-rich media. It occurs sooner for the tests in the
real clay water (after 13 to 25 days) than for the tests in synthetic clay waters (after about
100 days). Minimum uranium concentrations are reached after 40 to 70 days in RIC, after
about 200 days in SCW, and after about 250 days in SCWHA. The minimum uranium
concentrations show some variation, which is probably due to small oxygen contaminations.
In RIC and SCW, they are often close to x104 M, whereas in SCWHA, they are not smaller
than 3 to 4 x 109 M.

The decrease of the uranium concentrations is probably caused by the reduction of U(VI) to
U(IV). The fact that the final concentrations are very similar in RIC, SCW and SCWHA,
suggests that complexation of uranium by humic acids is not important for the total uranium
concentration in these conditions. The humic acids retard the reduction of U(VI) to U(IV) in
the synthetic clay waters, but this was not observed in the real clay water.

We assume that the faster reduction in RIC is due to the presence of iron traces ([Fe] = 1x10'
5 moUI). When we-add sulfide species, the redox potential in RIC is controlled by the couple
Fe/Pyrite whereas the redox couple is probably SO42/S2' in the synthetic medium. At the
beginning of leaching test (< 15 days), the uranium profile for RIC pesents the same
variation as SCW and SCWHA because the establishment of equilibrium with Pyrite is slow.
When the equilibrium is reached, the uranium concentration decreases.
For the RIC medium, the measured redox potential control was verified by the results of
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geochemical simulations (PHREEQC version 1.6). Three phases have been tested as
solubility controlling phases uraninite, U02(a) and (U(OH) 4),. The better results is obtained
for (U(OH)4)2 with an equilibrium concentration equal to 1.2x1 04 mol/l. The calculated Eh
value was, however, around -308 mV. This value disagrees with our experimental
measurement, so we cannot draw a consistent conclusion..

For the medium with low carbonate content, the results are similar to the first test series. The
uranium concentration was higher than in the test with high carbonate concentration. After 30
days and until 215 days, it stabilized airound [U] =1.5x104 mol/l. When carbonate is absent,
or present in small quantities, the presence of humic acids in solution seems to contribute to
the complexation of the uranium (VI) in spite of its presumed little affinity for humic acids. The
results illustrate the possible competition between'humic acids and carbonate taken in
evidence in' carbonate media. However,-though the dissolution rate was very low after 126
days of predissolution (10 mol U/m2/d), the oxidised layer was probably not totally removed,
because of the low carbonate content In the solution during the predissolution stage.
Because of this, we cannot give any conclusion about the relative complexation properties of
humic acids and carbonates. Because of the apparent steady-state observed for the uranium
concentration in solution, the leaching tests have been stopped after 249 days.
In all cases, solution concentrations of U tend to approach a constant value. Solution
saturation is almost obtained after 74 -days (carbonate rich media) and 31 days (low
carbonate medium).
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Comparison of results of UO, dissolution In boom clay with data from granite water (MP1.4.1
and with literature data)

The near saturation' concentrations, found in boom clay water prior to oxygen intrusion in
the first test series, are about 10 times larger than the concentrations measured in anoxic
conditions in 600 mg/I carbonate'solutions (4x104 M uranium), and simulated granite
groundwaters (Allard groundwater.- 123 mg/I carbonate, with 2 to, 2.5 10- M uranium;*
bentonite water 600 mgA'carbonate, with 2 to 2.5x104 M. uranium) .' under anaerobic
conditions (N2, O2<1pprn) 960LLOLI]. In tests with SIMFUEL in Allard water under similar
conditions, concentrations between 109 and 10'' M were found.' We see two possible
causes for the difference with our results: (1) The glove box used in 96OLUOLI] had an<
oxygen content'<1 pp'm; (0.1 ppm at best), the oxygen content in the argon glove box for tests'
with Boom Clay waters showed some fluctuations during the test period, and values were'
always higher. (2) In the tests by Ollila, an intact fuel pellet was used. In our tests, U02
powder is used. Bruno'mentions in [89BRU/PUI] that the solubility product of solid U02
depends on the particle size.
The final U concentrations are in boom clay water about. 10 times larger than the
concentrations measured at a SAN of 19.8 m' under anoxic conditions (Eh from -20 to +130
mV) on U02 pellets in'synthetic saline groundwater [960LL]. This difference may be caused
by the difference in carbonate content (there was no carbonate in the saline groundwater),
the U02 particle size (pellet versus powder), the oxygen content (so Eh), or the salinity
affecting the activity coefficients of the dissolved species.
The uranium concentrations are slightly higher than in a saline brine, at 1000 m'1, in anoxic
conditions (Eh -300 mV), where concentrations of about 2x1 07 M were found after 30 days
197CAS/PAB]. In these experiments, U02 powder was used of the same size fraction as in
our tests (50-100 gum). The small difference with our results may be caused by the difference
in carbonate content.

The high concentrations found after oxygen intrusion after 180 and 240 days in the first test
series (3.4x1 04 to 8.2x1 O' mole/I) are comparable with the concentrations found in granite
water for oxidising conditions under similar experimental conditions (see FIGURES 1.4-2 to
1.4-5).
The uranium concentrations In the second test series are higher than those found by Ollila et
al. in saline and granite groundwater, namely about 10'9 M (TABLE 1.4-3), though In both
cases, sulfide was added. This may be due to the higher oxygen concentration in the SCK
argon/CO2 glove box (about 3 ppm). Sulfide may have been lost (oxidized) frobm solution at
the early stages of the experiments by reacting with trace oxygen, leading to higher Eh
values (- -150 mV) as the experiments proceeded. At the higher carbonate concentrations
this may cause the stabilization of U(VI) carbonate complexes, and hence an increase in
solubility.
The uranium concentrations in reducing conditions are close to the concentration measured
in fresh real Boom Clay water (7x104 M). The redox potential and the pH were always higher
than expected in the Boom Clay host rock, so the measured uranium concentrations are
conservative values. Moreover, no clay has been added in the tests performed so far. If the
dissolved uranium species sorb onto the' clay, this may cause a further decrease of the
equilibrium concentrations. Existing data suggest however, that the clay impact is small.
Indeed, in the presence of clay, U concentrations of the order of magnitude 10 mole/I were
found [97LEL], which is similar to the concentrations found in reducing Boom Clay water.
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Conclusions on UO2 solubilityin clay

Within 2 months or less in anoxic conditions, the uranium concentrations appear to approach
a steady state. The observed near steady-state" concentrations are all between 2.4 and
7.8x10 7 M. They tend to be higher than the concentrations found in literature for similar Eh
and/or pH conditions; the difference is an order of magnitude at most,' and can probably be
explained by 'small differences in experimental conditions (carbonate concentration and
oxygen concentration' in the glove, box). However, the influence of the carbonate
concentration and humic acids on the uranium concentration was apparently small under
oxidizing and reducing conditions, but uncontrolled -pH and Eh-variations hamper the
interpretation. In contrast, under oxidizing conditions carbonate rich waters showed highest
steady state concentrations of dissolved uranium.

No relation was found between experimental solubilities and values calculated for some
candidate solubility controlling solids, except for the'tests in RIC, where a relatively good
agreement was found with uraninite as the solubility controlling solid phase. -

In the synthetic clay media, the addition .of sulfide species to the carbonate rich media
caused a lowering of the redox potential, but the uranium concentration was about 5x10'7 M
which is similar than in the absence of sulfide.-This'high concentration may be due to the'
presence of traces of oxygen. In the real clay water, the uranium concentration decreased in
the presence of sulfide species after more than 15 days, possibly because the presence of
traces of iron in solution resulted In a lower redox potential (control by Fe/Pyrite). After 74
days, the uranium concentration was about 1 08 M.-I-
The redox potential and the pH in the anoxic stage were always higher than observed In the
pore waters of Boom Clay host rock. Moreover, no clay has been added, and adsorption was
avoided. The measured uranium concentrations are conservative values in the tests
performed so far.-The effect of Boom Clay should be studied In a future program.

Comparison of steady state solution concentrations of U In various groundwaters
under oxic, anoxic and reducing conditions
A comparison of final U-concentrations achiev6d under oxic, anokl6 and reducing conditions
are given in TABLE 1.4-11. Uranium concentration values in GBW were about two orders of
magnitude lower In experiments performed in anoxic atmosphere than in experiments under
oxidizing. In salt media under oxidizing conditions uranium concentration values In solution
(4.104 moIA) are only one order of 'magnitude higher than in the experiments performed
under anoxic atmosphere,- because, probably due to carbonate 'complexation,- solution
concentrations under oxic conditions were'higher in carbonate containing granite bentonite
solutions than In carbonate free salt media. -

Comparison with anoxic U02 dissolution data from granite' (VTT-data) and salt media
suggests that, after 45 days of leaching, saturation should be reached at SAIV = 1000 M". In
leaching tests of VTT-with U02 In anoxic saline groundwater at a SANV of 19.8 m', the U
concentrations reached a constant concentration after a feiw days.'Since the tests of
SCK.CEN are performed at'much hi~her'SA/,'these tests should approximate equilibrium
much faster than the tests at 19.8 m . The uranium concentrations in clay water are slightly
higher than about 2.1 07 M in anoxic saline solution, at 1000 m' (Eh -300 mV). U02 powder
was used of the same fraction as for clay water (50-100 pm). The main difference between
SCK-CEN tests in clay water and the tests In granite or salt water Is the much higher
carbonate concentration in clay waters (even in SCWHA\C). This may explain why constant
U concentrations were not reached in Boom Clay water after 10 days and why steady state
solution concentrations were higher in clay water. Indeed, the dominant solution complex of
dissolved uranium was calculated (SCK.CEN) to be U0 2(CO3).34 (see also WP IV.1:
modelling).
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The data from WPI.4 show that differences in experimental U-solubilities under anoxic and
reducing conditions are directly related to the U(VI) content in solution. This can be seen in
FIGURE 1.4-16, using U(VI) concentrations from TABLE 1.4-3 experimentally measured by
wrT.

TABLE 1.4-11: Comparison of steady state U-concentrations (moiaity, ultrafiltered) for various
groundwater compositions and redox states - Tests at 25°C and surface to volume ratio of 1000 il
(*=19 m7, **0.66 m')' CIEMAT=SIMFUEL, UPC1VTT/SCK-CEN=U0 2 , FZK=spent fuel, CEA=spent fuel
and SIMFUEL). Reducing conditions are assured either by presence of Iron of by addition of reducing
apents. l0. nC02 t3l.S.-2.0

|xl anaerobic , reducing

U [ml trend U [m] trend U [ml trend

Salt NaCI CIEMAT 5-0= Incr. 107 '- decr. const.

8-10 7$1 const. 117 const.

UPC 2-110 const

FZK 2-04 . 2-104 const

Granite GBW CIEMAT 3-104 const 10 7 decr. 2-1045 const.

- . 8-~~~~~~~~~~~ ~~~~~~10SS hcr. 2-10'# decr.

UPC 4-107 const.

vr 1-10 const

EGW FZK decr. 710 const

CEA . const

AGW VrT 7.105 incr. 104 Const.

[95011

AGWM V T incr. le Const. .2-10- const

. (*~~~~~~~~~~~~~.) . l
SGW VrT 2.5-10 5 const. I ~ 0 const 1O*(*) const

with
colloids:104

W -. - 5-104 ( ... ) ..... ~~~incr.

Clay RIC SCK 2-10 Incr. lof cost

CEA T10 const

SCW SCK 6-10 ' Incr. 10 const

SCWHA - SCK 4-10I7 incr. -le Decr.

SCWHC SCK const lo, const
9

80 



1 E-7 

1 E-8 

.E-9 

1E-10 -
-- - ; O~~~ 50 ; 100

%U(VI) in solution

~ FIGURE 1.4.6, dependency of U02 solubility under reducing conditions on
the exnerimentallv measured U(VI) content In solution.

WP 1.5 DYNAMIC TESTS

Dynamic tests (0 2 dissolution tests in flowing groundwater) are considered to yield more
reliable initial reaction rate values than static tests, because the effect of saturation of the
solution or precipitation of secondary reaction products can be avoided if the water flow rate
is sufficient high: The'dissolution rate, obtained 'In'such an experiment with"U02'In NaCl
solution npresence of.0.01 M Na-hypochlorite (a'simulated radiolysis product) was 0.33
mg.mi-rd, -this value is one order 'of magnitude lower than the value reported in
[96G]M/BAR], where the dissolution rate was determined when the U02 surface was
previously cleaned. XPS observation of the U12-surface indicated a-percentage of U(VI)
close to 33%, which could passivate the surface.

TABLE 1.5.1 Detail of the experiments perfornied in UO leaching tests.

Experiment Conditions -U02 Medium pH

UODS UO2+CIO 0.01 M 0.3 NaCI5m 11.0±0.1
UODGW25 U0 2; 2 5 gC 0.3 GBW 8.3± 0.1
UODGW60 U02, 609C 0.3 GBW 8.3± 0.1

The dissolution rate in GBW-water (experment UODGW25) was 0.33 mgm'2 do' at 250C this
value has been plotted In Fig.lV.1-7 (7Modelling")'as a function of the carbonate content in
the GBW. The good correlation of this value with those obtained In bicarbonate medium
points out that one of the most important parameters for the U02 dissolution is the
bicarbonate concentration. The dissolution rate determined In experiment In GBW water at
600C (UODGW60) was 0.45 mg-m2-d''; this value is lower than expected due to effect of
temperature [97PAB/CAS], the reason is probably calcite precipitation onto the U02 surface
since XPS observations Indicated a high increase of calcium on the U02 surface.
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WP 1.6/1.7 ELECTROCHEMICAL INVESTIGATIONS OF UNIRRADIATED U0 2,
SPENT U0 2 AND MOX FUEL ELECTRODES
The dissolution properties of the U02 matrix in the presence of oxidants can only be
understood if the electrochemical nature of this reaction is taken into account. U02 is a
semiconductor. From this point of view the dissolution of U02 is the anodic reaction,
characterised by the corrosion current i,,:,,. The cathodic counter reaction is the reaction of
oxidants.

Extensive electrochemical measurements are described in the literature on unirradiated U0 2
and on SIMFUEL to determine the mechanisms -of dissolution or precipitation and
quantification of the rate determining step [88BRU/CAS, 75NIC/NEE, 94SHOIHOC,
91 SHO/SUN]. Shoesmith et. al. [85BAVJOH, 92SUN/SHO, 97SUN/SHO] carried out
examinations of unirradiated UO electrodes In water, and of the effects of a- and y-sources
on the non-irradiated U02 electrode. Since then this group has prepared used CANDU fuel
electrodes [96SHO/SUN and has confirmed its previous findings. It is important to test
whether the findings of these studies are applicable to expected European repository
conditions and to different fuel types. In the project various electrochemical techniques are
applied at ITU and at FUB to understand and quantify the electrochemical processes and to
provide complementary data to the non-electrochemical approaches of other project
partners.

Electrochemical Impedance spectroscopy (EIS)
AC impedance measurements were performed by ITU. This technique provides a wealth of
kinetic and mechanistic information for the study of corrosion, semiconductors, batteries,
electroplating phenomena, and electro-organic synthesis. Some introductory articles of
corrosion rate determinations with EIS are given by several authors [70SLU/REH, 81 MAN,
82MANIKEN, 81 LORIMAN, 72EPP/KED, 85JOT/LOR-..
Because the ac Impedance measurements does not involve a' wide 'range potential scan,
experiments can be carried out in low conductivity solutions and also on high resistivity
electrodes like' U02 and spent fuel where do methods are subject to serious potential-control
errors (IR drop).
In impedance spectroscopy the ac equivalent of a dc resistance of a system is measured
using a sinusoidal potential excitation with the magnitude E over a frequency range from
1 03 up to 106 Hz. If the potential E(t) as a function of time t is given by

E(t) = E sin(w -t); w=2.zrf (1.6-1)
then a linear system will have the current response (t)

I(t) = IO sin(w-t+YI) (1.6-2)
where ID is the current amplitude and c1 is the phase shif For pure ohms behaviour is

= 0. Analogous to Ohm's law the impedance Z of the system is defined by

Z E(t) (1.6-3)

The simplest way to describe the impedance Z of an electrode/electrolyte interface is to use
an equivalent circuit with a resistance RvD In parallel with a capacitance C,. RD represents
the polarization resistance, R.o the, resistance between the electrode surface and the Up of
the reference electrode and Cd is the double layer capacitance

Z()= Rpa (1 * 1 (1.6-4)
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Impedance of irradiated UO fuel

The irradiated fuel electrode can be Interpreted as a fuel-coated metal electrode. If there are
no defects in the coating, the electrochemical behaviour of the electrode is only determined
by the fuel sample. This commonlyfound for non-Irradiated U02 fuel specimens. For such;
specimens equivalent circuits were proposed [96ENG/FEL, 96BOTIWEG] consisting of two
circuits in series, the first describing resistivity and dielectric behaviour (RC) of the electrode
bulk with a resistance RbUk In parallel with a capacitance Cbuk. The second circuit is related to
the electrode/electrolyte interface and consists of the polarization resistance in parallel to the
double layer capacitance followed by a' series connection-of the electrolyte resistance (in
practice the uncompensated ohms resistance R) (FIGURE 1.6.1). The formation of
adsorption and/or' passive layers on the surface is considered ith 'another RC circuit in
series or an resistance of the layer in series and a capacitance in parallel connection to both
this resistance and faradic circuit. A calculated impedance spectrum for this model Is given in
FIGURE 1.6.3. The parameters (Rwk= 40 kQ, Cb,&= 5 pF) for the first circuit were calculated,
from the resistivity and dielectric constant for natural U02 [96BOTMWEG]. At open circuit
potential a very low corrosion rate is expected, therefore a- high- polariiati6n resistance of
10 MO is used.

Spent fuel has not the uniform structure of non-irradiated U02; The fuel has a different
porosity distribution and also there are many cracks in the fuel. Here electrolyte solution can
penetrate into the fuel and may find a pathway to the metal holder. This would mean that the
highly resistive fuel sample is short-circuited and the electrochemical behaviour of the
working electrode Is determined by the fuel and by the metal. Relevant electrochemical data
on irradiated fuel can only be obtained theses effects are quantified. A model describing
such behaviour Is shown In FIGURE 1.6.2. The whole fuel electrode circuit Is short-circuited
by a network representing a simple metal dissolution. The polarization resistance of the
metal Rmew is In parallel to the associated double layer capacitance Cyes at the bottom of
the pathway. Rp represents the resistance of the pathway. A theoretical calculation Is given
in FiIGURE 1.6.4. It is assumed that the corrosion rate of the metal is also very low and that
the attacked area of metal surface is small, thatmeans that R will be high' (7 MQ) and
C*,d.x (0.1 AF) will be smaller than Cd,. The pathway resistance was assumed to be 10 W.'

R-m

F.

; C6- -C

^ - t * f * r -- - ' ; - a- . .S Ft' :.- 

-I~ ~ ~~ ~~~~~~~~~~~~~~P

FIGURE 16.1: Equivalent c'ircuit of a fuel FIGURE 1.6.'Ejuivalenti circuit' of a fuel
electrode without conductive pathwa'ys betiveo electrode 'wlth~conductlve pathws lvike unsealed
metal Support and electrolyte' solution, mTle, cracks and/or pores between metal support and
capacitance and resistance 'of the fuel bulk is 2t electrolyte sohitlon At .'the ,'metal/electrolyte
represented by Cb~s and Rb~x., the polarization Interface at the bottom of the pathway an
resistance Rat electrodelelectrolyte Interface and additional polarization resistance RM.aO and a
the double layer capacitance. Rat represents the double layer. capacitance CM,,d correlated with
uncompensated ohm s resistance consisting of metal corrosion, is expected. R.,, represents
electrolyte resistance Rood resistance of the metal resistance of the pathway.'.-
support and measuring leads Rate.
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CM.A = 0.1 F, Rsff= 10 kQ).

In comparison with the dense model'(FIGURE 1.6-3) it can be see that the magnitude of the _ 
impedance is decreased-atthe low frequency limit and a further step occurs at medium
frequencies. This, step is accompanied with a further phase angle, minimum in the same
frequency range. The appearance of such a minimum In a measured spectrum may be a hint
for conductive pathways and mixed electrode behaviour.

Current-Potential distribution

The basis for electrochemical determination of corrosion rates is the relation between
measured current' density and potential ED or polarization 'Ep = Epd - E< (Eo: free
corrosion potential). At the free corrosion potential (no application of an external potential like
under normal corrosion conditions),the sum of all partial currents equals zero. In case of
electrodes with a high resistivity like U02 and spent fuel also the potential drop across the
bulk resistance, R, must be taken into account: Eo = Ea - R. with'I = i-Am. (E:.
applied potential). For a homogeneous electrode (see also impedance model FIGURE 1.6-1)
the equation

i = i .T b _ C bl ) ] ' (1.6-5)-'
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is valid. The corrosion current i can be obtained by extrapolation of anodic, ba, and
cathodic, b, Tafel lines (log = f (Ep)) to the corrosion potential or by measurement of the
differential polarization' resistance R* ='R' -Ae, (A.1 =corroding surface area of the
electrode) that is defined as '

1 di-)R.'-=Id~p~o~t - . .. .(1.6-6)
R~a ,dEp)

Differentiation of Eq 1.6-5 gives:

Into _(Into Er 

_= icon lnlO[ je(,' E+2 -etf ) (1.6-7)
dp I.b

At the corrosion potential EqO = Em (Ep = 0) this reduces to the well known 'Stem Geary
relations [57STE/GEA, 73MAN]

with B (1.6-8)

For higher anodic potentials Ep > 60 mV It Is possible to derive the relationship between the
measured current density and the differential polarization resistance from Eq 1.6-5 and Eq.
1.6-7 by eliminating the exponential term

di - .- .6.9)
dEp b.

If Ep < - 60 mV the relation

di -nlO - .
d=' lfll. :- (1.6-9a)

dEp be
is valid. In potentiostatic experiments it Is possible to determine the Tafel slopes b and bc
and also the composite Tafel parameter B by measuring the current densities and
impedance spectra at various applied potentials.

Simplified corrosion model of a defective specimen
In case of a specimen with conductive pathways to the metal holder Eq 1.6-5 Is not valid,
because of the additional electrochemical reaction at the metal surface. This is a severe
limitation for using irradiated fuel electrodes. In order to overcome this problem, a model was
proposed to'quantify'the additional'electrochemical reaction. Assuming no-interactions atl
pore walls,_ no diffusi6n and mass transport eff ans and an Ideal current and potential
behaviour (e.g.-nio side' reactions,' each 'electrode is homogeneous) the following model Is
used (FIGURE 1.6.5).

The current I = Itw-A*,4 (Atw: fuel surface (FIGURE 1.6.5)) related to the fuel oxidation at
the fuel surface (surface/solution interface) is given by Eq 1.6-5 and the polarization Epm Is
in this case given as

Eprr. =e =Emr- Ec,,I, ,- (1.6-10)RN

An equation analogous to Eq 1.6-5 can be formulated with I., ED.M, bam, bc.m, and lc'M, for
the metal holder corrosion with l,,me = icme- Am.. were i,.m, represent the corrosion
current density of the metal and Am. is the total defect area. The total defect area A.w can be
estimated from Impedance measurements due to the relation
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Am, p (1.611)

pa is the resistivity of: the solution in the defect, which is estimated from impedance
measurements (-1 m). do is the electrode thickness that is assumed to be the defect length
and Rp. represents the measured resistance of the pathway.

defective specimen
(schematic)

equivalent circuit

fuel W pore

-metal base wfith
electric lead

A..,: surface area of fuel specimen
Ax.: surface area of defect
d,,: thickness of fuel specimen

E,",_polarisatlon potential at specimen surface
E,. polarlsatlon potential at metal surface

, : solution resistance
f : polarisation resistance at specimen surface
ilk: bulk resistance of specimen
P : resistance of electric leads
C, : double and surface layer capacitance
C,: bulk capacitance
C~,,: double layer capacitance at metal surface
R_ : resistance of pathway
r_.., polarlsation resistance of metal

FIGURE-1.6.5: Simplified corrosion model of a spent fuel electrode that has conductive pathways from the
electrode surface to the metal base. It is assumed that all defect pore areas can be added to give the total
surface area of the defect, Am, with a length equal to the electrode thickness, doi. In the related equivalent
circuit also the potentials Em and E^.,d are given, which are determining the electrochemical reactions
occurring at the fuel surface and the metal surface.

The parameters needed for the model are summarised in TABLE 1.6.1. An example of a
calculated current-potential behaviour of an electrode with a conductive pathway Is shown In
FIGURES 1.6.6 and 1.6.7. As easily can be seen from FIGURE 1.6.7 In case of a galvanic
coupling a determination of the anodic Tafel slope ba he from the measured current lIt has to
be done very carefully to avoid errors.
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TABLE 1.6.1: Input parameters used for the calculation of current-potential distributions at leaking
electrodes using the simplified contact corrosion model.

electrode parameters fuel parameters metal parameters

total surface area (geometric) free corrosion potential Econ free corrosion potential E.,n.W
Aj: 0.1 - 1 cm' 100 - 500 mVSHE -300 - 400 mVsHE

thickness d.,: 1 - 4 mm corrosion current density corrosion current density J,.-

I : iCom2 1. 610 4 Acm 2

bulk resistance Rb,,: 1 -100 W anodic Tafel slope b >.,: 80 mV anodic Tafel slope bM.: 120 mV

pore resistance Rpo: >100 kW cathodic Tafel slope b : cathodic Tafel slope bM,:
250 mV 60 mV

resistivity of solution: pw:
0.8 Slm (estimate from

measured solution resistance
R w,) . .___

I
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IE40

EFE,,lmV I . ; 

FIGURE. 1.6.6: Theoretically calculated ideal FIGURE. 1.6.7: The diagram shows the Iw,-curve
current-potentlal behaviour for a defective fuel (see also FIGURE 1.6.6) including the Ia.RaRba.
electrode ( =s0.5cm 2, d., * 3 mm, Rbm 15 kfl, drop correction that gives n case of non-defective
R. = 100 kM, E., = 350 mV, EM.u = .250 mV, homogeneous electrodes the correct Tafel slopes
further parameters see TABLE ).-The diagram bjt, and bd. For comparison also the ideal
shows the current-potential curve [=f(Ed,) current-potentIal curves of fuel and metal
obtained directly from the experiment and the corrosion are shown. The defect area Ab is here
partial currents of fuel and metal corrosion. In this 0.047% of the total area A,1 and the mixed
case no IR-drop correction Is applied. - potential E., is 117 mV lower than the free

corrosion potential E., of the fuel.

The model allows the Interpretation of electrochemical data of defected fuel electrodes and it
also'.allows to optimize the electrode fabrication process. The defect size has to be
minimized In electrode preparation asfar as possible.- Therefore alnew Impregnation device
was developed. A further factor is to reduce the deviation of the open circuit potential from
the free corrosion potential by choosing In future a material such as gold that Is Inert to
corrosion In solution- Instead of brass,- copper or steel, which were successfully used for
electrical contacts of non-Irradiated U02 and low bum-up fuels [81SUN/SHO, 92SUN/SHO,
92HEPMWEG, 96SHO/SUN].

Spent fuels used for electrochemical experiments

For the Investigation of electrode potentials of spent fuel it was decided to use a German
commercial U02 fuel with 3 different burn-ups (B2 - B4) in the range from 30 to 50 GWd/t
(see Tab. 1.6.2). And also one MOX fuel with a bum-up of 21.1 GWd/t was chosen.
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TABLE I.6.2: Spent fuels used for electrochemical investigations.

designation of fuel fuel type Bum-up calculated composition
GWd/t

B2 U02 31.5 Appendix 6, Tab. 7
83 U02 45.2 Appendix 6, Tab. 8
M4 U02 53.1 Appendix 6, Tab. 9

MOX MOX 21.1 Appendix 6, Tab. .10
,I

The irradiated U0 2 shows several restructured zones (FIGURES 1.6.8-1 1).
pellet periphery towards the fuel center these are:

In going from the

An outer rim of 60-240 pm where U02 presumably reacted with fission product Cs and
appears to have a second phase present: which may be cesium uranate. This zone exists at
and above 45 GWd/t average bum-up for the cross section (3, 64) (FIGURE 1.6.8). During
sample 'preparation for the electrochemical measurements this outer zone may be damaged.

A densification zone with a low measured porosity of 2.4 %. If the reaction zone UO2Cs is
not present (82), this zone stretches up to the outer rim of the pellet (FIGURE 1.6.9).

The subsequent 3rd zoie is characterised by the appearance of intergranular porosity with
increasing temperature. In the same temperature range grain growth starts; a maximum
value of 11 pm- was measisred-for. the' grain diameter compared to average diameter of
approximately 7 pm for the non-irradiated fuel (FIGURE 1.6.10).
A central zone with inter- and ntragranular porosity (FIGURE 1.6.11). Here grain boundary
porosity (ca. 1 pm diameter) is visible on the grain facets.

-, . I - - . ._,,. ,~ ;.: ~,, - .I .- _ ,

� I
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MMMMNMM n 
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FIGURE. L6.9: SEM mirograph of zone II.FIGURE. 1.6.8: SEM micrograph of zone I
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F IGURE. 1.6.10: SE"M micrograph of zone m. FIGURE 1.6.11: SEM micrograph of zone IV.

MOX fuel

This fuel has a approximately Pu content of 7.5%.. Pu-rich particles contain 25% PuO2. The
mean grain size Is 5 im and its'density is 94.5%'of theoretical density. The fuels calculated
composition is given in Appendix 6, TABLE 10.

The micrographs shown in FIGURES 1.6.12 and 1.6.13 illustrate the structural differences
between Irradiated U02 and MOX fuel. The U02 fuel has a relatively homogeneous structure
while the MOX fuel has a heterogeneous structure of a U02 matrix with embedded Pu-rich
agglomerates.

FIGURE. 1.6.12: Micrograph of U0 2 fuel with a FIGURE. L6.13: Micrograph of MOX fuel with a
burn-up of 53 GWd/t (1: cladding, 2: gap, 3: fuel) burn-up of 24 GWd/t (1: cladding, 2: gap, 3: U0 2

matrix of fuel, 4: Pu-rch agglomerates)

Non-irradiated UO,

For some electrochemical experiments also unirradiated U02 was used. This fuel was
delivered from NUKEM with a mean grain size of 4-5 pm and a density of 10.18 gcr 3. The
sintered pellets have a diameter of 8 mm and a length of 10 mm.
Preparation of samoles for electrochemical experiments

For the preparation of the working electrode a 2 +' 3 mm thick slice is cut from the fuel rod or
pellet and Is then decladded. In the case of high burn-up fuel the material Is often very brittle
and it easily breaks Into smaller pieces. One'of these pieces Is fixed on the brass'stub of the
electrode head with conductive glue (FIGURE 1.6.14). After hardening,:the stub with'the
sample Is screwed into the body ol the electrode head. The cavity is then filled with epoxy
resin (EPOFIX, Struers) for embedding. After hardening the sample is polished down to 1 pm
(FIGURE 1.6.15). The mean geometric surface area of the spent fuel samples Is around
0.1 cm2.
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FIGURE L6.14: Piece of spent fuel (B4) mounted FIGURE. L6.15: Piece of spent fuel (B4) mounted
on brass stub of electrode head (diameter of brass on brass stub of electrode head (diameter of brass
dtub: 10 mm). stub: 10 mm) and embedded and polished.

After electrochemical experiments using SEM (FIGURE 1.6.16) it was found that a sample is
divided by a crack In two separate parts. The right side shows a grain boundary attack while
the left side remains as polished. This means that the left side was electrically isolated. from
the main part. To avoid such problems in subsequent tests' the surface: preparation was
modified. The sample pieces were now pre-embedded In a Perspex tube to get a good
electrical Insulation. Then the sample Is polished on the back to get a plane surface for good
electrical contact to the brass stub.

* * _ . .. ' r ! . '

I: . . : ., . ., t i . ., '' -. < .-. ' .' . . !* 

Fig. L6.16: SEM mlcrographs of a spent fuel sample divided Into two separate parts by a crack. Left dde
rernad as polished and right side shows grain boundary attack.

Vacuum-pressure Impregnation chamber

Nevertheless potential breakdowns were observed In long-term corrosion tests performed on
spent fuel electrodes that indicates conductive pathways through-the samples (open cracks
and/or pores). To get a much, better filling of those critical structures with resin the fuel
sample, must be impregnated under,vacuum. Then the impregnation chamber Is set under
overpressure to press resin nto'cracks and pores. Therefore a new Impregnation chamber
was designed and tested. A schematic diagram is showi in FIGURE 1.6.17.
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Fg.6.17: Schematic diagram of the Impregnation
chamber.

Impregnaio chamber rea fo r

Impregnation chamber ready forrig. LD.oLD:

evacuation.
.. ... ..

PE-bottle with electrode electrode head a
special lid headsupr 

Fag. 1.6.19: Impregnation chamber ready for use Fig. I.6.20: Placing PE-bottle into position -

The new cel is dsign specially for remote handling in the hot cells (FIGURE 1.6.20).'
FIGURE 1.6.18 shows the chamber, closed. FIGURE 1.6.19 shows the chamber open with its
component parts. After evacuation the chamber is pivoted in an upright position and the' resin
will flow from the bottle into the electrode head for embedding the fuel sample. Afterwards
the chamber is pressurized up to 3bar-.to obtain a good filling'of void'spaces of the,
specimen. -
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Experimental set-up for electrochemical experiments

The cell consists of a commercial 100-mi reaction vessel (inner diameter 62-mm) with a
special cover to hold the electrodes in place. The electrolyte volume is 60 ml. As reference
electrode a commercial double unction Ag/AgCl gel electrode is used with a high
temperature stability up to 600C (FIGURE 1.6.21). For'temperature control a remote-.
controlled magnetic stirrer thermostat (Variomag, Thermomodul 40ST) was purchased from
H+P Labortechnik and was modified in our workshop for hot cell handling.
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FIGURE 1.621: Temperature stability of a double junction AgIAgCI gel electrode measured In simulated
ground water vs. a saturated calomel electrode at 220C.

Reference electrode calibration

The potential of the reference electrode was checked against the reference electrode of a
freshly calibrated redox combination electrode (saturated calomel electrode (Ingold) or
Ag/AgCl electrode before and after each corrosion potential experiment. The potential shift of
the reference electrode during 1000 h was within a range of some 10 mV.

Experimental procedures

ImDedance spectrometry

Impedance measurements were carried out with the IMS system distributed by Zahner'
Elektrik. The mpedance was measured over the frequency range from 105 Hz down to
5-1 0' Hz with a sine wave amplitude of 20 mVpo. 
Small amplitude cvclic voltammetry (SACV)

To obtain Impedance data in the low frequency region an Autostat 251 potentiostat (Sycopel)
was used for SACV measurements under potentiostatic control. Triangular potential scans
with an- amplitude of 20 mV. were used at very low scan rates. Potential scans down to
0.3 pVs representing a frequency of 6104 Hz are possible with this equipment. The
obtained hysteresis curves were fitted using the set of equations given by D. D. Macdonald
[78MAC1, 78MAC21.
Oven circuit Dotentlal measurements on UO, and sent fuel

Before transfer into the hot'cell the electrolyte was deoxygenated below 0.1 ppm of dissolved
oxygen, by bubbling, nitrogen and the initial pH was measured. In the hot cell the solution
was poured In the electrochemical cell, which was kept under N215% 02 (-2 ppm in solution)
atmosphere during the experiments .(T= 220C to 280C). The 'samples were Introduced in the
electrolyte arid precathodised at -1.8 VSHS for 5 minutes to reduce any' oxidised surface. Then'
the electrolyte' was renewed and the potential run started using"an Ag/AgCI double junction'
reference electrode. During the experimental period the potential recording was stopped in
order to execute additional investigations. Impedance measurements and SACV
measurements were carried out under potentiostatic control at the open circuit potential
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measured previously to obtain impedance data In the low frequency region.
Potentiostatic Polarization

Potentiostatic polarization experiments were performed on non-irradiated U0 2 samples in
95% saturated NaCI solution and In simulated granite bentonite groundwater at -250C and
600C. The electrodes were polarized at a fixed potential for 10 min. up to 1 h before the
current was measured. Best results were obtained with 1 h polarization time t. Then
immediately the impedance was measured at the same potential for the IR-drop correction
and the R. The impedance spectra were fitted using the equivalent' circuit -for a non-
defective electrode (FIGURE 1.6.1) with a loss capacitance of some 1 nF in parallel. After
finishing this measurement the procedure was repeated at a new potential.

Results and discussion of electrochemical experiments performed at ITU
The whole set of results is given In Appendix 6. No significant difference In the results were
found between the potential scan directions in the anodic range indicating that the electrode
was near equilibrium condition in the high anodic range.

In the potential range between' +300 mVsHE and +500 mVsHE a weaker slope s' visible. Here
we have indications for a pseudo-equilibrium' caused by very slow reaction rates. The
reciprocal polarization resistance measured at the corrosion potential after 1 week exposure
time does not fit with the values from the following stepping experiment. It is much closer to
the extrapolated anodic Tafel line. Which means that the measured currents in this potential
region will drop with time, a behaviour which was also found by other authors [98SUN/STR]. '
We assume'that this process will occur until the anodic Tafel line, which describes the anodic
dissolution process, Is reached. This Implies that the free corrosion potential estimated by
extrapolation of the anodic and cathodic Tafel lines is the free corrosion potential for the
'equilibrium state" or in other words the state in which the free corrosion potential is only
determined by the anodic dissolution and the corresponding cathodic reaction; Other anodic
reactions like surface oxidation are then negligible. Under these assumptions the
extrapolated corrosion potentials can be considered as upper limit potentials. In TABLE 1.6.3
the obtained results are summarized. In most cases the extrapolated free corrosion
potentials are as expected higher than those directly measured. Only one experiment shows
a lower extrapolated E. value. In this case the polarization time t was too short to reach
quasi-stationary conditions.
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1E+0 -- - -- - - -- - - - --1 ,
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-- - - - -- - --- --- ---
- -- - -- -

1E-3 J i IE-7 ja& 4 .. ,L .. j
-100 100 300 S00 -100 100 '300 500

FIGURE .62: Potentlostatic polarization curves obtained from t_rradated U _ In simulated
groundwater (. 60C, pC02) <1 mbar, initial pH 7.7).
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TABLE. L6.3: Electrochemical parameters obtained from potentiostatic polarization experiments (b,:
anodic Tafel slope; B: composite Tatel parameter; t: polarization time at each potential before
measuring current and Impedance; EIS: obtained from Impedance data; extrap.: obtained from
extrapolation; meas.: directly measured; Eel. free corrosion potential).

conditions -_,_: potentlostatic polansation
electrolyte Initial .L _mees W _ b EISb B _ EIsB

ppm pH C mVsW MVS mV mV mV mV min

95% sat. NaCI 7.4 7.1 22 168 440 76*26 53±40 25±i-7 20±14 10

synthetic
groundwater 0.05 8.4 23 296 -63 82± 18 80±t8 23±23 27±34 10

synthetic
groundwater 0.05 7.5 60 328 335 73±60 56±31 21±10 26±17 20

synthetic
groundwater 0.05 7.7 60 346 372 83±35 70±15 27±i:9 25±4 60

The anodic Tafel slopes b (Eq. 1.6-5) obtained from current-potential measurements and
from impedance data are in good agreement. The values range between 53 and 83 mV.
Sunder and Shoesmith claim values of 40-60 mV for carbonate free solutions and values of
-90 mV for carbonate containing electrolytes [88SHO/SUN, 91SHO/SUN]. Combining
electrochemical methods with solution analysis a slope of 80 mV was found (FIGURE 1.6-
32).,

The composite Tafel: parameters B (Eq 1.6-8)) range between 20 mV and 27 mV. No
significant difference between the data sets belonging to electrochemical and Impedance
measurements exists.

Open circuit potentials of unirradiated U0 2

The results obtained from unirradiated U02 specimen are summarized in TABLE 1.6.5. In
deoxygenated synthetic groundwater U02 an open circuit potential of -300 mVsHE was found.
As can be seen In Appendix 6, FIGURE 5 the potential time curve show only little scatter in
the first 10 hours. Then it became much more scattered between 10 to 40 hours. After this
period the potential is Increasing and much more stable. This behaviour may be attributed to
little conductive pathways that are then closed by oxidation products of U02. This potential
increase implies an Increasing dissolution rate. Using the calibration curve (FIGURE 1.6-32)
derived: from potential measurements and solution analysis the corrosion rates were
calculated. They increase from 1.6 mg/m2d at 230C up to 11 mg/rn2d for the highest potential
at 500C. The corrosion rate can also be calculated from impedance measurements using the
Stem-Geary relation (Eq 1.6-8). Assuming a mean composite Tafel parameter of B= 25 mV
dissolution rates between 1.3 and 17.5,mg/m2d were obtained. The values found with two
different methods are thus in good agreement.
In 95 % sat. NaCI solution: the open circuit potentials was between 200 mVSHE and
300 mVSHE at pH 6-6.8. In the more acidic solution (pH 3.8) at higher oxygen content
potentials higher than 500 mVSHE can be reached. One of the most important parameters is
the oxygen content of the solution. As shown in Appendix 6, FIGURE 7 the free corrosion
potential reaches 299 mVSHE with an oxygen content of 2 ppm in solution. After
deoxygenation with N2 the potential drops 80 mV to 220 mVsHE (see also Appendix 6
FIGURE 8): potential drop from 500 mVsHE to 350 mVsHE at pH 3.8). The recorded redox
potential Eh also drops from 550 mVSHE down to 430 mVsHE. It is interesting to look here at
the potential difference AEhc = Eh - Em. AEhcOwT is with 180 mV to 250 mV in the range of
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200 mV. This potential diff6reice is predicted theoretically (see below) for U02.
After 100 h the temperature was increased to'50C (Appendixt6, FIGURE 7) leading tot a
sudden potential break down caused by a defect of the electrode due to thermal expansion.
Similar break down' of a lesser extent are observable also at other electrodes (Appendix 6,
FIGURES 6 and 8) after 25 h and 100 h. Unfortunately no electrode has reached its
equilibrium.state before the break down occurred.But'an estimate can be made assuming a'
potential out above. In case of pH 6 (Appendix 6, FIGURE 6) the estimated corrosion
potential Is in the range of 330 to 400 mVSHE.' Furthermore is the potential 'drop after 25 h with
-180 mV in the same range as expected from the simplified corrosion model (TABLE 1.6.6)
when'an open circuit potential of U02 of 350 mVSHE Is assumed.

Determination of dissolution rates from electrochemical data

The conversion from corrosion current densities to dissolution rates can be done via
Faraday's law assuming an overall oxidation from U(IV) to U(VI). The electrochemical
equivalent is for U02 1.399-104 g/As and for. U .1 234-104 g/As. The factor with the highest
uncertainty is the surface area. All surface related data given are normalized to the geometric'
surface area -and no roughness and porosity is taken into consideration. To compare
electrochemical dissolution rates with those' obtained from leaching experiments the real
wetted surface of the fuel must be known. ,

Open circuit Dotentials of used fuel

First results - - :

The first results obtained from long term corrosion tests are shown In FIGURES 1.6.23 and.
1.6.24 and in TABLE 1.6.4. The potential increases initially linearily on logarithmic scale from
-750 MVSHE' to -600 mVSHE of a clean non-oxidised surface to more anodic values. This can
be attributed to a surface layer formation by a dissolution-precipitation -mechanism,
[87GAD/ABD, 92HEPMWEG]. In the case of fuel B4 (TABLE 1.6.23) thereafter a distortion of
the potential occured, caused by other experiments using a high frequency furnace. After 10'
to 12 days a maximum potential of +50 to +70.mVsHE is reached. Then the potential drops to
-100 mVsHE and after 600 h a slight ncreaseis seen. In contrast the potential measured with
UOX fuel B2 (FIGURE 1.6.24) only reaches -100 mVsHEafter 1 h running time. The general
potentialdevelopment is very scattered with large potential breakdowns In cathodic direction
during the first 300 h.
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FIGURE. 1.6.23: Open circuit potentials of U02 TIGURE. 1.6.24: Open circuit potentials of U01
fuel B4 In 95 % sat NaCI solution (intial pH 7.3, fuel B2 in 95 % sat. NaCI solution (initial pH = 7.3,
C(02) < 2 ppm). C(02) < 2 ppm).
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TABLE. 1.6.4: Open circuit potentials firstly measured in 95% sat. NaCI solution (mean values)(Derective
amples!).

fuel conditions free corrosion potential

type immU- electrdyte-i. initial T. m-ui BEND ,. 
GWditU . ppm pH 'IC mVSHE mVSHE mVSHE h

U02 (B2) 31.5 95% sat. NaCI <2 7.2 22-28 -134 -71 -96 1072

U02 (4) 53.1 95% sat. NaCI <2 7.2 22-28 -145 -28 -105 928

In comparison with literature data the measured open circuit potentials are very low. For U02
in salt brines at pH 7 values' between' +130 mVs6E' and 210'mVsHE ' are reported
[92HEP/WEG]. Underthe influence of a-radiatin' in sodium perchlorate solution- (pH 9.5)
U0 2 shows an open 'circuit potential of +100 mVscE (+244 mVs;H) [97SUNISHO].' For used
nuclear fuels in sodium perchlorate solution (pH 9.5) values in the range -201 to +340 mVscE
(+43 to +584 mVSHE) were found [96SHO/SUN]. The observed shift of the open circuit
potential in to lower potentials can result from (1) an increase of the anodic partial current, (2)
an decrease of the cathodic partial current, e. g. due to passivation effects and/or surface
layer formation, or (3) the establishment of mixed potentials with' additional electrochemical
reaction with a more cathodic equilibrium potential. Optical micrographs taken from sample
B2 after the experiment show only slightly attacked grain boundaries, but nearly complete
coverage by a crystalline NaCI film, which may have an inhibiting effect. On the other hand,
the formation of 'a mixed' potential between' U0 2 fuel 'and brass holder Is a possible
explanation for lower open circuit potentials, If conductive pathways between brass and
solution exist. This was proved by mpedance spectroscopy.

Impedance measurements.

Impedance* measurements were performed firstly at the beginnings of each long-term
experiment during' pre-cathodisation to'check the electrode's behaviour. As' an example the'
spectrum taken from U0 2 fuel B2 is' shown in FIGURE 1.6.25. The spectrum is typical for a'
dense electrode. Th'6 high bulk resistance of 80 kQ Indicates, taiit only'a'sm'all amount of the
solution can have penetrated into the fuel's pores and cracks.During the test several
impedance spectra were taken with time. For fuel B2 this series is shown in FIGURE. 1.6.26
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FIGURE 1.6.25: EIS spectrum measured during pre-cathodisation of fuel B2 in 95% sat. NaCI solution.
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FIGURE. 1.6.26: ES spectra series (part 1) showing the evolution of conductive pathways measured
during an open circuit potential experiment performed on fuel B2 In 95% sat. NaCI solution (continuous
line: fitted data using equivalent circuit shown in FIGURE. 1.62).

Firstly the-bulk resistance, mainly Influencing the spectra in the range from 1 to 100 Hz, has,
decreased to 20 kQ due to penetration of the solution In the bulk material. Furthermore a
decrease of the Impedance at the low frequency limit with time Is observable as Is expected
for the formation of a conductive pathway to the underlying brass. Also in the phase angle
plot the development of a further minimum at 100Hz'with time -Is: seen, "which'is also
attributed to conductive pathways. The existence of .conductive pathways was also proved
for specimen B4r'1mpedance spectra taken during this experiment show also indications for
conductive pathways FIGURE 1.6.27. .

An optical examination of sample B4 after 1000 h immersion In NaCI solution shows attacked
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and non-attacked regions on the surface. The protected areas always have pits at their
centers (FIGURE 1.6.28). These pits may be mouth's of conductive pathways to the
underlying brass, which protects the fuel cathodically.
It follows that the corrosion potential of U02 fuel can be' shifted to a potential region in which
the dissolution of U02 is solubility controlled [97SUNISHO, 92SHO/SUN] if the fuel is in
contact with less noble metal.
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FIGURE L6.27: EIS spectra measured during an open circuit potential experiment performed on fuel B4
tn 95% sat. NaCI solution --
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FIGURE 1.6.28: Optical microscopy of Irradiated fuel (4) after 1000 h at open circuit potential In 95%
saturated NaCI solution. Overall view showing reflective and dark zones of protected and attacked
surfaces. In the center of each reflective zone Is a pit (mouth of a conductive pathway?) that cathodically
protects the surrounding area.

Open circuit potentials of spent UO, fuel 

Due to the problems occurred during the'first tests the next set of specimen were prepared
veiy carefully.- Only thick pieces (de >3 mm) of fuel were mounted and embedded In resin.
After polishing all locations, where cracks may appear (border fueVresin; resin PE-holder) got
a second resin sealing.

The results obtained from these experiments are summarized In TABLE 1.6.5.
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In addition to the previous performed experiments also the initial open circuit potential E1
was measured before the specimens were cathodically polarized for surface cleaning.

The initial potentials are in the range of 291 mVsHE to 384 mVSHE.-The highest potential was
found for the U0 2-fuel with the highest burn-up of 53.1 GWd/t. No significant difference was
detected between granite groundwater, and 95% saturated NaCI solution. The initial
potentials are also in good agreement with the open circuit potentials obtained from
unirradiated U02.

Furthermore the maximal and the mean free corrosion potential,;Ec,, and M'rE,, , are
given in TABLE 1.6.12. The latter was calculated if possible at the end of an experiment over
at least 5 h. In case of sudden potential break down the data until this point were used for the'
calculation (also at least 5 h). The potentials obtained are approximately 100 - 180 mV lower
than the initial potentials.- The most likely reason for this behaviour is a penetration of
electrolyte Into the fuel specimen with time, which leads to an increasing defect area with
time. Therefore two contrasting processes occur Firstly a potential Increase due to the free
corrosion potential -of the fuel and secondly a potential decrease due to an'Increasing
galvanic coupling. In this case the open circuit potential-time curve must have an extreme. All
potential-time curves measured (Appendix 6, FIGURES 9-13 show a potential maximum
after 30'to 60 h'. In case of fuel B4 with the highest bum-up this maximum or potential break
down was reached faster In 0.5 to 8 h. ; :
It seems that due to fuel restructuring more cracks and microcracks are available to form
conductive pathways to the metal I backing. Defect specimens were also detected with
impedance spectroscopy (grayish rows in TABLE 1.6.5). These problems does not occur at
this' extend during the experiments done on CANDU fuel (maximal bum-up 11 GWd't) at
AECL [96SHO/SUN]. But nevertheless for one experiment the authors also assume a
galvanic couplig to the base metal. ':

The mast 'reliable data are the Initially measured potentials followed by the EorI values. -

However, corrosion' rates were calculated'from the potentials using the-calibration curve
obtained from combined potential riieasurements: and solution analysis (FIGURE 1.6-32).
The initial corrosion rates are in the range of 1.4 to 20 mgf(m2-d) and for the R'Eoin data the
rates are b6tween 0.04 to 0.6 mg/(m2-d).

ODen circuit potentials of sent MOX fuel

MOX-fuel shows in 95% sat. NaCI solution a very low maximal corrosion potential of -225
mVsHE (TABLE 1.6.5 and Appendix 6, FIGURE 14). The potential curve Is very smooth and
impedance spectra taken during the experiment show no Indication for conductive pathways,
but an additional. phase angle minimum in the low frequency region may indicate an
additional layer or reaction.

Open circuit potential measurements performed on pure PuO2 electrodes [98WEG] show
also free corrosion potentials between -190 mVSHE and -300 mVsHE. -

Taking Into account the MOX fuel structure (FIGURE 1.6.13) the 'electrode is not
homogeneous'but heterogeneous. Areas of Pu-rich agglomerates are surrounded by the.
normal UOjphase: Therefore'a'galvanic coupling between the different phases seems to be"
possible. As a result a mixed potential between the free corrosion- potentials of the', pure
phases, Pu-rich agglomerate and U02, will be obtained. This also influences the'dissolution
rates. The corrosion rate of the nobler partner (UO2) will be decreased while the' other,(Pu-
rich agglomerate) will dissolve faster. In case of different active surface areas of the two
materials the material with the larger surface will be less affected than' that with the smaller
one. Such an effect was observed during the leaching tests'on'spent fuel rodlets with pre-set
defects. However, to prove this hypothesis more and detailed investigations are necessary.
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TABLE. L6.5: Overview of the free corrosion potentials measured on spent fuel and unirradlated U01.

fuol conditlons tres corrosion potential corrosion rate
~~w~~~actu~~~~ b?~~w~ed fM

. . .on d1Son d iodf T" mv fo E._ d

~~ -~~I k~~tid .1. La~~~ ~~ L.~~ ~LMI MOM~~4X~

pm pH *C mV, mV. mVOW mgmd mm'd mmr"' mm'd

<2 7.6 22 379 204 162 17- 0.11 0.03 (22)

U0(3) ; 452 _ ., <2 8 28' 291 260 209 1.4 0.56 0.13 (4)
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UOR nosAM 0 4 U 23 . 296 1.6 1.3
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2 625 299 2973q 1.7 1.6

02 6 25 254 0.5

U0 SL Nm 4 I 25 543 527. 1940 1220
O 3.8 25 373 14

SAWOr me "des AI.,j"0.15crre

Estimation of free'corroslon'ootentIal errors
To estimate the maximal error'of the corrosion potentials measured using brass backings for
spent fuel, electrodes a simplified corrosion model was developed. This model' was used to
calculate E= when different measured free corrosion potential E., of brass, gold coated
brass and gold were used as input parameters. Also the Influence of the conductive glue and
the electrolyte was tested.,
The input parameters and results are given in TABLE 1.6.6 for an assumed free corrosion.-
potential of, the fuel of 350 mVrNE. In case7of pure brass (MS58) the potential error can reach
-1 93'riV sHE in 95% sat. NaCI solution and -70 mVsW in synthetic groundwater. Using gold or
gold coated brass specimen the errors can be'reduced to approximately 60 mV in 95% sat.,
NaCI solution and to approximately 20 mV In synthetic groundwater.
Therefore in future experiments gold-coated metal will be used as backing material for spent
fuel electrodes and to get a better Impregnation a vacuumipressure procedure will be used.

;
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TABLE 1.6.6: Estimation of the maximum errors of free corrosion potential measurements on spent fuel
performed with different metal contacts in chloride containing media. 'All calculations were done using the
simplified corrosioni'model. ' -

- Initial - -end max mean(>5h) estimated

electrolyte specimen Ecorr - Ecr Ecorr I= 6Ecorr 35OmV..)
mV5HE mVSKE mVsHE mVSHE mV

simulated
groundater pure gold 305 300 320 315- <1

gold coated MSM - 411 471 471 462 7

gold coated MS5J
(part llycovered 210 214 258 214 -2

glue)

gold coated MS58
(complete covered 176 103 -19
with conductive
glue)

pure brass (MSSB) .5 .5 -70

gold coated MS58 463 -.582 582 543 35.
Solution

gold coated MS58
(partially covered
wlth conductive -' 65 -11 65 5 -50
glue)

pure MS58
(complete covered 125 7
with conductive
glue)

pure USsa -345 -200 -160 -190 -193

Parameter used for the estimation of Ecorr(350mV3HE):

Electrode: ; -|Fuel: o --- Metal:

corrosion, corrosIon
area: A=- =0.5 cm2 potential: = 350 mVSHE' potential: mean E,,

corrosion
current -

thickness: d, =3 mm - density: lcj^ = 1 ncm2 gold: i, = 10 ncm2

resistance of
fuel: R=15kQ brass: - l¢O ,tjnA6 cm2

resistivity of - Tafel - Tafel
fuel: pw = 250 QDm slopes: baj ,, = 80 mV slopes: b,, = 120 mV

resistance of
pore: Rpr =100 kQ. b ,, 250 reVa iv . =660 mV
resistivity ot' relanve
electrolyte: P., = 0.8 Q-m defect size: A,/A, = 0.047%
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Potentlostatic simulation of the effect of oxidants
The effect of oxidants on corrosion rates was evaluated at FUB. The' potential at the interface
of the semiconductors U0 2 SIMFUEL or spent fuel and an aqueous redox solution depends
on the concentration of oxidants in solution, because the Fermi level of U0 2 is shifted, by the
Fermi level of the redox system of the contact solution. The electrode potential can be'
adjusted by shifting the Fermi level of U02 by potentiostatic polarization (FIGURE 1.6-29).

5embor~ucr WOW~ti~ EL: level of conduction band

EFSC: Fermi-level of semiconductor

EL / Ev: level of valence band
EF.Rs: Fermi-level of redox system

energy (-E)

EFX< e n EFje

Ev'~'

FIGURE .6-29: Shift of Fermi-level, Eysc and conductivity and valence bands In contact with an
electrolytic system In absence (solid lines) and presence of applied anodic overvoltage (dashed line)

Potentiostatic simulation of the effects of oxidants s used to obtain reliable data n systems
with rapidly varying oxidant concentrations. For example the dissolution rate of U0 2 is
enhanced in presence of Fe(Ill) - or MnOj ons for example by the reaction

U02 +213 MnOe-+ 16/31- -H UO0+ 2 /3 Mn2+ 8/3 H-20 (1.6-11)
At the beginning (t1) the Mn0; concentration and therefore the cathodic current density is
higher than at a later time (. By this way the corrosion potential (U1, 112) as well as the
corrosion rates decreases with decreasing cathodic current density (FIGURE 1.6-30).
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FIGURE 1.6-30: Effect of the decrease In concentration of oxidizing species on corrosion potentials In
dosed system: left: Schematic view': Partial current densities In presence of MnOr-. U1 and U2 are the
corrosion potentials at t, and t2 respectively. right Experimental data. Change of corrosion potential of
a U0 2 -electrode after addition of 0.01 M KMnO. at 250 C, pH = 1, with time
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Corrosion rates at applied polarization voltage

Corrosion rates were obtained from the radiochemical (LSC) or photometrical (arsenazo 111)
solution ahalyses of dissolved uranium. For electrochemically simulating the effects of
oxidants the measurements were carried out at specific polarization voltages. In FIGURE
1.6-31 the corrosion rates in a redox system as a function of the corrosion potential are
compared with corrosion rates under applied potentials.-
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FIGURE 1.6.31: Comparison between corrosion rates depending on potentials, obtained from adding a
redox system and also from potentiostatic polarization

To achieve a given corroslon'rate, the necessary applied potentials are much higher than the
corrosion potentials. This difference Is due to'a potential drop at the space charge region of
the semiconductor E,,, = Ea - Ed=. The potential-drop corrections are performed by
Impedance measurements according to Rw = Rwk + R.0 with Rtk being the resistance of
the U02 - pellet, Rpm is the polarization resistance an Ed& is the potential drop given by-

Ed= i,.* R with R.1= f(E) (1.6-12)

By comparing the corrected corrosion'rates (FIGURE 1.6-31) origin'Ming from specific redox
media with those from applied potentials the precision of the method is to be seen.

Calibration of potential vs. corrosion rates

A calibration curve (FIGURE 1.6-32) was obtained by measuring the corrosion potentials in
bentonite pore water, sat. chlorine and bromine solutions with the addition of various
oxidizing species. Additional data were obtained by potentiostatic measurements, corrected
by impedance procedures.;
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FIGURE I.6-32: calibration curve for determining the corrosion rates from potentials at UO at
251C.The specific systems used:0.OlM K2Cr 2O, pil In sat. NaCi, 0.01M KMnO 4 pHi In sat. NaCI, sat
bromine In sat. NaCI, 1 atm chlorine in sat. NaCL The electrochemical measurements (El and E2, two
different electrodes),carried out In sat. NaCI

The fact that a single calibration curve is valid for sat. NaCl solution and for bentonite pore
water, demonstrates that besides temperature only the composition of the U02 surface and
the electrical surface potential dominates the corrosion rates. Using calibration curves
corrosion rates' can' be' predicted from the corrosion potential of UO electrodes, From
equation 1.6-8 It can be seen, that there is a linear relationship' between the logarithm of the
polarization resistance and the polarization voltage, the slope of which delivers b. as 80 mV
jio can be obtained from the intersection of the straight line with the ordinate. So corrosion
current densities (corrosion rates), at corrosion potentials are to be calculated from
impedance measurements alone.

The thickness of the relevant laver

FIGURE L6-33: Capacity vs. corrected potential in sat. NaCI solution at 25'C
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V

Furthermore by applying the well known capacitor formula (C= EA) to the C-values

resulting from impedance measurements (s. FIGURE 1.6-33) the thickness d of the relevant
layer is fouhd to be approximately 0.13 nm [with C=1 04 F; E = 25; = 8.85 10.12 Fm' and A =
0.6cm2] the crucial point being the value of the dielectric number ( = 25). This corresponds
to the thickness of a monolayer. One may conclude that there is not an etended space
charge region in the fuel. - -

Influence of the radiolysis product H20, on UO, corrosion
In order to measure the corrosion of U02 influenced by'H 20 2 accurately the primary difficulty
is the necessity to keep the H202 concentration constants The H202 concentration is
decreased by consumption In redox reactions, by nitrogen bubbling or by decomposition of
H202

,.

0 26 1

I I~ ~ ~ ~ ~~hT 

F..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .

.~ am _.., I 

/K~ * ' - -H 202 addition -:
'co' ,, . i i~., ,. -

0 2 1 - 'A I S . - ,5%

FIGURE 1.6-34: Corrosion potential of U0 2 .1M FIGURE 1.6-35: potential of platinum electrode
H2 02 95 % sat. NaCI solution O.M H202 with bubbling of nitrogen

Under practical conditions of a waste repository' on the other hand the H202 concentration is
kept constant due to radiolysis of water. Therefore, all the corrosion rates of U02 were
determined by electrochemical measurements alone (determination of potentials) on
condition that a relevant calibration curve -(potential vs.-corrosion rate) obtained from
radiochemical measurements was available. By this'procedure the obstacles mentioned
above could be circumvented. -- -

The potential measurements on U02 had to be carried out 'in' presence of 0.1 M H202
(conditions: 95% sat. NaCI solution, 250C, nitrogen saturation, FIGURE 1.6-35). Before
adding H202 nitrogen bubbling was stopped. At the beginning the potential increased to 620
mV (SHE).-According to the calibration curve In FIGURE .1.6-32 this potential corresponds to
a corrosion rate of 27 g/d-m2 . Due.to the decreasing H20 2 ,concentration,"the potential
dropped to 510 mV (SHE) after 10 h. The'corresponding corrosion rate Is 1.2 gd m2. In case
of permanent nitrogen bubbling the corrosion rate Is smaller because of the total expulsion of
H20 2 from the solution [97GRANLOI].
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Influence of Carbonate on corrosion of UO,

FIGURE 1.6-36 shows the shift of corrosion rates of U02 to higher values caused by addition
of carbonate. The shifting depends on the amount of carbonate added.

MO: m 4W0 esoD eco 700 to

2M0 Mt NhO * IPAOd ___ UM.4 em 

FIGURE 1.6-36: Comparison of calibration curves for U0 2 corrosion rates v. potential In presence and
absence of carbonate

The shift of corrosion rates in presence of carbonate is due to the difference in the Standard
Free Activation Enthalpies. Using the generally accepted symbols (see Appendix 8) for the
well-known Butler-Volmer equation it follows:

=FAV

ja =+ZFkarrede RT

-AG?

with ka = kae RT itfollows: a

-AG? onFyP

+zFk e RT rede RT (1.6-14)

Inserting Aqp + ADB = E and after logarithmation it can be written:

An =IAG ozFAq1+ ozFE
Inja= n~~a"rrd)-RT - RT +RT (1.6-15)

According to equation (Eq 1.6-15) the slopes of the curves in FIGURES 1.6-36 are equal. If in
case of hydrogen standard electrode AqP, = 0, it follows

Injl-ln];2=e AG2_GIresulting i_: _
RT RT

resulting n:

(1.6-16)
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RTI 1 {2 . =A&G0 GaE
.J2 E_

i I -. ' 

(1.6-17)

(for instance, in case of U02- Electrodes in sat. NaCI solution without and with 0,01M
Carbonate the difference is -4kJ/mol, with 0,1 M Carbonate it is -10 kJ/mol). The crucial point
of this calculation is the fact, that rd was considered to be independent of temperature. The
Standard Free Activation Enthalpy can be calculated from corrosion experiments on U02 at
different temperatures:

200 i 4X 500 W
po I (SE)

7o Om

U 2M rc

FIGURE 1.6-37: Calibration curves for corrosion on U02
I . .

In sat. NaCI solution at 25 and 90'C

For temperature T it is: ., - . .; ,.

=n-Z 0kGOr AG'OF(&(P'q)T. czFEIn jT" =ln(5korrfda- Rr + ' R +r (1.618)
RT. R ,. ,

For a temperature difference (TI, T2) it follows with (&B)T we (TB)T and (APB)T2 corrected

to ((PBSr1 = 0 It follows: ;

In i T = AG ( ) + E(r -' m, 1nLI~~ . - - IN , Im'jaT: R.~ -T2 ) .
- -(1.6-19)

with c=ZF I , resulting In:
. I R7j b -
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AG = In >j- + E(ni2 _nz, )) T-. (1.6-20)

From the experiments performed it can by calculated:

Carbonate free solution: AG° = 158 kJ/mol

with 0.01 M carbonate: = 154 kJ/mol

with 0.1 M carbonate: = 148 kJ/mol

Relation between corrosion potential and Eh

The geochemical environment of nuclear waste disposal is generally characterized by the
Eh-value as a master variable, relevant for Pourbaix-diagrams, used for speciation of redox
sensitive radionuclides. But very often the Eh-value is also considered under the aspect of
influencing corrosion, U02 corrosion for instance, when spent fuel is present as radwaste.
The Eh-value is defined as the cell voltage of a distinct cell, the left side of which is the
Standard Hydrogen Electrode (SHE).

Therefore the Eh-value describes the electrode potential at equilibrium. But at equilibrium
there isn't any corrosion any more. Since the electrode potential at equilibrium Ed is the sum
of voltage potential, diffusion-and contact potential It is:

Eh = Eg1 = ,- E(SHE) = AV + 6 dif + Cont A V (1.6-21)

For a redox-system

Sox + -fle Sred (1.6-22)

Asp can be calculated from Nemst equation neglecting Diff and scont and using the
generally known symbols for an indifferent Pt-electrode

oRTInK RT- =(S0o) (1.6-23)Eh = A 0 + +-l (-3
nF nF 3(Sred)

For a redox system, which depends on pH, as for instance

S0x + ne + mH 4 Srd (1.6-24)

it is: Eh = ART(SaSred)+ RIn a(SOX)+ -In(H+) (1.6-25)Aq0(S_ nF d(Sredj) F n

The Eh-value for the U22+ / U 4 -electrolyte system (Pt-electrode) is:

Eh(U4 + l UOq+) = Aq0 (U 4+ 1 UOG+) + RT InK+ RTIn(Uq+) 2F- 2303* RT H
2F 2F ir(U) F

(I. 6.26)

If a(U4 +) is constant due to presence of U02 solid and also (UO2+)due to saturation

then Eh (U 4+ l UOj+) will be strictly linear to pH, on condition that d = dT = °
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The UO - Electrode

For (UO2), UQ2 + 2 e' it is:

RT' U2+Eh (0 2 U022+) = E (U02 / U 2
2+) +-Ina ( U0 2

2 ') (1.6-27)
2F

Therefore, for a UO2 electrode dipping into the same solution it is:

Eh (U02 / U02
2+) # Eh (4+IUO 22+/Pt) = Eh (e' /e"I Pt) - (1.6-28)

In this case the U02 electrode shall be considered as a metallic electrode.

The corrosion Dotential

For: corrosion thecorrosion potential'Is of highest Importance. The corrosion potential d
defined as the-distinct potential, at which 'th6 anodic current density, that means, the-
corrosion'current density, equals the amount of the relevant cathodic current density

Ja = iii (1.6-29)

Taking Butler-Volmer's equation into consideration

Ilnj= In +aaF(E Ea) (1.6-30)

J, +k -kI, (E (1.6-31)

A ~ ~~ ,

it can easily be verified that the following'equation is valid:

(Eniol- I 4 )Raz : E + : (1.6-32)
F(aaza + ak Izk ) aaza +aktZk I-8 plaZa +aklZkl 

Equation (1.6-32) demonstrates, that'the'rest potential or corrosion potential Em is linear to
the redox potential of the redox system at equilibrium. The curve of various rest potentials vs.
the relevant redox potentials at equilibrium is a straight line, but the crucial point is the fact,
that In jkc I has to be assumed to be constant In this case. This assumption cannot be
accepted because In jkel differs for the various redox systems at equilibrium. But due to the
mathematical form in which In jk'I exists the first term of equation can be considered to be
approximately constant.
For a given specific redox system E must be constant, in order to get a constant Eof . This
condition demands that the concentration of the oxidant must be high enough in order not to
be changed by the running redox process. Due to this fact ihe'superiority of electrochemical
procedures is verified again, which can simulate Eas by applying a potential E, guaranteeing
its constant value.
From the relevant calibration curve is can be obtained for each Es, which is to be got from
EK due to equation (1.6-32). Therefore'is,, is to be'diretly gained from EK,. If EVK is linearly
related to pH, then ion cah be obtalned even from pH-values. But It should be always kept in
mind, that for all these procedures suitable calibration curves must be available, being,
specific for the systems under investigation. The most Important conditions to be looked at
are the fact that Ed' has to be the same value for the specific system, otherwise the relevant
calibration curve Is changed.
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WP 1.8 (NEW) INVESTIGATIONS INTO CORROSION ON ZIRCONIUM AND ON
ZIRCALOY-4

Since all the nvestigations Into corrosion of SIMFUEL planned within the frame of this project
could not be carried out due to the bad quality of the SIMFUEL pellets delivered, which
always brittled, studies on corrosion of zircaloy-4 in brines were performed instead. Zircaloy-
4 is the cladding of spent fuel elements, generally used, and its corrosion behaviour towards
brines should be tested due to the fact that this material is the only remaining one, which
could delay spent fuel corrosion after the break down of the Pollux container.

Experimental details

The corrosion rates were measured either by weighing the mass loss or by radio-analytical
methods, which manufactured zirconium electrodes were irradiated for by thermal neutrons
for 200h (0 =8.0 .1013 s'*cf 2) and mounted into a Teflon holder. Afterwards the electrodes
were dipped into the relevant solutions. The corrosion rates were determined by continuous
measurements of y -radiation in the solutions (9lZr obtained from irradiated 94Zr emits two y -
lines, s. FIGURE 1.8-1.)

The y-line of 9Zr (0.724 MeV) was used and according to the counts obtained from different
calibration solutions the relevant mass losses were determined.

94 ( 95 ; 65d 9%
40 40 49% 0360MeV

0.890mov \ T-0,7SSMoV
\ T~~'- 0,724MeV'

-0,\ ~160MoV

ZT-765MeV

FIGURE L-.: Block diagram of 9r decay

Electrochemical rocedure

Measurements at rest potentials and applied potentials were carried out. The rest potential
towards a Ag/AgCI reference electrode were measured continuously In brines for 160 h at
least. The' electrodes were pretreated by etching them in a mixture of HF / HNO3 / H20
(1:4:5). This treatment Influences the electrochemical behaviour of the electrodes.

Investigations without actiating the electrodes by neutrons"were performed to detect any
corrosive attack'on the 'surface of the electrode by applying optical microscopy.

110



Attempting to measure the corrosion rate by weighing the mass loss no relevant mass losses
could be obtained at all (below 5 pni/a ). These results are iac6ordance with those from
neutron activation energy.

Discussion of the results

FIGURE 1.8-2 show the corrosion rates of titanium, zirconium, Ti99.8Pd alloy and Zircaloy-4
in saturated NaCI solution at different temperatures. All the measurements were carried out
at rest potentials. Under these conditions the values of corrosion rates are in the range from
0.1 to 0.4 prnia.'

FIGURE 1.8-2: Corrosion rates of Zirconium and Titanium at corrosion potential

The corrosion rates of Titanium, Ti99.8Pd, Zirconium and Zircaloy-4 will be within a small
range, If the .measurements are carried at corrosion potentials (see above). However the
relevant results obtained from potentiostatic experiments differ to a-greater extent (FIGURE
1.8-3).
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FIGURE 1.8-3: Corrosion on T199.8Pd and Zircaloy-4

The corrosion rates of Zircaloy-4 increase drastically in the area of higher potentials in
contrast to Ti99.BPd, the corrosion rates 'of which are lower than '2prna. The' following
FIGURES (1.6-4a-f) show the formation of the oxide layer and Its thickness on zircaloy-4
electrodes in saturated NaCI solution with time and potential at various temperatures ( 250C,
55C, 800C).
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FIGURE L4 a-ft: Formation of oxide layer and Its thicimess on lrcaoy-4 electrode In saturated NaCi
solution

It can be seen that at all temperatures the relevant oxide layer is built up after approximately
50 h, its increase per volt varying from 1.7 nm over 1.9 nm to 2.1 nm for 8000, 55°C, and
25°C respectively.
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WP II. RADIONUCLIDE RETENTION DURING SPENT
FUEL DISSOLUTION

WP ll.1.1t SPENT FUEL AND SIMFUEL (CO-)PRECIPITATION TESTS

In order to determine upper concentration limits for radionuclides under disposal conditions,
coprecipitation tests were performed with spent fuel ((FZK,ENRESA) and SIMFUEL
(ENRESA-CIEMAT) in various groundwaters.

Experimental set-up

A few mg of a high bumup spent fuel sample or of SIMFUEL were dissolved entirely in aqua
regia (for sample composition see "solid phase characterisation"). An aliquot of this solution
was added under Argon (or Nitrogen in case of SIMFUEL) via a syringe into a borosilicate
glass reaction vessel containing the groundwater. The reaction vessel was equipped with two-
valves. Air Intrusion during liquid transfer and later sampling was avoided by passing the
syringe through one valve while letting the nert gas stream in through the other. The
resulting solution had a pH of about 1. The.pH was adjusted by the addition of NaOH to
relevant pH ranges between 5 and 12. The pH adjustment resulted in the precipitation of a
yellow solid phase. Solution samples were taken In regular time ntervals filtered by 0.22 pm
filters but without ultrafiltration. 'At test termination the final solution sample was ultrafiltered.
In order to analyze the precipitation process in detail, certain experiments were performed In
an excess of Uranium (ratio of U to other radionuclides higher than in real spent fuel). If
coprecipitation prevails, the higher U-concentrations should lead to lower radionuclide
concentrations In solution. -

Results for spent fuel

Experimental concentrations'of Sr, Am,"Cm, Eu, Np, Pu and U during coprecipitation process
in the pH range 5 12.0 are reported for 5 m NaCI solution:Results'are Included in
FIGURES. 11.1-1-4, omparing-both solutionr concentrations 'of radionuclides resulting from
spent fuel dissolution experiments with powders' and pellets' (data from this project and
from previous EU project [97GRA/LOI]). Results form coprecipitation tests performed in the
presence of an excess of uranium are denoted ,U+SF, ultrafiltered samples are denoted by
UF. '

For all radionuclides 'except Sr,(not shown) a significant decrease of concentrations was
observed.'Sr concentrations remained nearly constant Apparent equilibrium' concentrations
were achieved within less than 10 days and remained constant until test termination.

113.



@ @ X . X

I -I I I In . . . , I I

-3 - : .: + Runde [93RLJNJ
:3 A ' pefl [G.RnLII

.4 V powder94GRA/LO1
A pellets UF (94GWLO1

v_ 5 powder UC 94GtALflhE + *ope UCSr
*Copre U+SF d

_7 0 CopreU+SF U3v U~~~~~~~~~~~~~~~I copre Sr

8 A .A O 0 Copm SFndUF
8 0 ~~~~~~~~~~~~~~~~~~~Core SF Ud

A A A

A~~~

-13

5 6 7 8 .9 10 11 12 13 14

pH

FIGURE 11.1.1 Am conc. from leaching and coprecipitation SF test In saline solutions.

Similar trends in the pH dependence of' the apparent equilibrium concentrations were
observed for Am, Cm and for Eu. Trivalent actinides (Am, Cm) and. rare earth elements (Eu,
Nd, La, Ce) have also been found to behave alike during spent fuel dissolution 94GRAILOI,
95LO GRA], due to their similar chemical properties. Data from the previous SF dissolution
tests 97GRALOI] and from' the present coprecipitation tests resemble each other in the
trend with pH. The FIGURE 11.1.1 shows that apparent equilibrium concentrations of Am
decrease with pH.

The apparent equilibrium concentrations of'coprecipitation tests were in most cases lower
than the solubilities of pure Am(OH) 3 , Cm(OH)3 or Eu(OH)3 for this system as has been
reported for SF dissolution tests. For comparison, experimental data for the pure phase
solubility of Am(OH) 3 [93RUN] are included. However, in SF experiments Am data were
close to solubility values of Am(OH) 3 between pH 8 and 10. The comparison of pure. phase
solubility data with the results of our experiments should be taken cautiously, since literature
solubility data normally vary by orders of magnitude, depending on degree of crystallinity and
in some cases also on the thermodynamic methods of 'deriving solubility products of
measured solution data.

Np concentrations obtained are plotted FIGURE 11.1.2 together with data obtained in the
leaching experiments of SF. Comparison is made with the solubility of NpO2OH(aged)
measured by, Runde [93RUN] and with the calculated solubility of this, phase, using the
solubility products and conditional hydrolysis constants taken from the literature [95NEC/FAN].
Measured concentrations are similar for spent fuel dissolution and precipitation tests,
indicating achievement of equilibrium states. In the absence of the results from precipitation
tests, it was not clear, whether solution concentrations of Np would raise with time. The
results of the precipitation tests show that this is not the case. Higher concentrations are
unstable and lead to precipitation. This shows that precipitation tests are an effective tool for
the determination of upper concentration limits for radionuclides. On the other hand it is not
yet clear which phase controls this upper concentration limit. Solubility of pure
NpO20H(aged) is orders of magnitude higher than this value.
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FIGURE 11.1.2 Np conc. from leaching and coprecipitation tests In saline solution

Comparison of Pu concentration values with those SF leaching test vs. pH is shown in
FIGURE 11.1.3. No attempt has been made to determinate the valence state of dissolved Pu-
under these conditions and,' therefore, solubility constraints are not well defined. By
comparing our Eh/pH measurements with the Eh/pH stability diagram for various aqueous
Pu-species [92CAPNTJ we'may'assume that7Pu(OH)4

0 would be the'dominant solution
species. - - -.
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FIGURE ILI.4 U concentration from SF, SIMFUEL, U0 2, U-Pu experiments In saline solutions.

However, this Is only'valid. if the a-radiation field is low and C0 complexation can' be
ignored. Not only the redox state of solution species is uncertain also the solid phases may
contain either Pu(QV) or Pu(VI).

Equilibrium concentrations of U(VI) obtained In SF precipitation tests are similar to those
found in the inactive experiments performed under similar condition (FIGURE 11.1.4)
[95QUVGRA, 96QUIIGRA, 98DIAGRA]. The U(VI) concentrations determined in SF
dissolution tests were in most cases lower than in precipitation test [94GRALOI,
95LOVGRA]. Within a relatively large scatter in the data, a similarity between the apparent
equilibrium concentrations of both in leaching test of SF, and the two types of coprecipitation
experiments the U concentrations in equilibrium with Na-polyuranate were observed. This
indicates that Na-polyuranates are the solubility controlling phases under the present
experimental conditions.

Results from SIMFUEL,

Coprecipitation experiments of SIMFUEL wiere performed'"in GBW and saline solutions.
Experime,ntal conditions are given in Appendix 3._GBW used has the composition that could
have a granite groundwater supersaturated In bentonite [96MARIMEL]. The tests were
performed under oxidising conditions. The initial supersaturated solution had the same mole
fraction (related to U) as in SIMFUEL

Results of U steady state concentration obtained in GBW are given in FIGURE 11.1.5. During
the tritation process a yellow solid phase was precipitated in all the experiments. This phase
formed explained the decrease'of U concentration in solution. XRD analyses showed a Na-
polyuranate type phase as the main solid formed. As can be observed, for pHs higher than 8
the U steady state concentration is around 104 mol/kg H20. The trials were performed, under
atmospheric conditions and due to carbonate complex formation, an increase in U steady
state concentration in the pH range of 7 to 9 is detected.
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FIGURE II.1.5 Steady state U concentration in GBW.

Results from Sr and Ba steady state concentrations in GBW are given in FIGURE 11.1.6.
Initial average concentration for each element is plotted as dotted lines.-As can be observed,
there is a low rifluence of colloid formation in steady state' concentration for both elements.
For pH > 7 a decrease respect to the initial concentration are measured. In case of Ba in' all
tests the steady state concentrations undergo a high reduction, i.e. for pH > 8 the reduction is
higher than two orders of magnitude. - ' '

In SIMFUEL coprecipitation experiments'performed in saline media the U concentration
values at pseudo-equilibrium conditions are included in'FIGURE. 11.1.4 for the samples
filtered by 0.22 pm and for the samples filtered by membranes of nominal pore size of 1.8nm
(ultrafiltration). - ' - '

Precipitation ratios of the minor elements of SIMFUEL in solution are shown in TABLE 11.1.1.
Precipitation ratios are calculated as the ratio between -initial and final concentration values.
The average of the last five concentration values is provided. Those signed by a'u represent
concentrations lower than detection limits.

TABLE 11.1.1. Precipitation ratios of the minor elements of SIMFUJEL Experiments performed in Sm
NaCI solutions. *: the precipitation ratio was calculated, when possible, by considering the last concentration value
obtained.

pH Precipitation ratio
Ba Ce La Mo Nd Pd Rh Ru Sr Y Zr

7.4 1.87 3.24 2.50 20.53 2.41 14.23 21.98 3.88 1.45 2.87 97.03
±0.1 2.12 6.03 4.51 57.9* 7.98 22..9 132.9 7.76 1.03 8.1- 79.1'
8.3 69.73 225.9* 132.6' * 668.9 13.6 14.89 62.7- 2.55 * 188.3
±0.2 13.8 118- 150* 1.5 841 9.7* 142* 27* 1.95 53* 309'

3.8 131 321- 5.49 737' 73.5' 145' 69' 1.61. * 291
9.3 5.86 * * 10.5 * 31..9 * * 1.28 10.6* *
±0.1 3,55 * 4.36 * 39.9- * 0.55 * 276.4'

2.95 . 211' 29* 2.75 48* 10.6 * 21' 1.3 23.7' -
12 6.8 9.5 8.2 9.8 10.1 35.4 4.6 74.3 1.89 4.5 375.9
±0.1 162 39 1.59 78 4.79 368 60.9 135.4 2.1 27.7' 87.5

By considering the chemical analysis of solid phases it was assumed that if the precipitation
ratio was lower than 2, then the minor element considered was not coprecipitated. Therefore,
Sr does not precipitate, in the experimental conditions considered, for the pH value tested.
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FIGURE 11.1-6 Steady state concentration of Sr and Ba in GBW
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The behaviour of minor elements as function of pH in the coprecipitation tests may be
described as follows: 1) La, Ce, Nd: Massive precipitation in the pH range of 8 < pH < 12. At
pH = 7.4 and at pH = 12 these elements were partially retained in the solid. 2) Zr, Rh, Y and
Pd were, retained in the solid phase for all pH values tested; Solubility of these elements
could be controlled by formation of an individual phase [96DIAIGAR]. 3) Ru precipitates at-all
pH values tested, Precipitation ratio Increased in the pH range 7.4<pH<8.3. At pH 2 8.3
precipitaton ratio remained constant. 4) Ba is partially precipitated. Precipitation ratios
showed small variation with pH. Ba solubility may be controlled by formation of BaMoO4(s).
5) Mo' at pH 7.4 and 12 stayed on the solid phase. Concentration in solution showed'a
different behaviour respecting the minor elements described before. For 7.4 c pH < 12 Mo'
was found in solution and in solid phase with different precipitation ratios. Mo behaviour is
not well understood due to the lack of thermodynamical data of U(VI)-molybdate phases
[96DINGAR).

X my diffraction of the solids showed that the main phase precipitated was a schoepite type
with Na/U ratio of about 0.3, as was obtained in previous U precipitation experiments
performed in the system Na-CI-U-H20 198DIAGRA].

. , .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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WP 11.2 COPRECIPITATION WITH DISSOLVED U AND PU

As for SIMFUEL and spent fuel, a similar.precipitation experiment was started with solutions
containing only Uranium and Plutonium. - -

Uranium ahd Pu concentration in solution versus pH are shown in FIGURE 11.1.4 and
FIGURE 11.2.1 for the experiments performed in 5 m NaCI solutions free of carbonates.
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Pu concentration from leaching and coprecipitation of SF and U/Pu tests in saline solutions.

Evolution of plutonium and uranium concentrationvfith time was also studied. FIGURE 11.2.2
shows the uraniumn and Pu concentration versus'time for one of the pH values tested.
Concentration in solution remained almosticonstant after the first week 'of precipitation
process for all pH tested. After precipitation process Pu concentration remains about two
orders of magnitude lower than uranium concentration. A comparison with data from SF
coprecipitation experiments showed .a good agreement (FIGURE 11.2.1). It seems that Pu
concentration Is controlled by Pu(OH)4(s) formation. Nevertheless, Pu thermodynamical
database should be carefully reviewed for better understanding of the system.
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FIGURE II22 Evolution of U and Pu conc. In 5 m NaCL

Conclusions from precipitation and coprecipitation tests WP11.1 and WP11.2

The results of WPII1 and WPI.2 show that coprecipitation tests are very useful to determine
upper concentration limits In 'a given aqueous environment.- Starting with high initial
concentrations of radionuclides, precipitation and coprecipitation show, that these
concentrations are not stable, neither for actinides nor for long-lived fission products such as
Pd107 etc. This is important considerinigthe fact, that high radionuclide solubilities are still
used in many repository safety analyses. Additionally, geochemical predictions of
radionuclide solubilities are often very uncertain due to uncertainties in the nature of the solid
phase assumed to control solubility, in its crystallinity (particle size) and in the effect on non-
stoichiometry.
The relevance of coprecipitation tests Is demonstrated by the fact that solution
concentrations in this type of tests are often similar to results from dissolution tests with
spent fuel performed under similar conditions. One of the drawback of the present work Is
that the solubility-controlling phase is not known. More work is necessary to identify the
crystallographic sites for radionuclide incorporation in various host phases.

WP 11.3 DETERMINATION OF OXIDATION STATES OF PU DURING SPENT FUEL
DISSOLUTION,

The mobility of Pu strongly depends on its oxidation state. Pu(V) is rather mobile, Pu(IV) not.
An attempt was made by FZK to determine the oxidation state of Pu during corrosion of
spent fuel (powder, pellet, pellet + Fe) in 95% saturated NaCI-solution at 250C after a total
static corrosion time of at least 1588 days according to the proposal of Neu et
al.[94NEUWHOF]. Aliquots of 250 p of corrosion solutions were added to various organic
solution cocktails to extract the different Pu-species from the aqueous to the organic phase.
After mixing and centrifugation the organic phase was separated. Pu-activities were
measured (a-spectroscopy or liquid scintillation) either by aliquots from the organic phase or
after reextraction of Pu into the aqueous phase.

Since Pu-concentrations in corrosion solutions were rather low (3,8*107 molII [spent fuel
powder], 510-10 mol/l (spent fuel pellet], 4-10' mol/I (spent fuel pellet +Fe]), evaluation of
results did not reveal a clear tendency of assignment of Pu oxidation states. In no case was
the distribution of Pu species in solution reproducible.
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WP III EFFECT OF NEAR FIELD MATERIALS

WP 111.1 CO-DISSOLUTION WITH METALLIC IRON

To assess the influence of the corroding container on the fuel matrix dissolution and the
associated release/retention of radionuclides,- corrosion experiments in the presence of
iron/iron corrosion products were carried out in bentonite water and saline solutions with
spent fuel, by FZK, with unirradiated U02 by VTT and with SIMFUEL by ENRESA/CIEMAT.

Long-term test In NaCI solutions with spent U0 2 fuel pellets and Iron

Long-term experiments from previous EU-project [97GRAILOI] with high bum-up spent fuel
(pellets K 9 and K 4; each 7,5 g; 50 MWdIkgHM) in 95% saturated NaCI-solution in the
absence/presence of 8,5 g metallic iron powder, respectively iron corrosion products were
terminated after 1624 (1619) days. During this time five times samples of solution were
taken. The interval between the end of .the experiment and the fourth sampling was 1183
(1181) days. Additionally, radiolytic and fission gases generated during the last interval were
analyzed. FIGURE' 111.1 - 1-shows the release of Cs137, Sr9O, Eu144, Am241, Ru106,
Ce144, Pu239/40 and U238 in terms of FIAP values as'a function of time for both test
conditions.
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Figure 111.1 -1: Effect of iron on the dissolution of spent fuel pellets in Sm NaCl-solutlon under
anaerobic conditions: Sample K9, 1623 days (left), K4, 1619 days in the presence of 8,5 g Fe powder,
(right). * ' . -

4. ... . .... . . - .

During the whole test about 7102 % (K 4 + Fe 3*103 %) of the matrix was dissolved,
indicated by FlAP-values of.Sr9O around 71 0'4 (K4+Fe 3,10-5). In the absence of Fe (K9)
the matrix dissolved with a constant rate of ca 5*10 7/d. FIAP values ofall otherradionuclides
(except Cs) were between 1 and 3 orders of magnitude lower than Sr. In the presence of Fe
release of Cs137 was higher, whereas FIAP values for all other radionuclides were found to
be in the range between 104 and 104, which indicates.strong retention.effects, too. During
the interval of 1181 days between the fourth sampling and the end of the experiment the
progress of matrix'dissolutibn'seems to stop, as can be seen from FIAP values of Sr90
(corrosion rate <'1,6 10 /d based on Sr9O) and Cs137 which are remaining constant;
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Pu239I40 remains also constant, U238 shows a slight decrease, Am241, Eu154, Rul06 and
Ce 144 are no more detectable in solution. In TABLE 111.1-1 data (FIAP, reaction rates,
concentrations of radioelements ....) from both tests are summarized.
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Figure 1I -2. Dissolution of pellet K 4 for 1619 days in 5 m NaCi-
solution under anaerobic conditions In the presence of 8,5 g Fe powder

TABLE 1II1-1: Results from long-term corrosion tests with spent fuel pellets (each
MWdkgHM) In absence (K9) and presence of corroding container material (K4 + Fe)
solution.

7,5 g; 50
in Sm NaCI-

Pellet K 9 Pellet K4 + Fe

Duration of static test
Reaction rate (FIAP Sr)

Dissolved amount of fuel
H2 pressure during 1088 d
Pu conc. (end)

U conc. (end)

Am conc. (end)

To conc. (end)

pH (end), Eh meas. (end)

1697 days

4,6 E-7/d

0,077 %

0,2 bar
5,1 E-10 Mol
1,5 E- 6 MoA

4,3 E-1 1 MotI

6,4 E - 7 Mot

10,3; 271 mV

1692 days
< 1 E-9/d
0,003%
2,75 bar

4,1 E-1 1 MoVI

2,8 E- 8 Mol/i
<2,1 E-1 1 Moill

5,4 E -9 Molt/
9,45; -137mV

The distribution of radionuclides between solid' (iron - corrosion products, fuel sample,
container wall) and liquid phases was studied and results are shown in FIGURE 111.1 - 2.
Thie'result are'similar as those reported for the parallel sample for 1000 days less reaction
time in the last EU-project. Only Cs'and Sr were mainly found in solution, Sb was mainly
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sorbed on Iron or is corrosion products. The actinide'elements'are retained to a significant
extent on the sample. An mportant new result is-the very low reaction rate.' This may have
been caused by the high pressure of H2 of 2.7 bar, build up during the test allowing for
effective competition with oxidative radiolysis effects.

Spent fuel powder In granite bentonite water

The effect of the presence of iron and its corrosion products on the dissolution behaviour of
spent fuel in granite water was studied using powdered spent fuel samples (notation P3,
2,6 g LWR-UO2 from PWR G6sgen/CH; 50 MWd/kg U). The samples were washed in
granite water (EGW) for 54 days to remove fines and to dissolve labile radionuclides.
Thereafter the sample was exposed In autoclaves first again'to equilibrium granite (EGW)
water for 542 days and then to granite-bentonite (GBW) water. for another 209 days. Iron
powder (2,6 g), cladding material (0,7 g), and a'metal chip (1,6 g Ti/Pd: same material as the
liner) were added into the autoclave after washing. The gas phase in the autoclave (ca. 200
ml) was Ar/CO2 (99,97% / 0,03%). Sampling of solution and of gases (fission and radiolytic
gases) was performed in regular time intervals.
The initial pH of 9.8 shifted to 8.8, and 10.0 after 50, and 196 days and remained constant in
EGW water but decreased after solution exchange -with GBW-water to a value of 9.1. The
initial measured Eh shifted from -50 - 400 mVSHE at the moment of solution exchange and
decreased thereafter to -460 mVSHE. FIGURE 111.1-3 shows the released fractions of
radioelements in solution as a function of corrosion time. Released fractions of actinides and
Tc were about 2 orders of magnitude (U) to more than 3 orders of magnitude lower for Pu,
Am, Eu, Np, Sb than in the test in the absence of iron (compare with FIGURE 1.1-8). This
results from sorption and (co)precipitation phenomena. After 542 days corrosion in EGW
water, significant colloidal contribution to total dissolved radionuclides were only found for
Uranium (analyzed by sequential filtration/ultrafiltration). In the absence of ron,'significant
colloid generation was observed in EGW-water. The concentrations of other actinides were

: fRep.00.t |
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Fig. 111.1.3: Corrosion of spent fuel powder Ii syntbetic granite water and 'granite
(bentonite) water In -the - presence of ,Fei Reliased' fractions (non ctmulative) of
radioelements as a function of corrosion tin (ZK)
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close to or lower than detection limit. With values of 4-1011 m for Pu and 7-104 m for U, final
concentrations in 0.45 pm filtered solutions were similar tovalues obtained by CEA In the
integral test (see below).

The subsequent replacement of granite water by granite-bentonite (GBW) water resulted in
an increase of the dissolved fractions of Pu239/40, Sr9O, Np237, Am241, Eu154, and Tc99
in comparison to the first phase of the test where EGW water was used. Constant or
decreasing release fractions was found for U238. Nevertheless, despite this increase in
solution concentration, retention of Pu239/40, Np237, Am241, Eu154, and Tc99 is still strong
In the presence of iron in granite bentonite water (GBW).
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F Im1-4: Comparison of Emoative Sr and Cs release data from tests with
(sample P3) and without Iron (P4) present (compare Fig. i.1-8 with Fg. El-3)
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Figure IL15: Comparison of. Kr-release rates vs. Sr release
corrosion of spent fuel powders In GBW (P3,P4) and P1,P2 (NaCI)

rates during

A comparison of test results with and without Iron present is given in FIGURE 11.1-4 both for
Cs and for Sr. Cs was found to be a good indicator for matrix dissolution both in EGW and in
GBW water in the absence of Iron (see discussion of FIGURE 1.1-8 In WP 1.1). Similarly in
the presence of Fe one might expect the same behaviour. In contrast, Sr was found retained
in secondary phases in EGW water, which were redissolved In granite bentonite water.
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At the end of the first test phase in EGW-water, the released fractions of Sr90 (FIAPs- ca
6*104 ) were about a factor of 1,5 lower when compared to Fe-free similar tests. The extent
of the Increase of FIAP(Sr9O)'after the' replacement of the solution is less pronounced than in
the test with powder.P4 in absence of Fe, but the similarity of Sr behaviour with and without
Fe indicates that again, during'corrosion in granite (EGW) water, Sr Is involved'in newly
formed secondary phases', which wbre dissolved afterwards. This is confirmed by comparing
the released fractions of Kr Into the gas phase per day (FIGP/d) with the release rates of Sr
in terms of FAP/d (FiGURE 111.1 - 5). Representative data points of P3+Fe and for
comparison of samples P1 and P2 (NaCI-solution; previous EU-programme 97GRAILOIJ)
are close to the diagonal where Sr- and Kr-release rates are matching.

Additionally, Kr- and Sr release rates measured during the test with powder P4 (no Fe) in
granite bentonite (GBW) water are' displayed. It seems that Kr release rates are much lower
than Sr release rates In the absence of Fe than in the presence of Fe, which could be
Interpreted by the redissolution of a larger quantity of a Kr free Sr containing precipitated
phase, formed during the first phase of the test performed in granite (EGW) water. Using
both final Cs and Sr data in GBW water as Indicator for matrix dissolution it can be concluded
from FIGURE 1111-4 that congruent release has been achieved. A comparison of final
release rates of Cs In tests with and without iron present shows that the matrix dissolution
rate has been slowed down In the presence of Iron by at least a factor of 20.

One of the reasons for slowing down reaction rates In the presence of iron may be the
generation of hydrogen as discussed above for NaCI solutions. The amounts of hydrogen per
mass unit of heavy metal (g HM) produced during corrosion tests In the presence of Iron
using spent fuel powder P3 in granite bentonite (GBW) water as well as pellets K3 and K4 in
95% saturated NaCI-solution are'plotted as a function of the sampling Interval In FIGURE
111.1-6. The corresponding amounts of oxygen per g' heavy metal (HM) which were found
simultaneously are displayed, too. The highest amount of H2 about 8-10 MOI/9HM was found
In the course of corrosion of spent fuel pellet K 4 during the last sampling period of 1088
days, which corresponds to a H2 pressure of 2,75 bar. The amount of oxygen was about 10'7
MOVgHM, which Is near the detection limit and indicate the "totar consumption of the oxygen
mainly by the corrosion of Iron. Higher'arnounts of H2 were found during corrosion of powder
P3 (2,6 g of fuel; 2,6g Fe) than during experiments with pellets K3 or K4 (7,5g fuel; 8,5g Fe)

..which Is an Indication for an enhanced H2 production when using powders.
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Figure 111.1-6: Amounts of hydrogen and oxygen occurring during
corrosion of spent fuel In the presence of Fe.
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Characterization of solid ohases
In the course of 805 days of corrosion in granite and granite/bentonite water, a 'cementation
between the powders of spent fuel and iron and the Ti/Pd liner was observed. Sampling of
the reacted powder mixture was possible only by using tools such as spatula. A complete
discharge. was impossible. An agglomeration of a mixture of corroded powders of fuel and
Fe which is surrounded by a bright reaction zone up to 50 pm in width on the surface of a
TI/Pd chip is shown in Figure 111.1 - 7. Few particles of the various solid compounds were
isolated for SEM studies outside the shielded cells (maximum dose rate was 10 pSv/h).

. .. , ..r . .

Figure 1.1 -7: Agglomeration of corroded powder of spent fuel and Iron
(P3+Fe) surrounded by a reaction zone Inherent on a TI/Pd chip.

Figure 111.1 -8 shows SEM micrographs of particles of the corroded powder mixture of spent
fuel and iron. The image on the right (back-scattered electron image) allows to identify the
spent fuel particles (brightest'particles). Less bright particles iay. represent elements less
heavy than U as iron or its corrosion products or other secondary phases. A part of the iron is
still present in the metallic state, as found by EDX analyses (sphere in the upper part of the
image). Needle like crystals, where Fe and 0 were found'may represent Goethite (FeOOH).

Figure IIL1-8: SEM micrographs of corroded powder mixture of spent fuel and Fe (sample P3) obtained after
805 days of corrosion In granite (EGW) and granite -bentonite water (GBW); secondary electron Image (left),
backscattered electron Image (right).

In Figure 111.1 - 9 a newly formed Fe-Mg-O phase (dark area in the center) is shown besides
spent fuel particles and corrosion products of iron Is shown. (Secondary electron image on
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the left, back scattered electron Image on the right). SEM micrographs of a part from the
reaction rim are shown in:Figure 111.1-10. The leaf like crystalagglomerates consists of Fe,
Si, 0 and Cl. g c o Fe,

. .. . ..

'- �'. � - - - I
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Figure E11.1-9: Newly formed Mg-Fe-O-Phase (dark crystals, white rectangle point of EDX analyses),
spent fuel particles, corrosion products. Secondary electron Image on the left; back scattered electron
Image on the right (bright particles: heavy elements [spent fuel particles], grey or dark particles [Fe,
Mg,... containing phases]
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Figure m.1-10: SEM micrograph of reaction zone formed during 805 days corrosion of powdered
spent fuel And Fe containing Fe, Si, O.and Cl in granite (EGW) and ganite bentonite water (GBW).
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The following phases were identified by SEMIEDX so far

Uranium containing phases:

Besides particles of spent fuel (UO2,), secondary phases were dentified with U, Si, 0, and
with U,Na,CI,O

Fe containing phases:

Metallic Fe-particles were found (spheres ca 3pm) as nserted when starting the experiment,
as well as oxidised Fe, probably Goethite (FeOOH),. This phase Is encountered frequently
very close to the fuel particles. It Is likely that this Feill phase is formed by action of radiolytic
oxidants. Most part of the reaction rim consists of leave like crystals, containing Fe, Si, 0 and
Cl.

Ma containinq phases: -

Phases containing Mg are found in the reaction rim as well as inside the fuel powder
agglomerates; they consist of Mg(Fe)O and Mg, Na and 0. In this phase, Fe is probably in
the oxidation state 11, hence, this phase is likely to be formed also in the absence of radiolytic
oxidants;

Effect of Fe on the solublilty of UO2.

Corrosion experiments of unirradiated U0 2 in anoxic Allard water (N2) in the presence of
metallic Fe, were performed at VTT. The measured uranium concentrations (non-fitered) in
the aqueous phase show some scatter, see FIGURE 111.1-11. In the filtered (0.45 tlm)
samples the concentrations were lower, below the detection limit of ICP-MS In every
sampling. This Is significantly lower than the solubility of uranium in the presence of Iron in
tests with real spent fuel. The Increase In solution concentrations with spent fuel Is probably
caused by the presence of traces of oxidants, which are not consumed by reaction with Iron.

£ A

A

0

FIGURE IE1.1-i1 Measured uranium concentration (Non-filtered) In anaerobic Allard groundwater (N2)
in the presence of metallic Fe. Solution concentrations n 0.45 pm filtrates were below the detection 1limit
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Precipitation kinetics of uranium In the presence of U02 and Iron,

The kinetics of the decrease in solution concentration of Lranium in the presence of U02 and
iron was studied by ENRESA-UPC. Experimental conditions are given in TABLE' 111.1-2. In
FIGURE s 111.1-12 and 11.1-13, the effect of iron on the'uranium concentration in both GBW
(experiment UOFGW) and salt brine (experiment UOFUS) are shown. The uranium
concentation decreases to reach a final value'of 4 ± 2-10 rmol kg' in the case of brine and
3±1-1 00 mol-kg' in the case of GBW. The reproducibility of the data indicates that this value
is probably controlled by the solubility of the U0 2(s).,

TABLE 111.1.2 Experimental conditions for dynamic U0 2 leaching tests in presence of Iron.

Experiment Conditions U0 2 Fe [U(VI)]o Medium -pH
(g) (g) (mol I,,

UOFUS U0 2 in N2 + Fe + 3.5 3.5 2.2 10 150mlNaCI5m 8.3±0.1
U(VI)

UFS U(VI)inN 2+Fe 1 1.8 106 150 ml NaCI.5 8.0±0.1
- U02 i- Fe ,. . m

UOFGW UO2 in air +Fe 3.5 0.5 - l 5Oml of GBW 8.2±i0.1
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FIGURE 111.1-12 Uranium concentration vs. time in the UOFGW experiment
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In the UOFUS experiment, once the uranium concentration reached a steady state a new
input of U(VI) was added. In FIGURE 111.1-13, it can be observed that the same final uranium
concentration is obtained. This behaviour was studied in more detail in the experiment UFS,
where the iron was added to an U(Vl)'solution. Though results are not shown here, once
again the final uranium concentration was similar to the values obtained in UOFUS and
UOFGW experiments. At'the end of UFS experiment, Scanning Electron Microscope
photographs of the sample showed the presence of U02 particles, indicating the precipitation
of U02 In this experiment [98GIM/MOL].

According to the literature [91BRU/CAS, 97GIMIPAB], the uranium concentration decrease has
been modeled assuming that follows a pseudo first-order kinetics. The integration of the
corresponding equation results in the following one:

[Ul [Ulf + ([UJ0 - [U] eI (111.1-1)

where U]o and (Ulf are the initial and final uranium concentrations in solution in mot-kg",
respectively, and k is the rate constant.
This model has been fitted to the results obtained in the different experiments. The best
fitting has been obtained with the parameters shown In TABLE 111.1-3.
From these results, it can be seen that-the final average uranium concentration in the
presence of metallic iron in both leaching solution is 4 ± 2-108 mol-kg1, almost one order of
magnitude lower than the final uranium concentration under anoxic conditions and in
absence of Iron.

TABLE L1-3 Parameters of the fitting of the model to the experiments

Experiment U] (mol kg k (d) t1/2(h)

UOFUS before adding the 3.6±0.7 04 5±1 3.33
U(VI) solution
UOFUS after adding the 5.6±0.9 10J 164i14 0.10
U(VI) solution
UFS 2±1104 28±2 0.59
UOFGW 4.6±110- 0.21±0.02 79.22

Considering the values of the rate constant obtained in the experiments with a high U(VI)-
concentration, 164 and 28 d, In the presence and in absence of UO2(s), respectively, the
presence of U0 2(s) seems to increase the rate of reduction-precipitation process. One
possible explanation of this difference is that, according to Stumm et al. [83STU/FURJ,
precipitation is faster if the solid is formed in contact with some' other phase, especially if
there Is some similarity In the atomic structure of the two phases.
The low rate constant obtained in GBW can be attnbuted to the presence of bicarbonate in
this water, since carbonate can form very strong U(Vl).carbonate complexes which would
make slower the reduction and precipitation of the U(VI) in solution.
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Effect of Fe and fCO2 on the corrosion of SIMFUEL (ENRESA-CIEMAT)

Experimental Conditions

Batch leaching experiments were performed in both 5 m NaCI and granite bentonite water
(GBW). The surface to solution volume ratio used in all tests was 1000 m1. The composition
of the GBW used in these experiments is showed in TABLE 1. Uranium concentrations of
the leachants were analyzed by laser fluorescence. Minor elements concentrations from
SIMFUEL were determined by ICP-MS. Surface of the Solid/olume of the leachant ratio
(SN) used in whole tests was 1000 m1. * - i ;

Influence of iron -

In order to simulate the Influence of containers corrosion on spent fuel degradation, several
SIMFUEL corrosion experiments were performed in presence of metallic iron both with and
without CO2. The experimental procedure Is shown in FIGURE 111.1-14. Initially, SIMFUEL'
was placed in contact with the aqueous solution. After one month of leaching n duplicate
tests three different follow-up experiments were performed:

Scheme of experimental procedure'''

Fe addition

!rnonth O.I Asu16.

... ABR6 .I cReF

neun. hiU(AIx- . ._ .. .

FIGURE 111.1-14 Example for test procedure (Anoxic conditions and GBW (ABR6))

ABRR6 + Fe. Metallic iron with a particle size of 10 grn was added to the
SlMFUELigroundwater system. -

ABR6F.'The leachant was replaced -by a fresh solution and metallic Fe Is added to this
SIMFUEL/groundwater system. .. - i._

U(ABR6Fe). The leachant'Was removed'from SIMFUEL and was put in contact with Fe
powder to study potential'sorption/precipitation of dissolved SIMFUEL compounds on Fe.
Prior to Fe addition, element concentrations in the leachant were characterised.

TABLE 111.1-4 Code for experimental conditions used for test designation

Atmosphere ' Leachant Code
Anoxic, log fca2=-3.5- GBW ABR6

fc=0" 5m NaCl ASR6
Oxic, log fco2=-3.5 GBW OBR6

Sm NaCI OSR6
Anoxic, log fco2=-2 GBW CB

Sm NaCI CS
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The rest of experiments were canried following the same experimental procedure. TABLE
shows the code used to designate leachant and atmosphere in each test. Test performed in
GWB under anoxic/reducing conditions were performed in an N2/log f02 = -3.5 atmosphere
in order to prevent degassing of dissolved inorganic carbon during the experimental time.

TABLES 111.1-5 to 111.1-10 describe the experimental conditions of the influence of iron and
CO2 on SIMFUEL leaching behaviours.

TABLE III.1S SIMFUEL leaching experiments In GBW under anoxic and reducing conditions
(log fco2-3.5)..

Tests Initial UJ (M) Solid SIMFUEL (g) Fe (g) Leachant (ml)
ABR6 - SIMFUEL
ABR6+Fe - SIMFUEL+Fe 3.45 - 150
ABR6Fe - SIMFUEL+Fe 3.45 3.45 150
U(ABR6Fe) 810 Fe 3.45 3.45 150

TABLE HL1-6 SIMFUEL leacling experiments In GBW under oxidising conditions (log fco2= -3.5).

Tests Initial Ul (M) Solid SIMFUEL () Fe (g) Leachant (ml)
OBR6 - SIMFUEL
OBR6+Fe - SIMFUEL+Fe 3.45 - 150
OBR6Fe - SIMFUEL+Fe 3.44 3.45 150
U(OBR6Fe) 1-105 Fe 3.45 3.46 150

TABLE II.1-7 SIMFUEL leaching experiments in Sm NaCI under reducing conditions (CcO 2=0).

Tests Inital [Ul (M) Solid SIMFUEL (g) Fe () Leachant (ml)
ASR6 - SIMFUEL 3.44 - 150
ASR6+Fe - SIMFUEL+Fe 3.45 3.45 150
ASR6Fe SIMFUEL+Fe 3.45 3.45 150
U(AS6Fe) 3-10" Fe 150

TABLE IIL1-8 SIMFUEL leaching experiments In Sm Naa under oxidilng conditions (og 4m=-35).

Tests Initial U] (M) Solid SIMFUEL (g) Fe (g) Leachant (ml)
OSR6 SIMFUEL 3.44 - 150
OSR6+Fe- - SIMFUEL+Fe 3.45 3.45 150
OSR6Fe - SIMFUEL+Fe 3.45 3.45 150
O(AS6Fe) 3*104 Fe 150

TABLE IIL1-9 SIMFUEL leaching experiments in GBW under reducing conditions (log fco2--2).

Tests Initial [UL (M) Solid SIMFUEL (g) Fe(g) Leachant (ml)
CB - SIMFUEL 3.45 - 150
CB+Fe - SIMFUEL+Fe 3.45 3.45 150
CBFe SIMFUEL+Fe 3.45 3.45 150
U(CBFe) i I04 Fe - 3.45 150

132



. . I .,I: , - . -
. 1. I .. . � -I .I : ". �� "'i; , -

TABLE III.1-10 SIMFUEL leaching experiments in 5 m NaCi under reducing conditions (log fco2=-2).

Tests Initial Ul (M) Solid SIMFUEL (g) Fe (g) Leachant (ml)
CS .. SIMFUEL 3.44 .. . .. .. -50.
CS±Fe .- SIMFUEL+Fe' 3.45 3.45 150
CSFe . . SIMFUEL+Fe. 3.45, .3.45 150
U(CSFe) 1-104 Fe 3.45 150

Results

FIGURE 111.1-13 shows the results of experiments carried out under oxidising and reducing
conditions in GBW water at log fco2=-3. 5.
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The Fe addition produced a sharp decrease of uranium concentration in solution. This effect
is much more remarkable in the case of the experiments under oxic conditions due to the low
potential reached after metallic Iron is added.' Uranium concentrations, without iron, under
oxic conditions were approximately 1-10-5 M and under anoxic conditions 8:10O8 M. Uranium
concentration fell down tol 0' - 14 M, under both redox conditions, once Fe was added.
Similar behaviour was found n'NaCI solution, FIGURE. 111.1-16. Prior to Fe addition in the
first month of leaching, [U] In solution was 5-1O0- M in'the case of oxidising tests and Ii~ M
for reducing conditions. When Fe is present, concentrations around 110 M were achieved
for oxidising and 5 1 M for'r~ducing conditions.
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FIGURE 111l-17 [] aist time under N21C0h (p f=2) atmosphere for both, GBW and NaCI
leachants. Fe Is present In the system after 720 h leaching time.

FIGURE 111.1-17 shows the results obtained under N2/C02 atmosphere (p fco = 2) for both.'
GBW and NaCI leachants. As can be observed leaching behaviour s similar than above-
mentioned. The presence of Iron in the system leads to a decrease of uranium concentration
in solution. However, the U concentrations remained higher than under N2 (NaCI) or N,4log
fc02F-3.5 (GBW) atmospheres. In GBW-water in presence of Fe, U concentrations were in
the range of i1io0 M under N211og 110o2=- 3.5 atmosphere and abut a factor 10 higher under
N2tC0 2 (FIGURE 111.1-17). FIGURE 111.1-18 comparesthe average concentration values of
each experimental conditions. The values are grouped iby experimental procedure (FIGURE
111.1-14). us.r means- solid + leachant, s+I+Fer means SIMFUEL plus leachant plus Iron;
1's+Fe+1(fresh)".are the data obtained when SIMFUEL plus ron and fresh leachant were
tested; the last one I+Fe", means the conditions when leached solution was put In contact
with iron without SIMFUEL.
In the absence of Fe as well as at the highest CO2 pressure, higher concentration values
were obtained in GBW than in NaCI solution.
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Minor Elements behaviour during SIMFUEL dissolution in the presence of iron

One of the advantages of SIMFUEL against UO'as chenical analogues for spent fuel is the
possibility of obtaining valuable information about behaviour of fission products leaching.

FIGURE 111.1-i9 gives the Sr concentrations -values in dissolution from experiments,
performed in GBW and 5 m NaCI aqueous solutions. Observed Sr concentration remained
stable during the entire test, independent of the addition of Fe. That means that Sr leaching
behaviour seems not affected for any changes in the redox potential of the m6dia: ,

On the 'other hand, for the redox sensitive element Mo, FIGURE 111.1-20, higher
concentrations were measured under oxic than under reducin conditions. Moreover, after
Fe addition Mo concentration decreased from 2-104 M to 1 10 M for the tests in GBW. In
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NaCl experiments the decrease in Mo was less pronounced.
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carbonate conditions Fe Is present In the system after 720 h leaching time.

TABLE 111.1-11 complies the fraction of nventory in aqueous solution (FIAP) obtained in the
experiments above described. These FIAP values have been calculated according the nitial
composition presented in TABLE . A comparison of SIMFUEL FlAPs values with spent fuel
data (TABLE 111.1-12) demonstrates the good agreement each other and the convenience of
using SIMFUEL to provide Important insight for the knowledge of spent fuel dissolution
behaviour.

TABLE E1l-11 FlAP values obtained In GBW water and In NaCi solution.
GBW NaCI

Oxic Red Oxic Red
Sr 1O-104 10-10-4, 1 o-104 10-104

Mo 10-2-j0-3 10-3 IGO 1o4

Ba 103 1O4 10 103

TABLE UL1-12 FIAP values from SF for Mo, Cs and Sr (GCW: granite-day, GW: granite water).
GCW GW GW GW GW GW
197PAU1 188WER1 I9OGRAIFORJ [86FORNWER] [95GLArTOSI 197SERIRONI

Mo 1o' 1i10-1 - - - 104
Cs 104 - - 104 10-2
Sr i04 104-104 104 103 103 104-104

Conclusions on Spent fuel, SIMFUEL and U0 2 experiments In presence of Iron

Uranium concentration in solution depends strongly of redox potential, being the
concentration obtained under oxic conditions in the range of 1i0 M and as low as 04 M for
reducing conditions.
Presence of iron in the system brings on a sharp decrease in the concentrations of Iron and
other actinides in solution. As shown by SIMFUEL data, this effect is more remarkable in the
case of the experiments 'performed under oxic conditions since the changing of the redox
potential Is more significant.
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High content of carbonates in dissolution minimizes the decreasing 'effect of Fe in the U
concentration. This fact is attributed to the stabilization of U concentrations by carbonate
complexation.
Strongest effects of iron on solution concentrations of radionuclides were observed for redox
sensitive elements. Presence of container material has a great influence on the dissolution of
Pu, U, Am, Tc and Mo. On the contrary, Sr concentration was not affected by presence of
iron. Sr can be used as indicator for matrix corrosion in GBW water but not in EGW water.
In presence of iron, spent fuel corrosion rates in granite bentonite water were decreased by
about a factor of 20 when compared to a similar experiment in the absence of iron. Decrease
of corrosion rates is associated to an increase in the partial pressure of hydrogen. In long-
term experiments (>4 yr.) In NaCI solution partial-pressures'of 2.9 bar were achieved.
Fractional corrosion rates were as low as 104/d. This is 500 times lower than under anoxic
conditions in the absence of iron.
The good agreement observed between FlAPs from spent fuel and SIMFUEL confirms the
use of SIMFUEL as an adequate chemical analogue of spent fuel.

WP 111.2 CO-DISSOLUTION WITH FE (III) CORROSION PRODUCTS
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FIGURE 111.2-1 Uranium concentration vs. time In time UOFOUGW experiment

One of the potential corrosion product of metallic iron containers under reducing conditions is
magnetite, Fe3 4.- The effect of magnetite on the corrosion of U02 and the associated
Uranium concentrations ]n solutions were studied by ENRESA/UPCParticuar emphasis
was on the precipitation kinetics. Experimental conditions age given in TABLE 111.1-2. In
FIGURES 111.2-i and 111.2-2, the effect of magnetite on the uranium concentration in both
GBW (experiment UOFOUGW) and -salt brine (experiment UOFOUS) are shown.- In 5 m
NaCI the final uranium concentration (= 4-104 molar') was independent on nitial uranium
concentration while in GBW two final steady state uranium concentrations are obtained. The
final uranium concentrations are summarized in TABLE 1112-2. - --
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Concentrations measured in 5 m NaCI solution are similar to those obtained in the presence
of iron (FIGURE 111.1-12 and 111.1-13). On the other hand, it Is clear that the chemical
composition of GBW affects the behaviour of uranium in solution. This can be explained by
the presence of carbonate in this"groundwater; the formation of U(VI) complexes could, as it
has been pointed out in the experiments with Iron, decrease the reduction rate of U(VI) or the
sorption onto magnetite. At the present, it is clear that magnetite decreases the uranium
concentration, but the process responsible for this behaviour is still unknown.

TABLE 1112 Detail of the experiments performed In U02 leaching tests.

Experiment Conditions U02 Fe3O4 [U(VIo)0 Medium pH
(g) (g) (rnol r1)

UOFOUS U02 in N2 + Fe304 + 1 1 8.0 V 150 ml 5 m NaCl 8.2± 0.1
U(VI)

UFOS U(VI) + Fe3O4 1 8.0 1 0'7 155 ml 5 m NaCI
UOFOUGW UO2 inN2+Fe3O4+ 1 1 1.4104 180mlofGBW 8.3±0.1

U(VI)
UFOGW U(VI) in N2+ Fe304 1 9.2 10'" 150 ml of GBW 8.3± 0.1

TABLE m.2-2 Fnal uranium concentrations and k values In magnetite experiments

Experiment - log lul k (d') tir2(h)
UOFOUS before adding U(VI) -7.34±0.07 0.38±0.04 43.78
solution 
UOFOUS'after adding U(V) solution -6.96±0.15 0.31±0.03' 53.66
UFOS -6.95i0.15 0.37±0.05 44.96
UOFOUGW' before adding U(VI) -6.58±0.07
solution'
UOFOUGW after adding U(VI) -6.47±0.20' 0.08±0.01 207.94
solution
UFOGW -6.70±0.15 0.04±0.008 415.89
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The same mathematical treatment described above for the effect of iron (Eq 111.1 -1) has been
applied to the results obtained in the presence of magnetite. In TABLE 111.2-2 the rate
constants are summarized.

The k values obtained in the presence of magnetite are lower than the ones obtained with
iron, indicating a lower reduction capacity of the magnetite. Similar to the results obtained
with iron, in salt medium k values is higher than in'GBW. This finding confirms that water
composition and consequently uranium speciation can be important in the reduction process.

WP 111.3 INTEGRAL TESTS
The presence of near field materials such as metallic canister materials and their corrosion
products, clay backfill materials (bentonite) or the host rock' minerals will strongly alter the
fuel dissolution behaviour.-The aim of the present study is to assess the synergistic effect of
certain key materials (iron, iron corrosion products, bentonite and granite) on spent fuel
dissolution.

A hot-cell system was designed to investigate the leaching of spent fuel with a bumup of
60 GWd-t ' (with a specific activity of about 0.5 Ci g) in the presence of geological materials
(clay or granite) under reducing conditions (-310 and -160 mVSHE, respectively) that are very
difficult to obtain. The specifications of the experimental setup were defined to take account
of scientific requirements (temperature and pressure corresponding to those'of a geological
repository site, redox potential of actual -groundwater, fuel particles of controlled surface
area) and safety requirements associated with any implementation of radioactive materials
(containment of fuel powder samples, containment of part of the leaching pot solution feed
system).
The experimental setup Included two major subsystems: the first comprised a leaching
solution storage tank,a hydropneumatic pump, a flow meter and a catalyzing column, all'
supplying the second subsystem consisting of two temperature- and pressure-regulated
leaching pots. An identical system was used for the non-radioactive SIMFUEL leaching'-
experiments.

The systems were highly reliable and allowed three-month leaching studies to'be conducted
according to protocols initially tested on the non-radioactive setup. The SIMFUEL leach tests
were monitored 'for' comparative purposes. A schematic representation 'of the leach
experimentsIs given inFIGURE 111.3.1

Experimental procedure

Two types of fuel (UO2 with a bumup of .60 GWd:tG¶ and a SIMFUEL, for compositions see
Appendix 5, TABLE s 13-15) were leached In four different media: granite'with granite water
(G/GW), granite with clayey water (G/CW), clay with granite water (CIGW) and clay with'
clayey-water (C/CW). Reducing conditions were maintained,.throughout the tests, as
described In section -"GROUNDWATERS%. Water cnposiltions are' given in TABLE 1.
compared with other groundwaters and in Appendix 5, TABLE 's 1-4. Eight integral '
experiments were initiated: four with spent fuel and four with SIMFUEL'The leaching pots
contained the following simulated media:' -

claylsand and granite water ,

granite and granite water -; 'a .

clay/sand and ceaye r wate' * ." ''

granite and clayey water.
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redox control for groundwater outside and leaching apparatus Inside the hot-cells.

The environmental materials were weighed (260 g of granite or 240 g of a mixture of sand
and 10 w1% clay) and placed at the bottom of a leaching pot. A sample holder containing
1 *t 0.01 g of spent fuel or 1.5 i 0.01 g of, SIMFUELwas positioned over the environmental
materials. The pot was closed and swept from bottom'to top for at least five hours by a
hydrogenated argon gas mixture (Ar + 3% H2 + 300 ppm C0 2) to ensure the residual oxygen
concentration was less than 5 ppm.

A quantity of synthesized groundwater was added to a feed tank where it was deoxygenated
by bubbling for at least two hours with the same hydrogenated argon mixture. The leaching
solution was then gradually allowed to flow Into the eachings pot from bottom to top until It
flowed out from the overflow valve on the cover; the valve was then closed. The leaching pot
was heated to 900C. After temperature stabilization, the pot was pressurized with the pump
to 40 bars.
SamDling Procedure
At weekly intervals, 5 ml to 10 ml leachate samples were taken from the outlet at the top of
the pot, and the same'volume of fresh leachant was added via the bottom of the pot. These
solutions are referred to- as the "weekly samples". The olutions were fitered through a
membrane filter of 0.45 pm pore diameter, to eliminate clay and sand particles in suspension.
The membrane filters were rinsed with 8 ml of I M nitric acid; the'resulting solutions will be
referred to as the ¶filter rinsing solutions.
Each experiment lasted 13 weeks. At test termination the final supematant' was withdrawn
and filtered. A sufficient quantity of the final supematant was available to allow ultrafiltration
of a solution aliquot the molecular weight cutoff was 10 000 Daltons, corresponding to a
pore size of about 22 nm. The material filtered on this ultrafiltration membranes (particle
dimension between 22 and 450 nm) was considered as colloids. The sample holder was
rinsed with 215 ml of Milli-Q double-distilled water, the solution Is denoted as sample-holder
rinse".
The environmental materials and the nterstitial leachate (approx. 80 ml) were rinsed In
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215 ml of I M nitric acid for 24 hours; the resulting solution is designated the material rinse".
The analyses did not discririiinate 'between the activity sorbed on the environmental
materials, the activity sorbed onthe iron plate, and the activity present-in the interstitial
leachate. In the case of experiments with clay/sand, the mixture was stirred to place the
materials in suspension, then filtered across a 100 pm strainer (the 100 pm mesh exceeds
the size of the clay particles, and represents `a tradeoff between clay/sand separation
efficiency and the time necessary for performing this operation in a shielded cell
environment). The dose rate of the resulting clay suspension on contact with the flask was
35 mrad-h'', the maximum permissible value transferable from the hot cell to a fume
chamber. The clay mixture was then subjected to alkaline melting with lithium tetraborate
according to the procedure described in Appendix 5. The resulting solution was 'denoted as
"alkaline melt". After removal of all materials, the leaching pot was filled with 250 ml of I M
nitric acid. A sample of this 'pot rinsing solution" was taken after 24 hours.

From each- integral experiment a 'large quantity of liquid samples were generated as
indicated in FIGURE 111.3.2. Sarriple analyses procedures 'are described in Appendix 5,
TABLE s 6 and 7 and Appendix 5, ANNEX 1. ' .
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FIGURE 1113.2: Scheme of sample origins, resulting from integral tests

Calculation procedures
The experimental results are described in terms of

aorwe.,ch. al,.*, agIen anwrelwsr a,, apa, a5sapwd designate the specific activity (Bqmr') in
solution or the concentration (pgr--') of a given radionuclide as measured In preleaching
solution n, In weekly sample n, in filter rinse n, In the materials rinse, the alkaline melt, the
pot rinse or the sample-holder rinse, respectively. '

Vn ~ ~ I

eech and 4" designate the deionized water ivolume used for the nab preleaching of the
spent fuel, and the water volume remaining from'the preceding rinse (ml).

V and Vve designate the free supematant leachate volume above the fuel and ,the
interstitial leachate volume in the materials (ml). V= 50 ml, Vtjw= 80 ml,

v2n,,t,, designates the nth supematant sample volume (ml).

v,,,.,t designates the total solution volume (ml) resulting from alkaline melting of the clay,
VIT,eIT = 1 I.' ---- ... . , _,. .i .

vfile, Vi,&,tas, vps and v designate the volume, (ml) of iM nitric acid or deionized
water used to rinse the filters, 'the, environmental materials, the leaching pot and the'
sample holder.' V~ft=. 8 ml, vp,'=250ml, v. ,d,,=215ml (Milli-Q'
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water),
A designates the specific activity in the spent fuel (Bq gu') or the mass (ggu') of a given

radionucilde per gram of uranium at the beginning of the test.
M and m designate the total preleached fuel mass M = 11 ± 0.1 g and the fuel sample mass

leached during an integral experiment (g). m = 1.0± 0.01 (spent fuel), m = 1.5 ± 0.01 g
(SIMFUEL),

Mcw and md, designate the total clay mass used for- an experiment and the clay mass
submitted to alkaline melting (g). Md,, = 24 ± 0. g.

fu is the UOto-u conversion factor (fu = 0.8815 gu-go^-.
The specific surface-area S of the spent fuel and SIMFUEL is discussed in chapter
OSOLID PHASE CHARACTERIZATION"..
The Gravelines 3+2 spent fuel (60 GWdtu) radionuclides and mass inventories used for the

exploitation of preleaching data and integral leaching experiments are reported in
Appendix 5, table 1 and table 2 respectively. The SIM FUEL mass inventory is reported in
Appendix 5, TABLE 3.

In view of the diffliculty of estimating the specific surface area of spent fuel, experimental
leaching results are generally expressed In terms of the released fuel inventory fraction. The
same convention was applied here to the SIMFUEL results.

Disregarding the activity sorbed on the flask, the activity released from the spent fuel during
preleaching is found only in solution. For a given radionuclide, the inventory fraction released
into the aqueous phase (FIAP) between rinse n-1 and rinse n Is expressed as follows:

an,,VX M,[a-1,,,~ (11.31
A-M-fu 

The cumulative fuel inventory fraction released into the aqueous phase (FIAPc) during the
nth rinse is thus:

a;,,,,aV;e,.~ + Eat~,,,P~~, - id
FlAP4. = j.l (111.3-2)

A M fu

For the integral experiments, we defined the following fractions for each radionuclide:
The Fuel Inventory fraction, released into the Aqueous phase (FA) corresponds to the
released activity (or mass) In dissolved or colloidal form in the'supematant, calculated from
the weekly sample' and final supernatant solutions. For a given radionucide,tthe
cumulative nventory fraction released Into the aqueous phase (lAc) for the nth sample is
thus:

Il--
an, ptV+ ,a' tv,,,k

FI 4 = 1.1 (111.3^3)
A-m-fu

In calculating the Inventory fractions released into the aqueous phase, we assumed that the
leachate contact volume was the supematant volume (V). The actual quantity of leachate in
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contact with the fuel was between the supernatant volume () and the total leachate volume
including the supernatant and interstitial leachate.

The released Fuel Inventory fraction fixed on the environmental Materials (FIM) may be-
calculated from the "materials rinse", "alkaline melt" (for clay tests) and "filter rinse, solution
samples.The "materials rinse" sample also includes the inventory fraction'released into the
interstitial leachate and the released fraction' sorbed on the, iron plates. 'For a given'
radionuclide, the released inventory fraction fixed on the' environmental materials is
calculated as follows:

[fa tevfdje]+ [a,uLet (v.daUt + Vbwld ¢,.~Az + itPz *v,,,z dy0-12 ]+[cttimty

FIM= (111.3-4)
A-m fu'

The released Fuel Inventory fraction Sorbed on the leaching pot and sample holder (FIS)
may be calculated from the "pot rinse" and "sample-holder rinse"'solution samples. For a
given radionuclide, the released inventory fraction sorbed on the leaching pot and on the
sample holder Is calculated as follows:

FIS - pot san~pe-i.V pf_-A ,t; (111.3-5)
A m-fu

The Total released Fuel Inventory fraction (FIT) Is the sum of the cumulative released
inventory' fraction In the aqueous phase throughout the duration of the experiment with the
fraction fixed on the environmental materials and the fraction sorbed on the stainless steel
components, and Is calculated from the preceding values using

FIT = FIAc + FIM + FIS (111.3-6)

The mean release rate for a given radionuclide was calculated by linear regression from the
cumulative inventory fraction released into the aqueous phase over the total time period. The
resulting slope was normalized with respect to the specific surface area (see page 36) of the
fuel. This mean release rate is in fact a mean apparent radionuclide or element release rate
since It Integrates only the Inventory fraction present In the aqueous phase and does not
allow for sorption and/or (co)precipitation phenomena on the stainless steel walls, the
environmental materials or on the surface of the fuel itself.

The matrix alteration rate was determined from the cumulative fraction of an alteration tracer
released into the aqueous phase, i.e. of a radionuclide (or element) In solid solution In the
matrix and soluble in the aqueous phase; strontium is an example of such a tracer. The
mean release rate of strontium (or one of its Isotopes) into the aqueous solution is thus an
indicator of matrix alteration. However, for the same reasons as above, this is again an
apparent'rate.'Although every. attempt has' been made'to 'determinea ' rate' as close as
possible to the 'actual matrix alteration rate from the activity or element balances, It'Is'
impossible in the scope of this experimental programme to quantify the fraction sorbed or
(re/co)precipitated on the surface of the fuel sample. ' -

Preleaching results of Spent Fuel ' : - -

The release of labile activity of '34Cs, 137Cs and 90Sr, from gap and to a' certain extent also
from grain boundaries in the experiments was reduced by preleachin6 the fuel. The analysis
results of preleach solution are indicated In Appendix 5, TABLE 7. After 91 days of
preleaching, the cumulative released inventory fractions in the aqueous phase reached
0.66% and 0.83%, respectively, for 134Cs and "'Cs; approximately 64% of this release
occurred during the first day of leaching. These values were one to two orders of magnitude
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higher than for the other elements. We concluded that the preleaching phase eliminated the
labile activity together with some of the activity segregated at the grain boundaries. After 91.
days, the cumulative released inventory fraction in the aqueous phase was about 0.13% for
strontium, five to six times lower than for cesium. The cumulative released Inventory fraction
in the aqueous phase was about 0.054% for uranium after the same time. The cumulative
inventory fractions released nto solution over 140 days of preleaching were 0.66% for 134Cs,
0.83% for talCs, 0.13% for 90Sr, 0.24% for To, 0.17% for 125Sb and 0.11% for Mo and less
than 0.1% for 2"Cm, 239+24Pu, mPu 24'Am, Zr, U and Nd.

Results from Spent Fuel Integral Leaching Experiments

This section describes the measurement and analysis results for all the solution samples in
the spent fuel integral leaching experiments. These results include the weekly sample pH,
the evolution of the major cations between the synthetic leaching solution and the final
supematant, the form (colloidal or dissolved) of the species in the final supematant, the
radionuclide leaching kinetics throughout the experiment, and the overall released material
balance.

pH

The pH of granite water ranged from 7.02 to 8.12 for the clay/sand medium, and from 7.39 to
8.09 for the granite medium (TABLE 111.3.1). The pH variations for the clayey water ranged
from 7.62 to 8.54 with the clay/sand medium and from 7.71 to 8.85 for the granite medium.

The pH diminished in all the media during the Initial sampling period (similar behaviour was
not observed during the SIMFUEL leaching experiments: During the last ten weeks, the pH
measured at 250C in the weekly samples and in the final supematant was virtually constant
near the initial leachant pH: oscillating within * 0.3 around a value of 8.4 or 8.6 for the clayey
water tests, and around 8.0 for the granite water tests. The rise in the pH thus occurred in the
first three weeks.

TABLE .3.1. Gravellnes 3+2 spent fuel Integral leaching experiments: pH In weekly samples

Samplingn 1 3 5 7 9 11 Foal
Sixpauatant

Clay/Gnnitc Gondwatw 7.02 7.96 7.87 7.96 7.87 8.00 8.12
GranitGrnite Gaoundwatr 7.39 8.09 8.06 7.82 7.96 7.99 7.86
Claylclayey Groundwave 7.62 S41 8.44 8.41 8.54 8.51 8.34
GriCyey Goundwar 7,71 8.85 8.55 No sampling 8.65 8.53 8.61

Maior Cations in Final Suvematant
The major cations present in the synthetic groundwaters were:determined in the, final
supematants. The analysis results are indicated in TABLE 111.3.2 together with their initial
concentrations. The principal modification' of the granite water was calcium enrichment,
notably on contact with the clay/sand mixture (a twenty-fold increase). It was also enriched in
potassium and, to a lesser extent, in magnesium, silica'and aluminum, but was sodium-
depleted. The clayey water was also calcium-enriched (about ten-fold), but only on contact
with the clay/sand mixture. It was also enriched in silica and aluminum, 'and slightly depleted
in sodium and magnesium.
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TABLE 111.3.2. Gravelines 3+2 spent fuel integral leaching experiments: Major cation concentrations
(molli') In leachates (precision: Ca, Na 3%; Si, K, Mg 5%; Al 10%) (nd=not determined)

Granite Groudwater Clayey Groundwater
As As Final Leachate I Final Leachate

synthesized . Clay/Sand - Granite I synthesized Clay/Sand I Granite
5.9xlO' l.9XlO4 2,2x10' 2,8xl4V ' 2.lxlO4 2.9xlO'

Ca 6.6x10' 1.210 2,lxlO'4 9.9x10' J 7.04lO4 9,2x105'
Na _3,ix103 2.4xj0' 2.3x'10' 1 I6l0-2 I 6.0X101 :6.9x10'
Al 1.4 xlO" 2,3xl0' 1,4lO' nd 1.3xlO* 3.2410
Si l.lX1lO1 1.2l0 1,3x10 nd 1.4x10' 1.2x10'

Mg nd 4.94x1 4.9xlO0I l.OlO 53xlD' 9.9Xl0 4

Colloidal Species

Filtered and ultrafiltered aliquot samples of the final supernatants were analyzed and the
results were used to calculate the distribution of various radionuclides and elements in colloid
and dissolved form (TABLE 111.3.3).

Regardless of the type of leachant and environmental materials, Sr, Sb, Cs, U and Mo were
found mainly in dissolved form in the supernatant. Curium was found primarily in colloid form
when granite was present; Its form in the clay/sand experiments was undetermined.
Considering the large (30-50%) errors on the measured 2 "Pu and 23Pu+ 2 Am activity, It
is only possible to conclude that these nuclides were present in both forms In solution

Radionuclide release

The weekly sample and final supematant analysis results are indicated for each experiment
in Appendix 5, TABLES 8, 9 and 18 for cumulative release fractions, elemental
concentrations and activities respectively. Each experiment lasted 91 days. However, the
final supematant sample was taken on the 91st day at 25 0C in contact with air, i.e. under
oxidizing conditions, unlike the other weekly samples (900C under reducing conditions). The
final supematant sample was-therefore disregarded when assessing the evolution of the
radionuclides in solution. Moreover, the activity of all the radionuclides and elements in the
84-day sample (except for 23U) was Interpolated from the final sample; the radionuclide
release from the spent fuel into the aqueous phase was therefore'studied over the first 77
days. The Gravelines 3+2 spent fuel-leaching experiments lasted from December 1996 to
March 1997. The results were therefore Interpreted based on the fuel inventory as of
1 January 1997 (Appendix 5,TABLE 14). -

In FIGURE 111.3.3, for each experiment, the cumulative inventory'fractione released into the
aqueous phase.(FIAc) for Sr, '34Cs, ''ACs, m2 -Pu, 3Pu+241A, Cm, 238U.and for Mo,
and plotted logarithmically versus the cumulative contact time.

The cumulative inventory fractions released into the aqueous phase for a given radionuclide.
or element were on the 'same order of magnitude for all the test media,- and may be classified
in decreasing order as follows:

Mo - 104
'34Cs and '17Cs -
'oSr - 10-52381 - 104

2 M4Cm 238Pu+ 241Am and 3 24 0Pu - 1 08
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TABLE 11.3.3. Gravellnes 3+2 spent fuel integral leachlng experiments:
Distribution (%) of species In solution, In collold (2 nm < 0 < 0,45 pm) or dissolved form

Clay/Graulte GranW&Vranlte I Clay/lahye 1- Graxdwaayey
Groundwater I Groundwater__ Groundwater J Groundwater 
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In the following, these fractions are compared together with the respective concentrations in
solution for each radionuclide and each medium for the cumulative contact time.

The element concentrations were calculated from the radionuclide analysis results using the
radionuclide/element mass ratios in the spent fuel. The contribution of Pu and 2 'OPu to the
measured activity was calculated from their specific activity ratio in the Gravelines spent fuel
inventory as of 1/01/97 (Appendix 5, TABLE 14). Although they varied slightly with the
nature of the synthetic leaching solution or the environmental materials, the weekly sample
concentrations for each. element evolved on the same order of magnitude. With a7 few'
exceptions according to the test media, the actinide and strontium concentrations In solution -

decreased sharply during the first 3 or 4 weeks. Again with a few exceptions according to the:,
test media, the, actinide. concentrations in solution increased significantly. in the final
supematant. As previously noted, this solution was sampled at a different temperature and
redox potential than the weekly samples.
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FIGURE 111.3.3. Gravelines 3+2 spent fuel leaching experiment: FAc of radionuclides and elements -

Clay/Granite water medium; (B) Granitef Granitic water medium. (C) Clay/Clayey water medium; (D)
Granite/Clayey water medium.

With few exception, the F/Ac for elements such as strontium, cesium, uranium, plutonium
and americium diminished In the first three weeks of leaching, especially In the clay/granite
water, granite/granite water and clay/clayey water media.

The mean release rates were calculated by linear regression based on a spent fuel specific
surface area of 0.027m 2 g1. The cumulative radionuclide or element inventory fraction
released into the aqueous solution sometimes evolved very different during the first few
weeks compared with the subsequent experimental period; in these cases the first values are
not taken Into account. It Is important to note-that the' resulting calculated rates are apparent
release rates, since they are based on the aqueous phase, and not on the total release from'
the fuel. In these integral experiments the total release' can only be determined at the end of
the experiment. The linear correlation coefficient for each rate is indicated in parentheses -

Strontium 90
The long-term release of Sr in three of the four experiments was similar. In the clay/granite
water and the granite/granite water medium a slight, and in the clay/clayey water medium a
significant, drop in initial concentrations is observed. In the granite/clayey water medium the
Sr release to the aqueous phase was lowest. The strontium concentrations were constant in
the granite/clayey water medium and diminished considerably between the first and third
weeks in the other media. The final concentrations were all close to 104 moll' .
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FIGURE m.3.4. Gravelines 3+2 spent fuel leaching experiment: 'Sr FIAc
versus cumulative leaching time, environmental materials and groundwater composition

Except in the granite/clayey water medium, only the final eight weeks were taken into
account for calculating apparent release rates:

clay/granite water 0.37 pg-m"d 1 (120.07)

granite/granite water O.74 pg-m2d1 (12=0.31)

clay/clayey water- 3.33 pgm-2 - (1=0.9)

granite/clayey water 3.70 pgm2l (r 0.9)

However, in the two media containing granite water, the overall trend changed again
beginning with the 7th week. Considering only the period from the 7th to the 11th weeks, we
obtain rates comparable to those obtained in clayey water

clay/granite water 3.70 pgm 2d1 (2-.0.96)

granite/granite water2.96 pg-m-2d1 (2 .0.75)

Caesium 134/137
As the cumulative fractions released Into the aqueous phase were approximately equal at all
times for both caesium sotopes, we considered the Isotope with the smallest uncertainty
margin: 134Cs. The Cs4 concentration decreased with time and was generally lower in
presence of clay than in presence of granite.
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FIGURE E9.3.5. Gravelines 3+2 spent fuel-leaching experiment: ..Cs FIAc and solution concentrations of
Cs versus cumulative leaching time, environmental materials and groundwater composition.-

For calculating apparent release rates, all the experirrental points were taken Into account
for the granite water media, but only the last eight values for the clayey water media. The
apparent cesium release rates Into the aqueous phase were:

clay/granite water 33.3 pg md (rda o.9o)

granite/granite water 74.1 pgnm' 2d'' (o 0.79)

clay/clayey water 25.9 pgm'2d' (6 .98) *.

granite/clayey water 74.1 pg.m'2c '- = 0.98)

The mean apparent caesium release rates were one to two orders of magnitude higher than
for strontium, and were twice as high In granite media as in clayey media.

Molybdenum
The cumulative molybdenum fraction released into the aqueous phase increased steadily In
all the test media, lowest for clay/granite water and granite/granite water and higher for
clay/clayey water and granite/clayey water. The molybdenum -concentration generally
diminished in the successive weekly samples. The following mean apparent release rates
were calculated over 11 weeks of leaching: . -

clay/granite water 40 Pg md 1 ( - 0.17)

granite/granite'water 370 pg-m 2d' (90.85)

clay/clayey water 2220 g- 2d1' (e 0.97)

granite/clayey water 1850 pg' 2d' (e=0.96)

i. 
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composition

In view of the very poor correlation for the clay/granite water experiment, the apparent leach
rate is subject to caution. For a given groundwater medium, the rates were apparently on the
same order of magnitude rrespective of the nature of the environmental materials, and were
one to two orders of magnitude higher in clayey media than in granite media.

Uranium 238

Except in the clay/granite water medium, the cumulative uranium fraction released Into the
aqueous phase decreased during the first three weeks of leaching, stabilizing at about 6-
8 x 107 in the granite water and 1.4-2.lx 104 in clay water media. Dissolved fractions of U
are significantly lower than those of Cs, Sr and Mo.
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FIGURE 131.3.7. Gravellnes 3+2 spent fud-leaching experiment: 'U FL.
and solution concentrations of U versus cumulative leaching time, environmental materials and
groundwater composition.

In all the test media the uranium concentrations In the weekly samples first dropped sharply
during the first four weeks, then decreased more slowly. The uranium concentrations rose
significantly in the final supematant, probably due to oxygen access. The mean uranium
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concentrations in the aqueous phase between the fourth and twelfth wveeks were: -

clay/granite water 1.2 x 1 09 mol ' (i.e. 3 Jg-l'')

granite/granite water7.8 x 1O mol-l' (i.e. 2 pg-r)
clay/clayey water 1.8 x 1 - mol 1 ' (i.e. 4 pg-l)

granite/clayey water 1.7 x O'B mol-l'1 (i.e. 4 pg-r1)

The concentrations were generally lower in the granite media than in the clayey media.

Plutonium 239+240
The measurement errors on the 239+24OPu activity were on the order of 50%. In all the test
media, the released fraction diminished between the first and third weeks, particularly in the
granite/granite water medium. Fractions of Pu In solution'are about 10 to 100 times lower,
than those of U. The mean plutonium con centrations between the 3rd and 11th weeks were:

clay/granite water 1.5 x 10' mol': 

granite/granite water< 7.6 x 10.12 mol-l'
clay/clayey water 8.9 x 10.12 molar' ' -

granitefclayey water 7.6 x 10.12 mol-l'1
The concentrations were slightly higher in the clay media than in the granite media.
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FIGURE 11I3.8. Gravellnes 3+2 spent fuel experiment - m PU FIA, and solution concentrations of Pu
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Cunum 244 

As'for'Pu,' the uncertainty in activity measurements makes it difficult to comment on the
fluctuations of the curium release. For the clay/granite water experiment the dissolved'Cm'
activity were below the'determination limit'. Only upper'limits are given In the FIGURE
111.3.9. The mean curium concentrations between the 5th and 11th week were as follows:
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clay/granite water . < 7.3 x 101 molr
granite/granite water 6.4 x 1014 mol l''

clay/clayey water 9.0 x 10'15 mol-l'

granite/clayey water 7.4 x 10''4 mol-l.'

The concentrations were slightly higher in the clay media than in the granite media.
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Figure 13.9. Gravellnes 3+2 spent fel leaching experiment: 24"Cm FIA
and solution concentrations of Cm versus cumulative leaching time, environmental materials and
groundwater composition

Released Material Mass Balance

The RM Is used to designate the radionuclide or element Inventory fraction released and
sorbed on the environmental materials. However, the FIM also includes the inventory fraction
present in the nterstitial leachate and the fraction sorbed on the iron plates added to the
environmental materials.

The released activity balances were determined from the solution analysis results for the
"filter rinse", (Appendix 5, TABLE 19) the material rinse",--the "alkaline melt" when
applicable, the 'pot rinse" and the 'sample-holder rinse" (Appendix 5, TABLE 20).
In the filter rinse solutions, the activity values (or concentrations) of, many radionuclides
("Co, .'tRu '2Sbr 24,mAm Tc 2Np, 233U, 2mPu) and elements (Mo, Tc, Zr, Nd and
U) were almost always below the determination limits. Uranium-238 was determined In 4 of
the 5 granite/clayey water solutions (short contact times) and in 3 of the 6 clay/clayey water
solutions (extended contact times).

In the material rinse, alkaline melt and sample-holder rinse solutions, the activilyvalues (or
concentrations) of many radionuclides (Co, -'ORu, '2Sb', "Ce, 24'An, WTc, Np, 24Pu)
and elements (Mo, To, Zr, Nd and U) were almost always below the determination limits; with
the exception of Mo, U, Zr and Nd, the same was true for the pot rinse solutions. Neodymium
could not be determined in the clay/sand mixture rinsing solutions; antimony was determined
In a few pot and sample-holder rinsing solutions, and molybdenum was determined In 3 of
the 4 sample-holder rinsing solutions. The measured activity in the pot rinse was higher in
the clay/granite'water than in the other media. The 34Sr, 'Cs and 'Cs activity in particular
was ten times higher; the"'ORu and Sb activity were above the determination limits; the
measured activity values for "24OPu, 238Pu+24Am and 2MCm were 10 times higher.

Significant concentrations (2300-6100 pgrl) of Sr were found In the material rinse
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solutions; the concentrations in the clay/sand mixtures were 2 to 3 times higher. The 238U
concentrations ranged fromi 2500 to 9500 pgl 1 in the smiieienvironmental material rinse
solutions, and were 3 to 4 times higher in the presence of granite. Relatively high concen-
trations were also observed in the pot rinsing solutions. In view of the many analytical results
for molybdenum at the detection limit, the molybdenum release balance was'not determined.
In calculating the cumulative fuel inventory fraction released into the aqueous phase (FIA) we
took the total duration of each experiment (13 weeks) into account. The various fractions
(FIA, FIM, FIS and FiI) calculated for each experiment is reported in TABLE 111.3.4 and is
indicated in relative units in FIGURE 111.3.10

The released inventory fractions and sorbed on the environmental materials and on the
stainless steel walls were generally higher in the clay/granite water medium - particularly for
'39+24*Pu. For the transuranic nuclides, the released inventory fractions and sorbed on the
environmental materials were larger in clay media (> 5 x 104) than in granite media (< 104).
For all the radionuclides, the total released inventory fractions were higher in claylgranite
water. The total released 'Sr inventory fractions were 4.77 x 104 'and 4.95 x 1 O4 In the
granite media, but twice as high (8.72 x 10'4 and 1.39 x 104) in the media containing clay.
The total released Cs and 1'Cs inventory fractions were the same (on the order of
1 x 103) in-three of the test media, but on the order of 3 x 103 in the clay/granite water
medium.

The total released transuranic nuclide nventory fractions were generally an order of
magnitude lower in the media containing granite, and were lower in granite water (2.5 x 10`5
for 32 u, 3.816x6x10 for PuaCm) than in clayey water
(7.84 x 1O' for 23924OPu, 8.21 x 104 for mPu+2 4Am, and 7.55 x 10'5 for 244Cm). In the clay
tests, the released fractions were higher in granite water (7.83 x 1 04 for 239+24)Pu, 9.15 x 104
for 'Pu+24 Am, and 5.77 x 1 0'4 for 24ACM) than' In clayey 'water (2.97 x 1 0 for 3
1.25 x 10 for 231Pu+ 241Am, and 2.94 x 10'4 for 244Cm).

The total released 'uranium Inventory -fractions were comparable in -the granite tests
(2.54 x 1 O and 2.82 x 10, compared with .4.53 x 10o Oin the clay/granite water test and
6.8 x 104 in the clay/clayey water test. Except in the clay/clayey water medium, the fractions
were higher than for 9Sr.
The total released activity distribution among the aqueous phase, the environmental
materials and the stainless steel walls Is indicated in FIGURE 111.3.10 . In all the test media,
the released inventory fraction sorbed on the 'environmental materials always accounted for
the bulk of the total released activity (66% to 99% depending on the radionuclides).
In all the test media, over 90% of the "Sr were sorbed on the environmental materials. The
strontium inventory fraction released into the'aqueous phase was two to three times greater
than the fraction sorbed on the stainless steel walls except In the clay/granite water medium,
where the opposite was true.
In the media containing clay, the caesium inventory fraction sorbed on the environmental
materials represented 80-86% of the total released inventory fraction, compared with 66-
74% for the media containing granite. From^2 to 3% of the caesium was sorbed on the
stainless steel and the remainder'(1 6-30/) was found in the aqueous phase - except in the
clay/granite water medium where the caesium not sorbed on the environmental materials
was almost equally distributed between the friction sorbed on the stainless steel and the
fraction in the aqueous phase.
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TABLE 111.3.4. Gravellnes 3+2 spent fuel Integral leaching experiments:
Overall radionuclide release from spent fuel

Clay/Granite Groundwater
FIA FhI FIS FIT

'-Sr 3.29E5 1.23 8.245-S 139E-3
Ad _lw mw ,761 1N3" 1.511S 1,641.4

ft4raf nm1) 11 . 22 Is

Lu
4Cs *455-4 2,41-3 1,745-4 ,83E-3

wte r 2481 1.2 -4 1.6*-S 1.24

Rd&W e (3s 13 16 18 1

WCs Z475-4 2.705-3 1,88-4 3,145-3
AM rW 6271!4 1604 1.43S 1.61S4

Rea mwJ 7 10 12 9

"2Pa 5,69B-8 7.29E-3 9,67E5. 7385-3

ever 9OJ1E 3.701iJ 4.93.-S 3701.3

Rdiwme r(% ) 22 57 57 56

2#PN+NAm 1,6SE-8 8,60B-4 5.52E-5 9,15E-4
A * mn 2,21.9 2.JJ1-4 1.71PS 2.3

Relm giver 19 if 37 31

M
4Cm 1,83E-8 5,285-4 4.90E-S 5,77E-4

Ae r t2C9 1,114 I-S 1M2U.
Rdtaser(~J 28 50 - 2 47

MU 1,05E-6 4,39E-3 1.415-4 4,535-3
Abmd mr SO, 22114 44-6 2.2114

Xd%%V Om(S) -

Granite/Granlte Groundwater
FU FIM FIS Frr

* 3,36-S5 4,3154 I 7-S 4,77W
Abso* em t2.16C4 4SW6S I.6414 4s1-

RdadwvrJ 12 22 1 20

IM(s 3,24E4 7.11-4 3,11S 1.075-3
Aboth erw AS814 OW-S 1.14 5.031

L1R uuver()1 13 18 16 16

mtV 3324 7,63E-4 3.295-5 1,1353
AbhWeW 7. 4116S 1.9114 416C5

R d i w u v e r (~~~~~ J - 6 1~~2 1 0o

7,93E48 Z14E-5 3,49E6 2,50E5

Alwhw onr L9J14 15 1.76C4 L1061

x vS ) JlI ii 57 56 50

2,685-8 3.12E-5 6,83E-6 3.81S5

Abmo , rn .38&O 1.9714 P.M 14

Rdaw r( 1n 37 is 32

WIni 3,6E-8 5,85 10S 6,365-S

A _ ee 44-, 1,643 2nc24 166-

*ldmS(s)- . 32 52 4 47

MsU. 1.50B-6 23953 1494 2,54-3
Amhme ve 9, 17 4 1.4314 8L7O4 1.43

Rtwever(S) 7 7 7
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TABLE IM.3A (continuation)' Gravelines3+2 "spent fuel integral
Overall radionuclide release from spent fuel i

leaching experiments:

' f ' ClaylClayey Groundwater.'
FIA- FIM F}S FIT

!'Sr 2.95E-5 835E-4 6.81E-6 8.72E-4

Ab mw 186 WU 1.17E4 7E-7 1,17E4

RAglafI ff*) - 12 20 15 ,s 19

TCs 1,60E-4 733E-4 2.15E-5 9,15E-4

Abace ror .4014 4.25E-5 114 4.27E-5

RIwewe'(Ur) 13, - 17 -16 16

Mncs 1,64E4 8,15E-4 2,24E-5 1,OOE-3

Aklarvrrf 3.9f 5.2 71 132t4 229EJ

.-- wvrvr(%) 6 10 10 

5.00E-8 . 2.95E-4 ,1.79E-6 2.97E-4

Abolwt errr t02EJ , 1.36EJ 8811- , 1.36EJ

Refariwertr M 26 52 S3 i

m"Puz4IAt i1,435-8 1,23E-4 2.00E-6 1.25E-4

Abhjvw ewer -9 2.76E-5 COS&7 2.76-5

Reldrie "MrJ 17 2t 36 21

WCm 9,34E-9 2,92E-4 s 1,93E-6 2,94E-4

Abwse mr 9.17110 E7. 577E 7 A671E

Rdaw errwrs1 ,5 St ,' 

2MU 7,22E6 6.16E-4 5,69E-5 6.80E-4

Abmiw ewr OOE-7 4.01-S 2.95r4 4.801-5

Rrtelw m%) 9 * 6 7

*~~~'G o n 'a-t.e

GranitelClayey Groundwater
-. FI ' FIM FIS Frr

"0 Sr 1,64E-5 4,69E4- 9.37E-6 495E-4
Abe MW 9.21E.7 7.51-S 1.20t4 74115

Re~iwervort) 12 , 22 *9 21

ICS 2,37E-4 7A0E4 3.09E-5 lOIE-3
Atu wer , .53314 - 1 - .8614 - .21E15

Rew,.( 13, .* -- .16 16d 

"'C, 2,4SE-4 7.92E-4 3.28E-5 1.07E-3

Aborbor erro 6,4t4 6.33-S 2,0214 6.371-5

Reale , () 7 12 10 10

1.09E-7 7,72E-5 1.10E6 7,84E-5

Ahulworor AG62-8 2,41.3 4.9E7 A91

Reladftwe (I) 39 57 SI 56

MPu+lAm 5,01E-8 7.99E-5 2.17E-6 8,21E-5

Abx,W, rrwr' W9 2.tt5 #tt2.
Re6e ewee 9.4 2413 - £71728

aeitrvrlrtv) - 24 ;, 3n .0

"CM 4.41E-8 7.09E-5 4.60E-6 7.55E-5
Abaerrr ,, -. 4419 2.20t5 1.414 2.7014

IehVwewertY.) 41 n2 5 2 - 50

mU 5,09E-6 : 2,56E-3 2.55E4 2.82E-3

J otwerror 4.17E-7 -E14 J5J 1.55E

e" ''vw% 9 ' ' * . 6

155



o%

"at -co -co -P -A*Ut 24 M -l" MACM O% 
.~~. --alf W -I I f A

FIGURE flL3.10. Interaction between spent fuel and environmental materials A: CIGW medium.
B: CJCW medium C: G/GW medium. D: GJCW medium. Key: Hatched bar: Aqueous phase Inventory
fraction; Dark bars: Sorbed Inventory fraction; Light bars: Inventory fraction fixed on environmental
materials

In all the test media, the transuranic nuclide inventory fractions released Into the aqueous
phase were negligible (less than 0.3% of the released plutonium) compared with the other
two fractions. Over 91% of the released transuranic nuclides were sorbed on the
environmental materials except in the granite/granite water medium, where 14-18% were
sorbed on the stainless steel walls.
Uranium was distributed In a similar manner no more than 1% of the uranium was found in
the aqueous phase. Unlike the transuranic nuclides, however, the uranium distribution was
no different in the granite/granite water medium. The FIM accounted for over 90% of the
uranium released in the clayey water media, and over 94% in the granite water media.

Interpretatlon and Discusslon

As the pH decrease in all four media was not observed in the SIMFUEL leach tests, for which
all the other parameters were identical, we attribute this phenomenon to the spent fuel itself
and propose several hypotheses to account for the drop in the pH.
The phenomenon may be attributed to different preleach conditions or to radiolysis of the
water by the spent fuel, which did not affect the SIMFUEL Many surface reactions occur on
the fuel when radiolysis products are present in solution, including oxidizing dissolution,
recombination of radicals, decomposition of H202, reduction of the oxidised U02 ldyers,
oxidation or reduction of ionic species and reactions liable to modify the solution pH. The
subsequent rise of the pH could then be due to a buffering effect of the natural medium.

Alteration of Environmental Materials

The leaching solutions were not at equilibrium with the environmental materials. As a result,
the materials were leached and cation exchange, precipitation and dissolution phenomena
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modified the solution composition. Sodium-rich(Na+) water enhanced the release of calciurm
-(Ca2 ) from the clay. Ion exchanges 'also occurred with the radionuclides released from the
fuel and found as cations in solution. For example, as discussed below, the clay fixed
strontium (Sr2+) released from the fuel, no doubt through cation exchange with the calcium
(Ca2 t)-

Alteration of the environmental materials not only modified the leachate composition, but also
affected the release of species that could interfere with those analyzed to characterize the
spent fuel leaching results. Exrnples'lnclude 'Sr, 238U and Mo.

The ICP-MS analysis. spectra revealed, that most'-of the strontium in solution was not
radiogenic.'Fuel leaching is a chemical process Independent of the isotopic abundance.
Thus, if the strontium in slution. arose-primarily from 'spent fuel leaching, its;-isotopic
distribution should have been the'same as in the spent fuel, i.e. approximately 55.57% 90Sr,
44.37% 88Sr and 0.06% "Sr,'according to the spent fuel mass inventory. In fact, however,
the ICP-MS spectra ndicated the following 'distribution: 0.56% 84Sr, 9.86% 86Sr,7%'87Sr and
82.5% 88Sr, which is representative of the natural strontium abundance 95FOR].- '

The 88Sr in solution thus originated in the spent fuel and the environmental materials, in
which it was found as an impurity, while the Sr came only from the spent fuel.'Therefore,
based on the "Sr determination by ICP-MS and the P ,counts of 9.Sr, and on the isotopic
distribution of strontium in the spent fuel compared with its natural abundance, we were able
to calculate the relative proportions of strontium released from the'environmental materials'
and from the. spent fuel by assuming that the-isotopic distribution in the 'environmental
materials corresponded to its atural .abundance. The percentage of the total strontium
concentration in solution arising from the spent fuelwas thus:- -

clay/granite water'- 0.05%: - " -

granite/grante water , 0.137% ' ' '

clay/clayey water 0.079% - a -'-

granite/clayey water: 0.029%.

The radionuclides "'3Cs, 137s, 23Pu, 23Pu and 240Pu,' 241Am and 2 Cm were not present In
the environmental materials; their presence In solution was'therefore exclusively due to
leaching from the spent fuel. Conversely, the natural abundance of 238U Is 99.27%; the total
released fractions of the 2NU Inventory were thus generally higher than for 'Sr except in the
clay/clayey water medium, where the value for U (6.8 x 104) 'was lower than for 9'Sr
(8.7 x 10 ). In addition to the analytical uncertainties, dissolved uranium may have reprecipi-
tated on the'fuel surface'during the leaching experiment, and may not have been entirely
recovered during the sample-holder rinsing operation. .

Molybdenum Release . ...

The cumulative molybdenum-inventory fractions released into the aqueous phase were very
high (about 104) - an order of magnitude higher.than for icesium (-'10') and two orders-of
magnitude higher than for strontium (- .104).
Significant molybdenum release has ilready'been reported In the literature [95GLAJTOS,
91FOR]..Granite.was"also present in the'leaching experiments conducted.by.Glatz etal.
[95GLATOS]. Forsyth [91FOR] suggests'that the molybdenum present in metallic form in
Mo-Ru-Rh-Pd-Tc inclusions Is preferentially oxidised, and selective leaching of molybdenum
thus occurs. Moreover, molybdenum was analyzed by ICP-AES, so Its origin in'the spent fuel
or the environmental materials could not be determined and It Is not currently possible to
discriminate this fraction from the spent fuel fraction.
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Explanations for initial fast release: Dissolution of Oxidised Laver?

The unexpected decrease of release fractions during the first three or four weeks may be
attributable to a rapid dissolution of an oxidised surface layer on the spent fuel particles. The
spent fuel- powder was" prepared In air before. use, (Chapter SOLID PHASE
CHARACTERIZATION"), certainly forming a U3OrU3O8 layer on the surface. Rapid
dissolution of this layer on contact with the leaching solution resulted in an initially high rate
of radionuclide and element release. As the subsequent rate of release was slower, the
cumulative inventory fractions released into the aqueous solution diminished.

However, this phenomenon does not explain why a similar drop was not observed in the
granite/clayey water medium (except for U and 2+4Pu). It s' unlikely that the fuel powder
sample used for this leachling experiment was less oxidised than the' other three. An
altemative explanation may be the establishment of redox conditions at different rates in the
leaching pots. This' phase may have been shorter for the grarite/clayey water test than for
the other three; in this case, the oxidised layer would have been leached gradually, rather
than immediately.

Radionuclide'SorDtibn on Environmental Materials

Radionuclide retention on solid phases such as the environmental materials is generally
characterized by a'distribution.coefficient'CKD describing the equilibrium partition of'an
element between a solid and a liquid phase: I.e. the ratio between the quantity of the element
sorbed per unit mass of solid srbent (mol g-1) and the equilibrium concentration of the same
element in the aqueous phase (momlmrI). The distribution coefficient' includes the effects of
phenomena such electrostatic sorption/desorption and/or: chemical exchanges at specific
sites on the solid phase, (co)precipitation of compounds on the solid phase or In the aqueous
phase, radionuclide inclusions in minerals and radionuclide sorption on collolds or
microparticles produced by the solid phases under high solution pH conditions 92LEG]. For
a given element and solid phase, CKD depends on the pH, the temperature, the redox
potential and the species in solution.

In these experiments, the distribution coefficient of each radionuclide may be expressed as a
function of the inventory fractions released into the aqueous phase and sorbed' on the
environmental materials according to.

Kd=FIM (V+ vi,iw)FIK(dv = ~)(111.3-7)
- - FM

where Mt, designates the mass of sorbent environmental materials (i.e. 24 g for the clay
tests and 260 g for the granite tests); the total volume of the aqueous phase in the leaching
pot (130 ml) Is taken into account. FM represents not only the released inventory fraction
sorbed on the environmental materials, but also the fraction sorbed on the Iron plates and the
fraction found in the interstitial leachate.

The calculated coefficients are'given In TABLE '111.3.5. Except for uranium, the radionuclide
distribution coefficients were higher in the clay than In the granite experiments. The nature of
the groundwater had little effect the C,< values were Imposed by the material. Our
observations seem to contradict those reported by Tait et a. [89TAVSTR], who observed
strontium on granite to a greater extent than cesium. This may be due to methodological
differences: the environmental materials were not the same and the experimental conditions
were significantly different.
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TABLE 111.3.5. Gravelines 3+2 spent fuel integral? .' leaching - experiments:
Radionuclide distribution coefficients C (mlgel) calculated from Integral experiments

/ClGranite .Granite/Granite C- ClaylClayey Gran.te/aayey
. Groundwater Groundwater Groundwater' Groundwater

'Sr 210 6 153 - 14
IN. > .... - ' 53' ' - 25 2

CS . ,--59: 1 27 2
29>24pu 693407 135 .& > 31 958 . '355
2MpU+'I"Am, 276 239 584 46 395 '79i
SCm 156 256 684 169 552 737

'* 22640 795 . -' . 462 .. 252Nu !- - ~~22 640 - :795 - ' .462 - .252

TABLE H11.3.6. Gravelines 3+2 spent 'fuel integral leaching experiments:'
Distribution coefficients published in the literature

[92LEG/BiA] Crystlline rock/Groundwater System Bentonite/Groundwater System
T94S7E/PO 1 __': 94STETPOll ' - ...

NAGRA f SKB I 7VO NAGRA | SKI 1 rVo
Sr. 4511 . -1O -

Cs . 3000+900 50 SO 50 ... 1 200 200
Pu 474_3 . 500 1000 50500 1000 - 300
Am 15000±_:2000 500 1000 40 * 500 ' 1000 300
Cm .. 500 l 1000 .. 500 ;
U 32- . 100. 3000 100 500 100 50

Natural mineral phases taken to 12.12.2 m depth with the following mineralogical composition: different phases
than quartz 8%, llIte, Glauconite 5%, Smectite 5%; water reconstituted and In equilibdum with these mineral
phases. pH 8.0."

For a given radionuclide, the'different orders of magnitude' observed between the two media
containing the same environmental material were probably due'to the analytical uncertainty,
and to differences in water.composition as well.

The values obtained for uranium are not significant for tw6 essential reasons: 238U released
into the aqueous phase by the'environmental materials during the leaching experiments was
included In the FIA fraction, additional 23BU released during acid rinsing of the environmental
materials was included in the FIMfraction.'

TABLE 111.3.6 compares the distribution coefficients published in the-literature [92LEG,
94STEIP1T]. Some of these' have been';usid for repository site performance assessment
studies: they are conservative figures', I.e.' not exceeding the 'experimentally determined
values.: The distribution coefficients obtained in 'this experiment are thus consistent with
published results. Although for the actinides in clay media, we found coefficients higher than
those'indicated In TABLE 111.3.6, values on the order of 105 or 106 have been reported
[98LY].; - a , ,.-{,

Radionuclide sorption on the environmental materials provides another explanation for the
drop in the cumulative Inventory fractiohs'released Into the aqueous phase for "Sr, 134Cs

(and '37Cs), 3U, 23 Pu and 8Pu 24Ar6' during the first few weeks of leaching. In spent; -
fuel-leaching experiments with clay and granite, Tait et a. 189TAI/STR] observed that the clay
very effectively retained cesium and strontium during the first few days; the sorbed fraction
then diminished as the concentration of these elements increased in solution.

No drop was observed in the' cumulative molybdenum inventory fraction released into the.
aqueous phase. This result is consistent with the sorption behaviour of molybdenum, which

159



is found in solution in anion form, perhaps as molybdate MoO42- and is thus not retained in
large quantities by the negatively charged surfaces of the environmental materials.

In addition, sorption on the environmental materials may also account for the decrease in the
cumulative z38U arid Z 2 4Pu inventory fractions released into the' aqueous phase in the
granite/clay water medium, contrary to the behaviour observed for the other radionuclides
(90Sr, 134cs, 137Cs.The distribution coefficients estimated for this medium indicate that m8U
(CKD = 252) and 23 Pu (CKD = 355) were retained in greater amounts by the granite than
9uSr (CKD = 14) or '34Cs and 37Cs (CKD = 2).

We are unable to account for the behaviour of 2 Cm although its distribution coefficient
(CKD = 737) were on the same order of magnitude as for the other transuranic nuclides, the
cumulative inventory fraction released into the aqueous phase did not diminish during the
initial weeks of leaching. This may be due to the different valences of these radionuclides:
americium and curium are always trivalent, while uranium and plutonium were probably
tetravalent during leaching experiments under reducing conditions, and hexavalent after the
leaching pot was opened. S2+ and Cs ions were fixed on the clay minerals by cation
exchange with Ca2+ and possibly Ki ions.

Decrease of solution concentration by dilution ohenomena?

The weekly leachate samples, replaced by an equivalent volume'of fresh leaching solution,
created a pseudo flow resulting In dilution of the test medium. The material entering solution
by leaching of the fuel (and/or the environmental materials in the case of Z2U and Mo) could
thus be eliminated from the aqueous phase not only by sorption or (co)precipitation -
inherent in the system itself - but also as a result of the sampling procedure.

In calculating the inventory fractions released into the aqueous phase, this phenomenon was

taken Into account In the v term (Eq 111.3-3), which represents the sum of the
i=l

activity (or mass) of the radionuclides or elements removed from the system in the samples.
The effects of this dilution on the evolution of the concentrations Is difficult to be analyzed:

The evolution of the actinide concentrations In the leachate shows that they remained
virtually constant after the third or fourth week of leaching under the test conditions. This
suggests that the concentrations in solution were unaffected by dilution. The actinide
concentrations are limited by (co)precipitation of phases with low solubility limits and/or by
sorption on environmental materials; These processes result in a readjustment of solution
concentrations after dilution. The investigation of the effect of dilution on the solution
concentration of Sr, Cs and Mo yield the following results:

The decrease In the solution concentrations of Cs in presence, of granite was slower than
expected from dilution, indeed, caesium was only slightly retained by the granite (CKD = 1 to
2). The same was- true for Mo in the clayey water media and for strontium in the
granite/clayey water medium

The decrease in the soluton concentrations of Cs was faster in presence of clay than
expected by pure dilution, at least during the first-six or seven weeks of leaching. This' is
consistent with the Kdci = 30-60. The same was true for Sr In both clay experiments and In
the' granite/granite water experiment indicating that. sorption phenomena predominated
during the first few weeks of leaching Kds,(Clay)= 150-200.

Actinide Concentrations -

The actinide concentrations in the aqueous phase of these integral experiments were limited
by (co)precipitafton of oxides, hydroxides and/or carbonated compounds, and/or by sorption
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on the environrm6ental materials. The mean steady-state uranium,', plutonium and curium
concentrations are given in TABLE' 111.3.7. -*

TABLE .M3.7. Gravelines 3+2 spent fuel Integral leaching experiments:
Aqueous.phase actinide concentrations (mol rz) in the four test media

ClaylGranite Granite/Granlte C ltay/Clayey Granlte/Clayey
Groundwater Groundwater Groundwater Groundwater

U 1 2x104 7,8x10 4 1.9x1 , 7x104

r i.SxlO <7.6x ' 8.9x0 . 7,6x4O*2
Cm <7.3xlOu 6.4xA10" i,3IO 7A4

For comparison, Grambow et al. [96GRAILOI] reported the following actinide concentrations
in solution after leaching spent PWR fuel (bumup: 50.4 GWdtG') in brine under argon:

uranium: 10 (determination limit) to 10 " mol.l"
plutonium: 10 (determination limit) to 10'7 mol.1'
curium: 1013 (determination limit) to 10'9 mol.l'

The lower concentrations limits where found In presence of metallic iron (see also WP 111.1,
results of sample K4). The concentrations obtained nour integral experiments were on the
same order of magnitude as these lower limit for uranium, and little below the lower limit for
Pu and Cm.
The expected solubility of radionuclide compounds In a geological repository at pH 7.5 with a
redox potential of about -100 mVSHE and a CO2 partial pressure between 102 and 10.1 atm
were reported by Guillaumont [94GUI] as follows:

uranium: 101 to 1O mol.r'

plutonium: - 104 to 10' mol.1 '
americium: 104 to I04mol.l'

The aqueous species considered were hydroxide and carbonate complexes. Given the
similar behaviour of americium and curium as trivalent actinides, we compared our curium
concentrations with the solubility data reported for americium. While our uranium
concentrations were within the indicated range, the plutonium and curium concentrations
were much lower.- -- -. - . -
This point Is of particular importance. Disregarding possible radiolysis phenomena, spent fuel
alteration under the'reducing conditions imposed by our experiments can be modeled by
chemical phenomena based on the solubility of uranium compounds. With additional uranium'
released by the environmental materials, the solubility limit for the uranium compound(s)
could be reached more quickly than through alteration of the spent fuel alone, possibly
slowing down the alteration rate. Moreover, radionuclides'- and notably the'transuranic
nuclides - are retained by the environmental materials, leading'to very low colicentrations In'
the aqueous phase.

Congruence of Radionuclide and Elements 
Assuming strontium is a suitable fuel tiiatrix alteration tracer, the release of a radionuclide or
element (X) is congruent with the spent fuel matrix if the total cumulative released inventory
fraction is equal to that of strontibm,'i.e. if the ratio (FITxIFITs.) is equal to 1.

In these integral experiments the calculated released inventory fractions -sorbed on the
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environmental materials and on the stainless steel walls are less than or equal to the actual
values: because the rinsing operations for the leaching pot, sample holder and environmental
materials were not 100% effective, notably for the actinides.
If the transuranic radionuclides were released congruently from the spent fuel matrix, the
FITT,,rc/FToj ratios should be less than or equal to 1 for 2%W24Pu, 3 Pu+24 Am and
2"Cm. This should also logically be the case for 238U; however, as noted above, the relative
23OU fractions were altered by the additional release of this isotope from the environmental
materials. The FIT6j/FIT.s, ratios can thus be expected to exceed 1.

Caesium is released from spent fuel by several mechanisms: release of labile activity, of the
activity segregated at grain boundaries, and congruent release with the fuel matrix. The
activity segregated at grain boundaries accounts for the fact that the cumulative inventory
fractions released into the aqueous phase are about an order of magnitude higher for cesium
than for strontium. The preleaching eliminated the labile. activity and part of the'grain
boundary activity. Our spent fuel particles in the 50-250 pm size fraction included many
unexposed grain boundaries: the segregated activity at the grain boundaries is released
gradually over several years. Hence the expected values exceed 1 for the FlfrS/FIT.0, and
FIThsc,/FIT..t ratios.

The ratios calculated from the total released inventory fractions' (TABLE 111.3.4) are shown in
TABLE- 111.3.8. Despite the analytical errors and the many operations performed, the
calculated ratios were within the expected ranges In most cases. Three discrepancies were
noted:

TABLE 1113.8. Gravelines 3+2 spent nel Integral leacing experiments:
Values of FITI Flies, ratios

X Clay/Grarie GranitdGranite caylJlayey GrandtqCaye7
Groundwater Groundwate Groundwatr G.dwater

"Sr 1.00 1,00 1.00 1.00
IMCi203 2.23 1.05 2.03
MC 2.25 237 1.15 2.16

M..% o 531- 0.05 0.34 0.16
2XP+'Arn 0.66 0,08 0.14 0.17
2MCm 0.41 0.13 0.34 015
MU 3.26 5.32 0.78 5,70

The fITTn,.,F/I7Tms ratios were well below 1, except for 2 240Pu in the claylgranite water
medium (5.31). A expected, the device and environmental materials rinsing operations did
not desorb all the transuranic nuclides and the obtained values' were underestimated. C &

Moreover, the ,analytical. uncertainties -were- appreciable (30-50% on the activity
measurements). The aberrant value of 5.31 Is certainly an artifact, and corresponds to
unusually high released 2204Pu Inventory fractions sorbed on the environmental materials
and on the stainless steel walls.

As expected from U release from environmental materials, the FITufFT& ratios were
higher than 1, except in the clay/clayey water medium (0.78). In addition to the analytical
uncertainty,' a large quantity of uranium may have precipitated on the fuel surface and was
not dissolved during the sample-holder rinsing step..
The third discrepancy concerned the inconsistently low (1.05 and 1.15) total caesium inven-
tory fraction released into the clay/clayey water medium. If the labile activity release is
assumed equal In all the media and if caesium Is released congruently from the fuel matrix,
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then the ratio of the total released activity fractions for caesium and OOSr should be similar in
all the test media. It is unlikely that a smaller amount of labile activity was released from this
fuel powder specimen, since the preleaching step was performed on the entire powder
sample, which was then divided Into leaching specimens of equal mass and placed in'the
sample-holders.

ComDarative Mean Leaching Rates

In order to estimate the actual sprith ate, we considered the total 90Sr inventory
fraction'released in each exp ithents and obtaine the following mean leach rates:

clay/granite water: 0.57 * 0.07 mg m 2d'\

granite/granite wate 0.19 ± 0.03 mg -m-d'|

clay/clayey water. t0.35 0.05 mg-m 2d'

granite/clayey water: 0.20 ± 0.03 mg 2

These mean rates overesma he9 ent fuel matrix leach rates since they include'
the rapid Initial release due to dissolution of the oxidised layer on the fuel surface. This factor
cannot be disregarded In experiments of short duration such as these. Th6se ates are all on
the same order of magnitude, and were lower in the granite'media. They were significantly
higher than the corresponding apparent rates (by a factor of 1 0O-.1 50 in the clay media, and
50-60 in the granite -media); -these factors are consistent with the higher strontium
distribution coefficients for clay than for granite. : - -

TABLE 111.3.9 indicates spent fuel leachrates published in the literature, together with the
experimental conditions under which these values were obtained. The table also Includes the
rates measured during'these Integral leaching experiments, -although they are not directly
comparable: the' rates 'calculated from the cumulative nventoiy fractions released Into the
aqueous phase are apparent leaching rates,-covering not only leaching of the spent fuel but
also sorption and (co)precipitation phenomeia 'related to the presence of the envirorimental
materials.
The mean rates can be compared with the' published values. The rates obtained in this
experiment were on the'same order'of magnitude as those'reported by Grambow et a.
[96GRAILOI] for fuel pellets (50.4 GWd-t') In argon atmosphere In the presence of iron, and
by Gray et a. '[92GRA/STR] for 15-25 pm' powder samples (33 GWd-tV) at low oxygen
partial pressures (0.003 atm, i.e.. 3000 ppm), but higher than the results obtained by
Grambow et al. [96GRAILOI] for 3 prm fuel grains (50.4 GWd-tV') in argon atmosphere.
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TABLE 11I.3.9. Spent fuel leach rates published

Bumup Partile. Leaching Time T Leachant pH Poz Carbonate Other Leachh rate Reference
(GWItU) Size Mode (days) ('C) ._. _._(atn s (mc.L ') .mg.m 4.) _

31,5 fragment flow (Soet) 100 100 Bidisted water Air with granite 0,04 195GLArOS.
50,4 pellet static -750 25 NaC ISM 9.2 Ar I [96GRVLOI]
50.4 pellet static -750 25 NaCI 5M .7,8 Ar 1
50,4 penet static -750 25 Deionized water 7,3 Ar 3 6 4 194LOVGRAJ
50,4 pelbt static -750 25 Delonzed water 7,3 Ar 3h4
50,4 grans -3pm static -750 25 NaCI M 8,3 Ar 0,05
50,4 gans -3im static -750 25 NaCI M 8.6 8, Ar 0.05
50.4 pellet static -750 25 NaC M 9.6 Ar Fepowder 0,2
50,4 pellet static -750 26 NaC M 9,6 Ar Fe powder 0,1
50,4 fragnent static -750 25 NaCI M .7.2 Ar .. 2

33 15 to 25pm flow 50 2x 4NaNaHC Os 9,0 0,200 2x10 8,3 192GRAMEI

33 15 to 25 pm fow 50 2x10 Na SaXC* 9.0 0,200 2x104 7,1
33 15 to 25 pm flow 50 2x104 NaC/NaHCOs 9.0 0,200 2x104 5.1 (94STFGRAJ
33 15 to 25 pm now 22 2x104 NfCO,~MbCO, 8.0 0,200 2x104 : 3,5
33 15 to 25 pm flow 74 2x104 NajCO,/NaHCOa 10,0 0,200 . 2x10,
33 15 to 25 pm fow 74 2x104 NaCOAaHC0 8,0 0,200 2x104 8,8
33 16 to 25pm flow 21 xe NaCOlNaHCO, 10,0 0,200 2x104 0,8
33 15 to 25 pm flow 22 2x104 NaCOaHGOs 9,0 0,200 2x104 2,8
33 16 to 25prn flow 22 2x10' Na8 CONaNCO3 10,0 0.200 2x104 2.0
33 15 to 25 pm flow 27 2x104NajCONaHCO 8.0 0,020 2xW' 1,8
33 15 to 25pm flow 78 xe NaCOINaCO3 10,0 0,020 2XIV 1.5
33 16 to 25 pm flow 25 2xI04$Na& aHCOs 10.0 0,020 2104 2,1
33 15 to 25 pm flow 77 2x10 NaCO/NaHCOs 8,0 0,020 2x104 2,9
33 15 to 25 pm flow 23 2x10J NaXCO aHCO 8.0 0,003 2xI04 2,8
33 15 to 25pm now 74 2xe N NaHCO, 10,0 0.003 2x10 0,7
33 16 to 25 pm fow 78 2x104 NaCO/NaHCO, 8,0 0,003 2x10- 2,0
33 15 to 25 pm flow 19 2x104Naa NC0IaH" 10,0 0.003 2x140 0.5
33 15 to 25pm flow 50 2xIO4 NaaCOa/NaXCOs 10,0 0,003 2x10J 1,0
33 1 to 25 pm fow 21 2x10J NaCOlNaHCOj 9,0 0.003 2x,10, 1.9
33 15to25pm flow 75 2x104 NaiCOVNaHCO. 10,0 0,020 2104 4.8
33 .mean - . 3,1

30 fm nts drip test 581 90 EJ13well 8,4 Air 3,3x104 0,7 (95FIN/BUCJ
43 fragments drip test 581 90 EJ13we 8.4 Air 3,3x104 1,5

apparent overall' Our work
60 50 to 250 pm quasl static 77 90 Granite grourxfwater 7.8 ArH/,CO 6.2x10 Clay/sand +Fe 0,004 0,57
6o 50 to 250 pm quan! static 77 90 Granite groundwter 7,8 ArACO2 5,2xl04 Grante + Fe 0,003 0.19 mean
60 50 to 250 pm quasl static 77 90 Clayey groundwater .8,8 /rHivCO, 1,4x10J Clay/sand Fe 0,003 0,35 rates
80 50 to 250 pm quasi static 77 90 Clayey groundwater 8.8 ArMisCO 1,4x10' Granite + Fe 0,004 0,20

'RAtsI~qIAldAflduit "Rhuimi yn thomnntnrrhi AAIW ,ihudca/n I,.
J
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Results and discussion of SIMFUEL Integral leaching tests

Evolution of chemical environment ' : ' - '

Redox Potential :

The measured potentials were below -310 mVSHE In the clay media, and below -160 mVSHE
in the granite media. Both of these values are upper limits, as the solution may have been
slightly oxidised on contact with air when the pot was opened before the measurement.

In the clay experiments, the redox potential measured for the synthetic groundwater was
consistent with actual groundwater potentials,,while In the granite experiments the measured
values were.slightly higher than the actual groundwaterpotentials (the lower limits of the
redox potential are -250 mVSHE for clayey groundwater and -300mVsHE for, granite-,
groundwater). Nevertheless, the measured potentials may.be considered satisfactory'and
representative of the reducing conditions of a geological repository site.

pH . . , . . -

The results are detailed in TABLE 111.3.11. The.pH of the synthetic groundwater samples
was stable within 0.1 pH unit. The measured pH ofthe granite groundwater was 7.9 for the
clay experiment and 7.8 for the granite experiment (slightly higher than the initial pH of 7.6 at
the moment the sample wasprepared). The corresponding valuesfor the clayey synthetic.
groundwater were,8.2 with clay and .8.4.with granite, compared with the initial value of 7.8).
Contrary to the spent fuel leaching experiments, no drop in the pH was observed.
TABLE M3.11. SIMFUEL integral leaching experiments : pH measurements In weekly samples

Samping n 1 3 * 5 7 . 9 FaI Fil
Supernatant

Clay/Granite Groundwater 7.8 7.8 7.9 .8.0 3.0 8.0 .7.S

Granite/Granite Groundwater 7.8 7.8 .7.8 . 7.8 7a? 7.8 3.3

Clay/Clay Groundwater 8.1 8.1 8.1 3.2 3.2 .2 8.0

GraniteClay Groundwater 3.4 8.3 8.4 3.4 S.4 8,6 8.4

Major Cations in Final Supematant
The major cations present In the groundaters in the final supernatants are Indicated ,In
TABLE 111.3.12 with their initial concentrations.

TABLE 1I3.12. Simfuel Integral leaching experiments:
Major cation concentrations (m6l rl) in leachates (precision: K, Al 5%; Mg, Ca, Na, Si 3%)

ranite Groundwater - -,-e-, Clayey Groundwater
-. ' _ .Gra, _e .o.ndat e.-. . _ .

synthesized
FinitLeachate Final Leachate

Clay/Sand 1- Granite 
.:-As, I1 FinalLeachate 

synthesizedI Clay/Sand- 
* .Final Leachate

Granite
K S5.7x103 2,ox 10' *.8 10-4 : 3.Ix1 '4 1. x O .9Xl0'

Ca . 6,9x10' 1.9 x10' -2.81 04 q.S.X 10 1Sx 1.2x104

Na -44. x0' . .5.. 4x0' 4.9x10'. I.7 10-2 I1 10IO2 1.3x10

Al' 1.1x1' 3,4x10 4 3,2xl 0' ad 3.3x10' 1.4x0's

Si 1 1 0'- 1.3x10' 1.7 10' iid 1.X10 1.6 10'
M g nd 1.5iIOA. 4.1x 10'i 1.OX 1 I 5.8X 10'1 I __________

no: nor aerernnea
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The leaching solution was modified during the SIMFUEL leaching experiments. Significant
potassium and calcium enrichment of the granite water'was' observed; in particular, the
calcium concentration rose from 6.9 x 10 to 1.9 x 103 mol-l' in contact with the clay/sand
mixture. The sodium and silica concentrations increased slightly. The cation composition
modifications were less significant in clay water the calcium concentration increased while
the potassium, sodium and magnesium concentrations diminished slightly.

Colloidal Species.
The distribution of elements in colloid and dissolved form was calculated from the analysis
results for filtered and ultrafiltered''aliquot samples of the final''supematant solutions,
(Appendix 5, TABLE 10). Regardless of the test'medium, most of the Sr, Mo, Ba and U were
present as collolds (84-88% of the strontium, 61-88% of the molybdenum, 69-97% of the
barium and 81-89% of the uranium), contrary to the spent fuel experiments in which virtually
all the Sr, Mo and U was found indissolved form.

Leachino Kinetics

The CP-MS analysis results are indicated in Appendix 5, TABLE 22. Only Sr, Mo and Ba
were determined in all the samples. The Y. Zr, Ru, Rh, Pd, La, Cb and Nd concentrations
were always below the determination limit (2 ig-V'). Uranium was found In scattered samples
at concentrations ranging from 5.2 to 46 pg-r . As in the'spent fuel leaching experiments, the
final supernatant analysis was not taken Into account in the kinetic study, since this sample
was taken under different temperature and redox conditions. The study thus'covered the first
84 days of leaching.

Cumulative Inventory Fraction Released nto Aaueous Phase

The cumulative SIMFUEL inventory fractions released into the aqueous phase are indicated
in Appendix 5, TABLE 11. The observed fractions were generally very high, on the order of
103 to 101, and increased in a regular manner throughout the duration of the experiments
(FIGURE 111.3.13).

In all the test media, contrary to the spent fuel leaching experiments, the cumulative
molybdenum inventory fraction released into the aqueous phase was lower than for
strontium. The contradiction is only apparent, however these results include '8Sr, which is
known to be released in large proportions by the environmental materials.

The FIAc for each element is indicated as a function of the cumulative contact time in each of
the test media.

Molybdenum
The cumulative released rriolybdenum fraction appeared to be higher in the granite tests
(rising from 6.1 x 10-3 to 1.1 x 102 in the granite/granite water medium and from 1.3 x 10-2 to
2.3 x 1 o-2 in the grante/clayey.water medium) than in the clay tests (1.4 x 1 03 to 2.4 x 10 in
clay/granite water and 2.9 x I0 to 32 x 104 in clay/clayey water). These fractions were
generally higher than those, observed during the spent fuel leaching experiments (1.1 x 10"
to 8.3 x 10"). The molybdenum' analyzed in the aqueous phase came from the
environmental materials as'well as from the SIMFUEL. The proportion of molybdenum from
the environmental materials cannot be estimated until the results of the control tests
(environmental materials without fuel) are analyzed.
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FIGURE 3.13. Simfuel leaching experiments: FlAc of elements (A) Clay/Granite water medium; (B)
Granite/ Granite water medium. (C) Clay/Clayey water medium; (D) Granlte/Clayey water medium.

Baium

The cumulative barium fraction released Into the aiueous phase was' on the same order of
magnitude in all the test media, ranging from 8.2 x 1 04 to 2.7 x 1 0' in the clay/granite water
medium, 'from 4.2 x 103 to 1.7 x 102 in" the' clay/clayey water 'medium, rom 5.4 x 10 to
1.5 x 102 n the granite/granite water medium and from 1.3 x 1043 to 7.8 x 1 O In 'the
granite/clayey water medium. As for molybdenum, some of the barium in solution was.
released from the environmental materials and not from the SIMFUEL'

Released Materil Balance ': . ' '

Pending the results of the blank tests, no conclusions can be drawn'concemirig the
SIMFUEL leaching behaviour in the test media. Nevertheless, the solution analysis results
are presented below. The "filter rinse" solution analysis results are detailed in Appendix,,
TABLE 23, and the analysis results of the material rinse", the alkaline melt' when
applicable, the "pot rinse" and the .ample-holder rinser in Appendix 5, TABLE 24. r 

Strontium,- molybdenum and barium were always determined in the filter rinse solutions,
whereas the Ru, Rh and Pd concentrations were always below the determination limit; Y and
Zr were rarely determined In the granite water medium. The La, Ce and Nd concentrations
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could be determined in about half the granite water solutions, but never in the clayey water
media.

The materials rinse solutions were indicative of the elements released by the environmental
materials. For example, 3 to 4 times more strontium and 5 to 8.5 times more barium were
released from the clay than from the granite, while 5 to 11 times more yttrium and 10 to 50
times more uranium were released from granite than from clay. The granite also released
larger amounts of lanthanum, cerium and neodymium than the clay, the same was true for
molybdenum, the concentration of which was below the determination limits (25 and 50
pg-'1) In the media containing clay.

The pot rinse solutions also reflected the alteration of the environmental materials. The
solutions from the clay experiments contained larger quantities of strontium and barium, but
smaller quantities of yttrium, zirconium, uranium and molybdenum than the solutions from the
granite experiments.

The sample-holders for the clayey water tests were rinsed by'error with 1 M nitric acid rather
than with Milli-Q double-distilled water, and the results thus cannot be taken into account. In
view of the low concentrations in the sample-holder rinse solutions, they may be disregarded
in determining the overall material release balance. In the granite water tests, the granite was
again observed to release more molybdenum and uranium, and less strontium and barium
than the clay.
Solid state analyses of leached SIMFUEL samples

SIMFUEL particles leached in the clay/granite water and granite/granite water media were
sampled for SEM observation after the sample-holders were rinsed in Milli-Q double-distilled
water. No precipitates were-observed'on the fuel surface: either none were formed, or any
existing precipitates were- dissolved after the pot was opened to air (restoring oxidizing
conditions) and the sample was rinsed for 24 hours in double-distilled water.

Intermretation and Discussion

Pending analysis of the blank tests (SIMFUEL alone or environmental materials alone
leached separately in synthetic groundwater) it is impossible to discriminate between the
elements released from the SIMFUEL and those released from the environmental materials.

Redox Potential

The redox potentials measured at the end of the SIMFUEL leaching experiments were
representative of the reducing conditions expected In a geological repository. As the hot-cell
procedures implemented for the spent fuel leaching experiments were identical,, it may be
assumed that similar redox potentials were reached in those experiments. This assumption is
corroborated by. the uranium concentrations (on the order of 1 o molr') measured during
these experiments.
The uranium concentrations in the weekly SIMFUEL leaching solution samples were
generally below the ICP-MS determination limit (4 jig-ri In this case). Nevertheless, uranium.
was determined in the final supematant solutions at concentrations of 32 and 58 pg-rl in the
clay tests, and 2728 and 152 pg-r In the granite tests. We Infer that uranium(IV) was
oxidised to uranium(VI) In the final supematants, causing it to enter solution; each 50 ml final
supematant sample was obtained In successive 5 ml fractions with a micropipette after
measuring the redox potential, favouring rapid oxidation of the solution.

Colloids

The SIMFUEL supematant solutions were analyzed more than two weeks after sampling,
compared with less thian a week for the spent fuel experiments. Colloids may have'
developed during this period, particularly since the leachates contained Iron, which oxidises
to Fe(lIl) and can precipitate In hydroxide form, favouring the formation of colloids.
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Alteration of Environmental Materials

Alteration of the environmental materials was revealed by the high orders of magnitude (102
to 10 3) of the cumulative inventory fractions of Sr, Mo and Ba released into the aqueous
phase, and by the changes in the major cations in the groundwater.

Contrary. to the results observed for the radionuclides In the spent fuel experiments, the
cumulative element inventory fractions released into the aqueous phase did not diminish
during the first few weeks. We monitored the release of radioactive (i.e. labeled) species in
the spent fuel tests, making It possible to discriminate between the strontium released by the
spent fuel (Sr) and by the environmental materials (Sr). A similar distinction could not be-
made for the SIMFUEL tests: only the overall release of elements from the SIMFUEL' the
environrimental materials and sorption of (co)precipitation phenomena could be observed;
most of the strontium was released into solution from the environmental materials.

Conclusions on Spent Fuel and SIMFUEL Leaching under Integral test conditions

We investigated the influence of four combinations of simulated groundwater and
environmental materials at 900C under a pressure of 40 bars: a clay/sand mixture with
granite water, granite and granite water, a claylsand mixture with clayey water, and granite
and clayey water. Leachate samples were taken at weekly intervals, and the final overall
distribution In the closed, multiphase systems was analyzed.
We assessed the leaching behaviour of several radionuclides (Sr, 'Sr, '34Cs, '3Cs,
29 240Pu, 240Pu, mPu+24 'Am, 2 rCm and mU) and of molybdenum to provide data on the
corresponding elements. Some elements were found both in the spent fuel and in the
geological materials. Strontium was' of particular interest in that It is considered as a fuel
alteration tracer.

In addition to the technical difficulties, a number of experimental difficulties were also
encountered. Although the labile activity and a fraction of the activity segregated at the fuel
grain boundaries (0.83% of the calculated initial 137Cs activity) was eliminated prior to
leaching, the activity of certain radionuclides predominated over that of the others, and thus
complicating the radiochemical analyses. Moreover, low or very low quantities were leached
from the fuel, and the elements were sorbed differently by the environmental materials. In
addition, the quantities of the stable elements in the SIMFUEL - and even of uranium - were
sometimes at the detection limits of the ICP-MS system.
The overall results of our 91 -day leach tests with 60 GWd-tU-1 spent fuel show that the
radionuclides were predominantly found in the environmental materials rather than in the
aqueous phase: depending on the species and the nature of the environmental materials,
they retained between 66% and 99% of the activity released from the spent fuel. Some
species in solution (e.g. curium and plutonium) were also sorbed on colloidal particles.
Concerning the dissolved species, we observed that the groundwater composition was not a
major factor, and that the cumulative actinide Inventory fractions released into the aqueous
phase stabilized after about one month, following which the concentrations In the aqueous
phase were about 104 molirs for uranium, 1012 mol 1'' for plutonium and 10'13 to 1044 mol l-1
for curium. These low values were attributable to sorption on granite or clay. The behaviour
of these species thus depends on fuel leaching, on multiple Interactions, on the equilibrium
with unidentified crystalline or amorphous phases and with the environmental materials.

The material balance for the 'Sr released from the fuel during the experiments were twice as
high with clay as with granite. Additional studies of longer duration will be necessary before It
may be asserted that the presence of smectite 4a clay is detrimental to the durability of spent
fuel. Strontium was retained In larger amounts by clay than by granite, while the 90Sr
concentrations in the aqueous phase were comparable for all the test media.
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The mean spent fuel alteration rates determined from the total 90Sr
release in the test media were consistent with other published findings:

inventory fractions

clay/granite water medium:

granite/granite water medium:

clay/clayey water medium:

0.57 : 0.07 mg-m2 dc

0.19 ± 0.03 mgm'2cr'

0.35 ± 0.05 mg.m'2d
granite/clayey water medium: 0.20 * 0.03 mg d-nc'

When the blank tests have been completed and analyzed, we. will be able to quantify the'
proportions of elements and radionuclides released by the environmental materials alone,
without the fuel, and to determine the quantity of material released by spent fuel in the
absence of environmental materials. We will then be able to interpret the SIMFUEL leaching
experiments and, perhaps, to Identify a possible radiolysis effects on fuel leaching behaviour.
We will also be able to assess the possible effect of the environmental materials on the
quantity of material released from the fuel, at least over the duration of our experiments. The
results were not available for the final report.
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WP IV: MODELLING

The final goal of the experiments in the project is to develop sufficient quantitative
understanding of the spent fuel dissolution process to develop models for allowing
meaningful long-term prediction by source terms. Due to the complicated nature of the
overall reaction mechanism,' a series of submodels was developed. To account for the
electrochemical 'nature of the dissolution process, three electrochemical models were
developed by various laboratories.- Modelling by ITU was focussed on quantification of
experimental errors caused by defected electrode samples (see WP 1.6/7). At FUB a model
is developed (WP 1.6t7) to rationalize the effect of carbonate and on the calibration curves
(corrosion rate versus electrochemical potential). Progress has been'made in combining
electrochemical and geochernical data and models to provide a mechanistic basis for source
term development and to identify rate regimes and oxidative dissolution thresholds in the
frame of Eh/pH-diagrams. Geochemical reaction path models describe the evolution of solid
and liquid phases, deal solid solution models account for the incorporation of radionuclides
in solid reaction products. A problem of these models is that they apply equally well to
unirradiated U02 and to spent fuel without accounting explicitly for the differences.
Developing radiolysis models shall close this gap.

WP IV.1 REACTION PATH MODELLING OF SPENT FUEL BEHAVIOUR AND
ACTINIDE CHEMISTRY

Geochemical modelling of the reaction path of spent fuel in saline solutions was carried out
at FZK both for oxidizing and reducing conditions. The evolution of solution composition and
the quantity of newly formed secondary reaction products were calculated both as a function
of the amount of spent fuel dissolved and as a function of time. The calculations were
performed with the geochemical code E3/6, using the Pitzer equations' for activity
coefficient calculations at high ionic strength.

inder oxic closed system conditioris (calculation Iresults: FIGURE IV.1), for the simulated
stepwise addition of U02 into an air saturated NaCI solution. Na-polyuranate was calculated
to be the first phase to form. Indeed, Na-polyuranate was observed in coprecipitation tests.
This resulted in a decrease of solution pH to values of about 5 and to U concentrations of
about 1O5 m, as observed experimentally. Due to the redox buffer capacityof U02, further
simulated addition of U02 to the solution resulted in a the consumption of oxygen and a
decrease of Eh, in the redissolution of the Na-polyuranate and the formation of different
types of superstoichlometric uranium oxide phases.''
U0 2 dissolution under reducing conditions was simulated (FIGURE IV.1.2) by repeating the
calculations In a similar way as'before,'considering this time the co-dissolution of U02 with
iron. As before, Na-polyuranate was predicted to be the 'first phase to form. However,
dissolved oxygen from air is expected to be consumed fast by the oxidative corrosion of iron,
leading to the formation of hematite. Once all oxygen is consumed, the Eh drops and both
hematite and Na-polyuranate become thermodynamically unstable. They are predicted to
redissolve,; driven by the formation of uraninite and magnetite. In reality, the dissolution of
hematite is very slow and It is' unlikely that It will occur in experimental time. Also in the
experiments Goethite and not hematite were observed. Though goethite is less stable than
hematite, is formation is favoured kinetically. Such kinetic constraints would have to be
considered into the modelling to allow for a closer match with experimental reality. In
contrast, the observed increase in solution pH is indeed observed experimentally (Appendix
2, TABLE 19).
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FIGURE IV.1.-2: Geochemical simulation of the reaction path of U02 in 95% saturated NaCI solution
under anoxic closed system conditions (absence of radiolysis). Black dots: Experimental data, Appendix 2,
TABLE 19) -:
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The results of the above calculation provide a reasonable explanation for the variation of
solution pH under oxidizing and reducing conditions in salt solutions: It is very important to
know if it is just an experimental artifact that the pH under oxidizing conditions becomes as
low as 5, because radionuclide solubilitles become rather high under these conditions. The
calculations show that this is not an artifact but that low pH results from Na consumption for
polyuranate formation. This is. not expected under reducing conditions, because no Na-
containing U(IV) solid phases are expected to be formed. Also low pH values are not
expected in oxic granite or clay waters. In these solutions much less alkali elements are
available to become ncorporated nto U(VI) secondary phases.

Reaction path of U0 2 In granite water.

The reaction path for U02 dissolution in granite water is studied by FZK. Particular emphasis
was on modelling the experimental data in saline granite water under oxic conditions, studied
in WP 1.4-1.

-4-

1.81

log SNVOrn [dfmI

FIGURE IV.1-3: Time dependent reaction path of U0h dissolution In oxic saline granite waters (EQ3/6-
calculation by FZK)

In order to compare experimental data with reaction path calculations,. reaction progress
values are translated to reaction time, using a rate constant of UO2, dissolution in saline
granite water. This rate constant has been determined from experimental data of VTT (0.3
mglm2d, same data as in FIGURE 1.4-5). With respect to phase selection, two reaction path
calculations are compared: (1) uranyl silicate formation (haweeite, soddyite) Is Ignored and
(2) Haweelte is considered also. FIGURE IV.1-3 shows that only case (1) Is compatible with
the VTT-data. Discrepancies were even more pronounced when soddyite is also considered
(results not shown). In all calculations, at very high reaction- progress (long time)
becquerellite and/or Na-polyuranate formation are predicted- to occur. Though these
predictions were not yet validated by solid phase Identification techniques, two unambiguous
conclusions can be drawn from these calculations: (A) The decrease In the rate of U
accumulation In solution and the approach of steady state U concentrations is quantitatively
compatible with a constant rate of U02 dissolution (dissolution/ precipitation mechanism). (B)
If uranyl silicate formation (haweeite and/or soddyite) has occurred In the experiments this
must be a non-equilibnum process (limitations in the precipitation rate).

Electraogeochemical model for spent fuel matrix dissolution mechanism

The electrochemical nature of spent fuel matrix dissolution under oxic and anoxic laboratory
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conditions has clearly been confirmed by our project. It hasbeen shown that a simple
relationship between corrosion 'rate and corrosion potential holds, independent on
groundwater composition ("calibration curves"). Thus, the effect of groundwater composition..
on fuel matrix dissolution rates is associated to an effect of the geochemical environment on
the corrosion potentials. If we would know the corrosion potential of U02 or spent fuel in a
given groundwater, we would be able to predict the corrosion rates. Since geochemical
conditions in the repository near field depend strongly on waste package design, a generic
approach is taken, allow prediction of corrosion potentials.

B 0
S..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0.C " -

-oA

0

H2

-0
1 2 3 4 :S 6 7 it 9 1 11

pH

FIGURE IV.14: U02 dissolution, log pO1=-29, HCO,=O, pH dependency of (A) equllibrium ref. potential
of anodic and (B) cathodic half reaction (=Eh) (C) corrosion potential

This Is pursued at NE-FZK by explicitly coupling of electro- and geochemistry The corrosion
potential (no net current) at the surface of U02 is calculated by searching the potential at
which anodic and cathodic partial currents' equal.'With the 'electrochemical data- obtained
(WP 1.617), the two partial currents are calculated as a function of the potential difference to
two reference potentials. The anodic 'dissolution rference 'potential is the equilibrium
potential for U02 + 2e' U02r Ea E. + RT/2F In aUO2+., with aU02 calculated from total
U(VI) 'concentration in solution, considering 'activity coefficients, hydrolysis and complex.
formation constants (curve 'A, FIGURE IV.1 -4).' As equilibrium, potential for the cathodic
reaction (oxidant reduction) the solution Eh is used. The' interpretation of measured solution
Eh is ambiguous, but Eh Is' a'master variable in the assessment of redox properties of
geochemIcal systems. The Eh is related to the oxygen partial pressure PO2by the equation

Eh= Eo + RT/ZF In (p02 4H/a4 2) - . (IV.1.1).
! * . .. .. .. .' - . . .. - ............................................ 4-................... 

Eh-values (in V) measured forair saturated waters can typically be described by a relation,
t I * , - . -.; ..* --..~~~~~~I .4

Ehar'- (13±2 pH).0.0592 V, *' (IV.1.2)

corresponding to a nominal equilibrium partial pressure of 02 of.O1s 9. In contrast,''
thermodynamic equilibrium with air would yield a relation ' , - .

Ehvemcd=(20.77 - pH).0.0592 V. (IV.1.3)
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For modelling air saturated waters the empirical relation (V.1.2) is used (curve B). The
calculated corrosion potential (curve C) is then situated between the two equilibrium curves B
and C.

100
19D
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FIGURE IV.1-5: Comparison of predicted and measured corrosion rates of U02 In various groundwaters
(pH 1.10, HCO3 0-0.1 m, oxic and anoxic)

The approach was tested and calibrated (Figure IV1-5) using rate data for U02 corrosion,
obtained in the present and the past EU-project for a variety of pH, Eh, and carbonate
concentrations. As far as available, the experimental Eh was, used. Missing Eh values were
estimated. Ehr was used (corresponding to log'pO2 - -29) for' air- saturated solutions or'
21%0 2/N2 solutions, log pO2 = -30.4 for 5%0JN2 and log pO2 -27.6 for solutions with 100%
02. The average deviation of predicted and experimentally measured rates Is about a factor
of two.
The calculations are based on the experimental relation between.corrosion' potential and
corrosion rate corresponding to a be value of 80 mV (see FIGURE 1.6-32). For the cathodic
reaction a bk value of 240 mV/decade (Tafel slope) has been observed In section 1.6. Better
agreement with the' experimental data can be: obtained with lower values,' expected for
slightly oxidised fuel. A best-fit value of 167 mV was used for the calculations. Moreover,
already a change of the anodic reference equilibrium potential for oxidised fuel would. be
different according to the reaction UO2

2+ +1.33 e' +0.33 H20= 1/3 U307 +0.66 H. Anodic
exchange current densities were 5*1012 ANcm2, cathodic ones were 5-10'11 A/cm2. The
approach also provides a quantitative. interpretation of the dependency of calibration curves
on carbonate concentrations (compare FIGURE IV.1-6 with FIGURE 1.6-36).
Fractional reaction orders nc for r=r,*[CwJm with respect to total dissolved carbonate vary
with pH. At pH 4 there is no dependency of reaction rates on dissolved carbonate (nc-0), at
pH 5 nc=0.177, at pH 7 ft Is 0.41, at pH 8 to 10 it is 0.53. Similarly, the reaction order np with
respect to pH varies with pH. For pH<4 np=0.35, it is 0.18 at pH5, 0.12 form pH 6 to 7 and 0
at pH 8. Above pH 8 the reaction' rate increases with a very small exponent Of -0.06.
Reaction orders with respect to oxygen partial pressures are only 0.09.

The electro-geochemical model provides a direct interface to full scale geochemical code
calculations as these can be used to calculate both auo. and Eh as a function of 'reaction
progress and near field constraints. It allows to describe reaction rates of U02 directly in
Eh/pH diagrams used in the geochemical assessment of geological nuclear waste disposal
sites (see below WP IV.4).
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FIGURE IV.1-6: Predicted calibration curves in carbonate containing and carbonate free media

Surface complexatlon model

The reaction of U02 with-different types of groundwaters was modeled by ENRESAJUPC
considering the detachment of surface complexes as rate liming step. In hydrogen
bicarbonate medium, the proposed mechanism includes three different steps [99PAB/CAS]:

SteD 1: Oxidation of the surface of the solid

021UO2 +.2 OUO 3 (IV.1.4)

Ste_ Surface co-ordination of U(VI) by HCO;

> U03 + HCOj > UO3 -HC0. . (IV.1-5)

SteD 3. Detachment (dissolution) of the product species

- ~ ' ~' >U03 -HCO3- *k U(VI)(aq)t (IV.1-6)

The assumption of a fast detachment of the carbonate surface'complex (step 3) agrees with
the analysis by X-Ray Photoelectron Spectroscopy [95BRU/CAS]. From this mechanism, and'.'
after applying the stationary state approach to the reaction' intermediate, >U03-HCO3' the
followingrateequationisobtained: ' - -

-. ~kjk2{>UO2It 0t[O2fCOI ..r= Y~k A-2{ 1cU°2}totk4°2J8C°] - - (IV.1 -7)

When the effect of pH Is considered, following a similar'procedure as in the previous case.
the following rate equation Is established 98TORICAS]:

. r . . . . .- .'.. { - -. - . * .

r k1102]>UO2]tkj k2 D - (IV.1-8)
k-1 +k3 +k +k 1 [02]
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In order to validate these models, experimental dissolution rates of U0 2(s) in bicarbonate
media at different temperatures [97PABICAS, 99PABICAS] and as a function of pH
[97TORICAS] have been adjusted to equations IV.1-7 and IV.1-8, respectively by fitting the
kinetic parameters, which have been used for the modelling of experimental dissolution
results published by different authors.

Studying uranlnite dissolution under oxidising conditions, Grandstaff [76GRA] at low
carbonate concentration determined the rate of uraninite dissolution to be directly
proportional to the total hydrogen carbonate concentration. However, the same author found
no dependence when working at higher carbonate concentrations. If the data obtained by
Grandstaff at 23 2C are compared with those obtained by the model in bicarbonate media, an
important difference between the experimental values and the predicted ones Is evidenced,
which can be attributed to differences in the solid phases 89GRA]. Nevertheless, our model
can predict the reaction order change with HCO3- concentration observed by Grandstaff.

Thomas and Till [84THO/TIL] also determined a linear dependence working at low
carbonate/bicarbonate concentrations (<1 mmoi-h) using unirradiated U02 and at 40 C, In
agreement with the mechanism in bicarbonate media.

.9

-10

.1

-12

-5 -4 -3 -2 -1 0
log HCO,1

FIGURE IV.1.7 Comparison between the results obtained by different authors using both spent fuel and
unirradlated U0 2 and the trend predicted by equation V.1-7, represented by the solid line (O
[97PAB/CAS], 0, A [95GRA/WIL], * A [89GRA], X this worL. experiment UODGW2S)

In FIGURE IV.1-7, the results obtained by several authors using both SF and unirradiated
U0 2 under the same oxidising conditions, are summarized. In this case, the treatment of the
whole data gives a fractional dependency of the dissolution rate on the HCOj concentration
which was found to be: 0.60 ± 0.06. The rates predicted by equation IV.1-7 are also plotted in
FIGURE IV.1-7 and as can be seen good fit of the experimental data is achieved. Therefore,
our model derived from unirradiated U02 results is able to predict dissolution rates for both
SF and unirradiated U02, which react at about the same rate.

Thomas and Till 84THOML] studied the rate of dissolution of unirradiated U02 pellets as a
function of pH at 40 C, and they found that the rate Increased with decreasing the pH and
was minimal' in the pH range 5-10. These values are In good agreement with the values
simulated using equation IV.1-8. -

In the case of the work compiled by Grambow [89GRA] using SF, the experimental results
are higher than the estimated ones by equation IV.1-8, but the discrepancies observed are
reasonable since SF rates are being considered.
Concerning the dissolution rates of uraninites [76GRA], experimental values are 2 orders of
magnitude higher than the rates arising from equation IV.1-8
Dissolution rates from a detailed study of the corrosion mechanism of U02, using
electrochemical techniques [89SHO/SUN, 91SUN/SHO], were compared with the values
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calculated using equation IV.1-8 at the experimental conditions reported by the authors. The
calculated values were in ery good agreement with the experimental dissolution rates,
although data are not reported here.

TABLE IV.1-1 Comparison between experimental and calculated dissolution rates

Referen pH [02(aq)] evemntal retad
ce (mo/I) (molm 2s) (moVm 2s)

[89GRA] 5.7 2.6710A 2.9 10" , 1.4-10"
[89GRAJ 5 2.92-10'4 4.1 10 - 4.0-10Ad
[95ER1 7 105 512 - -; -7113

EKL1

Other dissolution rates at different pH using both, unirradiated U0 2 and SF found in the
literature are summarized and compared with the simulated data in TABLE IV.1-1. The
difference between the predicted and measured values is of one order of magnitude or less
except In the case of the data published by Grambow [89GRA].

As in the cases of proton and bicarbonate, the oxygen reaction orders found in the literature
for uranium dissolution vary from fractional values 0.5 up to -1. The two. mechanisms
presented In this work can explain this fact. -

Thomas and Till [84THO/TIL) exposed UO2pellets to oxygen-conhtaining leachants in distilled
deionized water and In granite groundwater at 30 C. In the case of demonized water, a first
order dependence of the dissolution rate on oxygen concentration was obtained.
Unfortunately this trend can not be predicted by equation IV.1 -7.

Nevertheless, the data modelling In granite groundwater, In which experimentally a fractional
order is obtained (0.6) provide satisfactory results.

In electrochemical experiments Shoesmith and Sunder [92SHO/SUN], found a first-order
relationship for U02 dissolution rate as a function of dissolved oxygen concentration working
at 0.1 M NaC0 4 and 25,2C. The approach provided by equation IV.1-7. is presented in
FIGURE IV.1 -8.
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FIGURE IV.1-8 Comparison with the experimental data obtained by [92SHOISUN] using U0 2 and
electrochemical experiments, and the trend predicted by equation IV.1-8, represented by the solid line.
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A first order with respect to oxygen concentration was determined [76GRA] with natural
uraninite powders. The reaction order is in good agreement with the slope obtained by
equation IV.1-8, but again the experimental dissolution rates are two orders of magnitude
higher than the predicted ones, though the data is not shown here.
In the case of SF, some uncertainties in the oxygen concentration dependence were found
[95GRAY/WIL]. At 2MC the dissolution rate has not dependence on oxygen concentration,
while at 75 C fractional dependencies were found (0.35 and 0.79, at 210'2 and 2104 M
HCOj, respectively). Equation IV.1-7 can not explain this behaviour and more experimental
work is needed in order to clarify these aspects.

Christensen [98CHR] developed a radiolysis model taking Into account the gas production
rates, and was able to explain SF dissolution experiments in 5 M NaCI and deionized water,
although the predicted dissolution rates were overestimated one order of magnitude
approximately. One attempt was made In order to simulate the same experiments using the
mechanism presented here," but in this case the- predicted values were several orders of
magnitude lower compared with the experimental values. This disagreement can be
attributed to the fact that radiolysis (see below, WP IV.3) is not considered In the models
discussed here.

WP IV.2 MODELUNG SOLID SOLUTION FORMATION
SF coprecipitation data In saline solutions were modeled [96QUVGRA2]. The elements
studied were Am, Cm, Eu, Np and Pu. From the data that now available on trivalent element
behaviour one can conclude that solid solution formation of (AN,REE)(OH)3(s)" may occur
under this experimental conditions (FIGURE IV.2-1).
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FIGURE IV.2-1 Solubility of Am In case of Ideal solid solution formation (ANREE)(OH) 3 (s).

Using geochemical reaction path models, the nterpretation of SIMFUEL coprecipitation
phenomena in GBW under oxidising conditions has been performed. EQ3/6 [92WOL] and
PHREEQC [97CHNMAC]. The data files used for modelling were datal.comr and
ophreeqc.dat7 for E03 and PHREEQC, respectively.
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FIGURE IV.2.2 Sr concentration fro m experimental and calculated data.

A tentative approach for modelling Sr steady state concentration as a function of pH is given
in FIGURE IV.2-2. In triangle points SIMFUEL leaching concentration values obtained are
given. The lines represent the Sr solubility calculated as function of the control solid phase
considered (celestite, strontianite or calcite). A comparison between experimental
[98SER/QUI] and thermodynamic data [9OPAR/THO] of Sr solubility considering a solid phase
formation support the following chemical control model: For pH < 7 the solid phase that
controls the Sr solubility is celestite; when 7 <'pH <-8 the phase is strontianite, and for pH> 8'
the calcite formation controls the Sr concentration in solution.

WP IV. 3 MODELLING OF RADIOLYSIS EFFECTS

Calculations of spent fuel corrosion and gas,production have been carried out, simulating.
conditions of spent fuel leaching experiments carried out within a previous EU-project In
deionized water the calculated gas generatioh rates were 2.1O4 and 1.1 0 mo (g U)'-d' for
hydrogen and oxygen,' respectively, 6'- 10 times lower than the experimental values. The
calculated fuel alteration rate was 2.2-104 mol UO2 (g U) 1.d' or 92 mg. m 2.d', about 3 times
higher than the experimental rate. Excess hydrogen decreased both fuel'alteration and gas
generation rates. Excess-oxygen Increased :gas generation rates. The gas generation
continued with the same rates for the whole calculation period (5 y). The calculated fuel
alteration (corrosion) rate was higher thar the experimental values (about 10 times). The
fuel oxidation is caused only by water radiolysis in a thin a-irradiated layer. The gas is
produced almost entirely in the gamma-irradiated bulk water. Diffusion of gases from the thin
a-irradiated layer is decisive for the. magnitude of'the U02 oxidation,.and dissolution. If
diffusion is neglected hydrogen is built up In thethin'water layer."This 'results in a
considerably reduced corrosion rate of U'' 

Used nuclear fuel Is mainly U02, which has low solubility in water under reducing conditions.
Although the groundwaters at the expected depth of a disposal vault in granite rock (500 to
1000 m) are generally reducing, redox conditions near the fuel surface may be altered by the
radiolysis of water by the ionizing radiation associated with the fuel.

A previously developed radiolysis model for corrosion of U02.in deionized water
(94CHR/SUN) was used to describe corrosion results from the last (F12W-CT90-0055) and
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the present EU-project on spent fuel corrosion (96GRA/LOI, 95LOI/GRA) for experiments in
deionized water and in 5 m NaCI solutions where, both fuel corrosion and gas production
were measured

The MACKSIMA-CHEMIST computer programrr. j79CAR/HAN) was used. Also, the same
reaction mechanism as used previously (94CHR/SUN, 86CHR/BJR) was applied (see
TABLE 1, Appendix 9). The mechanism shown is slightly modified to include diffusion as
discussed below. In TABLE 2, Appendix 9, reactions in 5 m NaCI solutions are given. The
applied G-values for both y- and a-radiation are shown in TABLE 3, Appendix 9.
It was necessary to modify the model to be applicable also in concentrated NaCI solutions.
By simulation of experiments by Gim6nez et al (96GIMIBAR) on the effect of C on
oxidation of U02 in unirradiated, nitrogen saturated 5 m NaCI solutions a rate constant for the
reaction of CIO' with U02 and U03 H was obtained. The fitted value was 4.10 ms'. The
model was further developed based on -- recent experiments by Kelm and Bohnert
(98KELUBOH1, 98KELUBOH2) on a- and y-radiolysis of 5 m NaCI solutions (in the absence of
U02). The main modification was the introduction-of the radical Cli' as a primary species in
a-irradiated solutions and the primary species CIOH' and Cl; in a-irradiated solutions. These
species are likely to be formed at high cr concentration in the spur by fast reactions of OH
radicals with Cl. Consequently, the primary yields of the other oxidizing species (OH and
H202) are reduced. In the final calculations the primary yields proposed by Kelm and Bohnert
(98KELUBOH1, 98KELUBOH2) were used, see TABLE 4, Appendix 9.

Spent fuel self oxidation and dissolution by radlolysis In deionized water

The model has been used to simulate results fromf a previous EU-contract (F12W-CT90-
0055, 96GRALOI, 95LOVGRA) . In these experiments both fuel corrosion and gas
production were measured deionized water and in 5 m NaCI solutions. A summary of the
original results is given in TABLE 5, Appendix 9. The system is divided into four phases, see
FIGURE IV.3-1, requiring three separate calculations. Irradiation conditions are given in
TABLE IV.3-1

Phase 1: a 30 pm thin surface layer on top of the pellet, irradiated by a-, A-, and

y-radiation. Volume 0.021 cm3. SA 4.2 cm2.

Phase 2: a 0.3 cm layer on top of phase 1, irradiated by f3- and y-radiation.

Volume 1.28 cm3. SA 4.2 cr 2.
Phase 3: The rest of the solution, irradiated by y-radiation. Volume 200 cm3.

Phase 4: Gas phase, unirradiated, volume 250 cm3.

Fuel corrosion takes placeonly in phase 1, whereas'gas production may take place In all
three phases. Oxygen and hydrogen are then distributed between phase 3 and 4 according
to their solubilities.
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Gas phase
Phase 4

Bulk solution,
only y-irradiated
Phase 3

I

A, y-irradiated layer:
Phase 2

a, A, y-irradiated
water layer. Phase 1

FIGURE IV.3-1: Phases considered In radiolysis model

Table IV3-1 Irradiation conditions

Solution:

pH:
Temperature:
Volumes:

U0 2-pellet:

Bum-up:

deionized water

Initial 7, final 5.5-9.6, pH = 7.5 are used in calculations.

250C.

200 ml solution; 250 ml gas; closed system.

7 g, d = 1 cm; V = 0.64 cm3 (if~p 10.96), l-=.0.82 cm. SA = 4.2 cm2

(geometrical surface area).

50 MWd/kg U (193 and 260 W/m), age about 2 y.

Dose rates, gy/h

a

Phase 1 1400

Phase 2 0

Phase 3 0

p
8000
2200

0

..

Y

120

120

80

Total

9520
2320

80

: '-:… . . .. - . . . . .

'.. :.;- .

These dose rates have been estimated, based on similar Swedish fuel (91INGIELK).
G-values: See TABLE 3, Appendix 9, separate values for phase 1 (14.7% a-radiation) and
phase 2. The same G-values are applicable In phase 2 and phase 3.

Solubilities in H20, at 25RC: 2 7.8-1O mo'dodr 3, 02 1.23-iO1 mol-dmrn (at 0.1 MPa).
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Mechanism and rate constants: See TABLE 2, Appendix 9, U0 2 reactions with radiolytic
species were only included In phase 1.

Diffusion of species between phases is accounted for by

Ficks law: dn =AD c
dt dx~

Where A is the surface area and D the diffusion coefficient

de 1 dn A D do
_F = _ .~ _ v = Tdt Vdt V dx

V (Volume) = A 1,; with = thickness of inner phase

We assume steady state from phase 1 to phase 2 diffusion with a zero concentration boundary,

hence dx = 1. (flength of next phase) and dc = c.

dc A- D dc A-D-C D-c=_ ._ = -; = _
dt V d I A*,. h1i.

TABLE I1V3-2 Parameter for diffusion of radolytic species between adjacent phases

Il

cm

lo H2

cm

6*104

02 H202

D, cn 2 s'

k (Phase 1 -+ Phase 2)

k (Phase 2 - Phase 3)

2.7.102 1.9-102

1 .7-10-2 1 .3-1025.103 0.3 4.10-2

0.3 4.6 4.3-10-5 1.8-10-5 1.4-10-

The mass transfer of gases from Phase 3 (bulk solution) to phase 4 (gas phase) Is governed.
by the gas solubility, expressed in MAKSIMA chemist by the kinetic definition of solubility, L.e.
by equal rates in forward and backward reaction.

I kis 1

H2-H 2D (1) 100

H2D-4H2 (-1)

02 -0 2D (2) 100

02 D-402 (-2)

D denotes a species, which has diffused into another phase.
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V 
H2D is defined as H2 (gas); gas

Vliq

k, and k2 are set arbitrarily at 102 s51 and With these rate constants the back reaction rate,
constants ki and k.2 are fixed according to the Henry's law solubility equilibrium

k,-H2 =k--H2D; k H )
I .. ~~~~ H2D, H 2 (gas) V~

Vuq 200 ml, Vga = 250 ml

For calculating B 2 we use for solubility (1 atm H2) = 7.8-104 mol.dm3 (250C)
H 2(gaS)

The amount of H2(gas) in a gas volume of -1 I is

H2 (gas), 1 atm)= 1 23 9 d
22,4 298 

7.8*10-4 -0
k1 =k 78I 1.o--53 sl -

4.09.10-2 250 

In a similar way, for the solubility of oxygen 250C, 1 atm - 1.23 * 104 mol- dm 3 we get

1 23-10' 200 -
k-2 =100* *- 2.41 s

4.09-102 250

The species which diffuse from one phase to a second phase are added continuously to the
second phase simmulated in MAKSIMA-CHEMIST by additional G-values:

Diffsion phase i -2 ...

number of mblecules AC*10- .6.02 102 * 1023 102
.-D, = 100eV,. - 1.65*10'9.100 24*3600 = .0.

AC is the increase n concentration (of diffusing species) in 100 d.

G(H2)Phase 2 G(H2D) Vo((Phase2) . - .; ;
Vol (Phase 2)-

2.13*10-5
1.28*10-3

Diffusion phase 2 e 3

G(D) = AC*10-3 * 6.02 *1023 *103 .102.
4.03 * 10' .100*24*3600
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G(H 2) Phase 3 = G(H2D) Vo (Phase 1) =AC(D) 1.728 1280 10 =AC(D).1.106.10-'Vol (Phase 3) 0.2

Calculated diffusion' controlled rrass transfers are maximum values. Transient diffusion will
yield lower flux from an inner to the outer phase. Also the accumulation of species in the
outer phase is not considered explicitly. If the concentration in the outer phase became close
to those in the nner phase diffusion rates will become lower. This was accounted for by
adjusting the dffusion rate constants. Additional G-values due to diffusion are shown in
TABLE 6, Appendix 9.

Calculation of corrosion rate, CR

CR = AU(V) .270 - 24 * V(H20) 106 Lg. cM 2 -.d

where AU(VI) is the increase in concentration of U(VI) species, moldm3, h is irradiation time,
in hour. V is volume of water (dm3) per cm2 U02.

If the range is assumed to be 30 pm as in previous a-radiolysis calculations then

CR =AU(V) .270-24*30 0.1 = AU(VI) 1.944*104 lg.cM2 *-1

With the results from calculation EU18 we obtain for example AUO 3D (200 d) =AU(VI) =
2.274 mol drn73; h = 200 d = 4 800.

CR= 2.274 '4 =9.21*c0 *do=92mg.m
4800 .2gcn2 c 1 9m m 2 d

The results of all calculations for deionized water are summarized in TABLE 7, Appendix 9.
If the diffusion reactions of H2, 02, and H202 were removed In calculations of phase 1
(calculation No EU15), the final concentrations of hydrogen and U03D (U0 3 removed from
the system) were both low,' 2.3E-3 moldm3, and the, concentrations of- 02 and H20 2 were
very low. This may be expected as high hydrogen concentrations lead to low radiolysis. (H2
"protects" the water from radiolysis.) This effect Is confirmed by our >1000' day corrosion
experiments of spent fuel in the presence of iron (see.., where corrosion rates lower than
1.6-10 4/d where achieved at final H2 pressures of up to 2.7 bar. This demonstrates that the'--
diffusion reactions are Important if external pressures of H2 are low. It was found necessary
to reduce the original diffusion rate constants by a factor of 4 (EU 18). The results are shown
in FIGURE IV.3-2.
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FIGURE IV.3.2 Radiolyrsis In phase 1 (surface layer with cipy radiation). Deionized water. (Calculation
EUlS, Table 7, Appendix 9)

When this calculation was continued in phase 2 the results of EU19 were obtained.' However, ,'.
since the concentrations of 02 and H202 were lower than found for phase 3 (EU2O); difflusion ' 
of 02 and H202 from phase 2 to phase 3 was not allowed in the a new phase 2 calculation ; 
(EU21). This calculation was then continued into phase 3, see EU22, TABLE 7, Appendix 9.
It can be seen thiat stoichiometric amounts of H2 and 02 are transferred into the gas~ phase ' "
(H2D and 02D, respectively). .The gas production rate of .112 and 02 were 1.2.1 0'7arid 6-104'
mo~d, respectively. Radiolysis In phase 3 is very little affected by diffusion from 'phase 2, i e''
the, gas is produced entirely in phase 3;~ (Apparently there is only a' small 'reduction .of gas '

yields In phase 3 due to a small diffusion of hydrogen from phase 2 to phase 3). ';' '
If it was assumed that the gas, phase initially contained 0.1 atmn of air due to a small air
leakage (2-104~ Mpa 02), the mean gas production rates were 4.4-107 and '2.10' mold or
7-104 and 3-104 mol g-' d't for H2 and 02.' respectively,-see EU23, TABLE 7. The gas ;
productibn 'was also increased-if instead a small continuous leakage of air was assumed
(about 1 cm3/d). - ."': - - i ! - -- - . ; -''

In the exp'erimnents (96GRNLOI) usin'g'a pallet (6.4 9' U)* in* deionized water the .gas
production rates-'were' 1.2.10' 'and '9.1047mol '(g U)''-d1 for- hydrogen and oxygen,--
respectively. The alteration rate was 6.4-104 mol U02 g'-d ' (mean values, g refers tog9 U).

In the calculations the mean gas production rates were 1.2-10-7 and 6-104 rno~d for H2 anid'
02,i respectively, corresponding' to 210 O' and 1104' mol(gUyl-d1.' Thus, the calculated
production rates-were Idwe'r 'than' the' experimental rates: -Possible' explanations for .this'
discrepancy may be uncertainty in the' dose rate, impurities In the'aqueous solutions(pr
water was assumed in the calculations),';leakage'of air, 'error's in the model.; (pur' e

.-... i -. i

The' i 'alculated* - orrosion ;--rate . was -- 92 .mg-m'2.d1' . or

9.2* 0 4. --

-2.21 8 mol .g I .uf, about three timres higher than the experimental
270 -6.4.-

187.



value (6.4.10' mol (gU)'1 d1). Discrepancies may be associated to gas production rates and
to simplifications in the calculations of diffusion controlled mass transfer (steady state).

In TABLE IV.3-3, a comparison between calculated and experimental results is shown.

TABLE IV-3-3 Comparison of experimental and calculated corrosion and gas production rates.

Solution Corrosion rate Gas production rates,

mo(gUy1.-cf

calculated experiment calculated experiment

pg.cn2.d1 mol.(gUy 1 -d' mol.(gU' 1.sc1 H2 02 H2 02

5 M NaCI 9.6 2.3-10' 2.0.10 3.10' 1.5.10' 1.9.10 7 8.4.10

Delonized 9.2 2.2.10' 6.4-10' 2.10' 1-1' 1.2-19e 9.104
water

Spent fuel oxidation and dissolution In 5 m NaCI solutions

The experimental details in the spent fuel corrosion experiments in NaCI solutions form the
previous EU-project [96GRA/LOI, 95LOVGRA] and their results are given in TABLE 5,
Appendix 9. The results of the initial 'calculations, using' the G values from deionized are
shown In TABLE 8,' Appendix 9.It can be'seen that a slightly higher corrosion rate has been
calculated' for U02 in salt solutions compared with U0 2 in deionized solutions. This is in
contradiction with'the experimental results. Also, the calculated corrosion rate Is about 10
times higher than the experimental value. .

The introduction of the G values of Kelm and Bohnert' [98KEUJBOH1, 98KEUBOH2], see
TABLE 9, EU125 resulted in a rather large increase In corrosion rate, from 96 to 14.3 Lg
cm2d1. In their experiments, on a-radiolysis of concentrated NaCI solutions, Kelm and.
Bohnert (98KELIBOH2) introduced a set of primary G values with CIOH (from cr + OH) and
Cr3 (from'C2' +CI21, as' primary products, formed In the' spur due' to the high Cl'
concentration. Some'further calculations were carried out to' simulate'the experiments by
Gimenez et al. (96GIMIBAR), where the corrosion of U02 from CO' In' unirradiated solutions
was studied. By further decreasing the rate' constant for RE35 and 45 (reactions of HCIO with
U0 2 and UO3H) a better agreement between calculated and experimental corrosion rates
were obtained: 0.56 and 0.52 pg cm'2 * d', respectively. ki3 and k4s were decreased to 4 E-3
from the previous value: 1 E-2. The resulting file is shown in TABLE 2, Appendix 9.
However, a change of these rate constants did not change the corrosion rate in the present
calculations (spent fuel leaching), see TABLE 8, Appendix, 9 (EU129) and FIGURE 4. A
large decrease in the rate constants for reactions of, Cli with U02 and UO3H, RE37' and
RE44, respectively, decreased the corrosion rate, see EU130-134.' The real'values of these
rate constants are not known, initially they were taken to be the same as for 'similar reactions'
of the OH radical, which is'a reasonable assumption. More experimental spent fuel leaching
results are needed In order to have confidence in such a large change of the' rate constants
as used here in the final calculations (EU130-134).
The use of Keir's G-values resulted in a large increase In the yield of HCI0 3 and other
chlorine-containing species. The hydrogen concentration increased only little, from 3.0 E-4 to
3.6E-4 Moldm4.
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Small adjustments of keg and k2,2 resulted in calculated yields close to the experimental yields'
of Kelm and Bohnert[98KEIJBOH1] TABLE IV.3-4,

TABLE IV.34 Comparison of experimental and , cailulated yields.

H2 02 HCI03
Experimental G-values9 0.46 0.16 0.074

Calculated G-values EU123 0.60 0.18 0.082

Calculated G-values'2 0.50 0.25 -0

In the previous calculation G(HCI0 3) was close to 0. .Thus, as pointed out earlier
(97CHRIPET), the calculated gas production is much higher than found in the spent fuel
leaching experiments (95LOIGRA). Also,'the experimental gas yields of Kelm and Bohnert
(98KELUBOH1) are ruch higher thar6 those found in.the spent fuel leaching experiments
(95LOI/GRA). In FIGURE 5 the results of radiolysis in phase 3 are shown.

Spent fuel corrosion at longer times (4 - 5y)

Long-term corrosion experiments of spent fuel in salt brines, and deionized water were
started during the previous EU-programme and the 5th samplings were taken in the present
project on Dec 12, 1996 and March .13, 1997 for leaching in deionized water and in 5 m
NaCI-solutions, respectively. The uranium concentrationi in 56 'ml deionized water after
leaching for 1091 d (cumulative time 1604 d) was 0.0257 pgIml. In 155 ml 5 iiNaCI-solution'
the uranium concentration was 0.357 ,ug/ml after leaching for 1183 d (cumulative time 1697
d). This would correspond to corrosion rates of 2.1 0.12 mol (g U)" d" and 2.71.1011 mol (g U)'
' d1 for deionized water and 5 m NaCI-solutions, respectively. The values are several order
of magnitudes lower than the rates measured after 200 - 400 d. (6.3 E-9 and 2.0-1 0 mol (g
U) d1, respectively). Our- previous- calculations, carried out for' shorter leaching times have
been extended to 10 years of leaching. The results at various leaching times are shdi in
TABLE 9, Appendix 9.
It can be seen that in the calculations the corrosion rate does not change with time, see
TABLE 9, Appendix 9 and FIGURES 2-5. One error source is the uncertainty in the dose'
rate: The calculations are based on calculated dose rates for similar Swedish fuel (y-dose
rate'80 Gy/h) whereas, the measured contact dose'rate is about 400 times lower. Therefore,
a reevaluation of the dose rates' in the experimerits wvould be very helpful in future modelling
work. Such a reevaluation has been initiated'in Germany. When the 'results appear a
possible'effect on the calculated coirosion' results m-ay be evaluated. In the previous
calculations the corrosion has been assumed to be caused by radiolysis in the a-irradiated
water layer (30 pm). However, the dose rate in this layer is so high that the diffusion length of
the radicals will be lower thin'30 tm:.This isthecase for'OH-radicals and probably also for
Cli radicals. As a result the calculated corrosion rate should be lower. If the U02 surface Is
partly covered with a porous Schoepite layer - with a lower dose rate - the active" water
layer will decrease and/or be Irradiated with a lower dose rate. This will also result in a lower
calculated corrosion rate. These effects should be implemented in' the model in future
studies.
The gas production In deionized water ceased after-about 106 s, i.e. after about 10-20 d.
Consequently a steady state was obtained,- see FIGURE 3 in'Appendix 9. In 5 m NaCI
solutions the gas production continued with the same rate as at shorter times, see
FIGURE 5.
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One error source in the calculated gas production may be the fact that we assume idealized
conditions. In the experiments with Dl water impurities may be present. These will increase
the yields, as found In the experiments. In 5 m NaCI solutions no steady state is obtained in
accordance with experiments. Our calculated G values are close to the experimental G
values found by Manfred Kelm by irradiation of 5 m NaCI solutions (in the absence of U02).
But the calculated gas yield is higher than that found in the leaching experiments.

Conclusions on radlolysis modelling
In deionized water the calculated gas generation rates were 2109 mol (gU)'-d'' for hydrogen
and oxygen, respectively, 6-10 times lower than the experimental values. The calculated fuel
alteration rate was 2.2-109 mol UOz(gU)'-d- 1, or 92 mg-m'.d', about three times higher than
the experimental rate. Excess hydrogen decreased both fuel alteration and gas generation
rates. Excess oxygen increased gas generation rates.
In 5 m NaCI solutions the calculated gas generation rates were higher than the experimental
values. The gas generation continued with the same rate for the whole calculation period
(5 y) corresponding to G values of 0.60 and 0.18 for hydrogen and oxygen, respectively. The
calculated fuel alteration (='corrosion) rate was 96 mg.m4 2cd 1 before introduction of the
primary G-values determined by Kelm and Bohnert. After Introduction of these G-values the
rate was 143 mgm7-cr. Both values are higher than the experimental value (about 10
times).
The fuel oxidation is caused only by water radiolysis in the thin a-irradiated layer. The gas is
produced almost entirely in the gamma-irradiated bulk water. Diffusion of gases from the thin
a-irradiated layer is decisive for the magnitude of the U02 oxidation and dissolution. If
diffusion Is neglected hydrogen is' built up In the thin water layer. This results In a
considerably reduced corrosion rate of U02.

WP IV.4 SOURCE TERM DEVELOPMENT
It is convenient to relate the release of radionuclides to their inventory in the fuel The total
inventory IsF of a given nuclide at time t is given by

ISF(t)=lU02(t)+lG(t)+IZt)+I~tt)+G(t)

where I denotes the inventory of a given nuclide, the indices SF, U02, GB, G, Z and R.
denote the entire spent fuel element (SF), the U02 matrix, the grain boundary inventory
(GB), the Zircaloy (Z), G indicates the gap inventory and radionucilde fractions of fracture
surfaces, and ST denotes radionuclide fractions In the structural parts of the fuel elements.

The total cumulative release Q of a nuclide I at time t is given by the following equation

i= I, IRF + |r+ (uo 2)'UO 2 (t)dt + r(Z)I Z., (t)dt + r+1, ., (t)dt
"~~~~ -

where IRF denotes the instant release fraction (see below) and r denotes respective
dissolution rates of fuel matrix, Zircaloy and structural parts.
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Instant release fractions

The instant release particularly of 1129 and Cs135 is known form current safety analyses of
repositories to dominate the toxicity of radionuclide release for a spent fuel repository for
thousands of years. The instant release fraction (IRF), is considered as labile radionuclide
fraction 'fo be released instantaneously upon water contact'to the fuel. It is given by the
equation

IRF(IZfZ+IGB +IG)/ISF

where fz denotes the fraction of the radionuclide inventory of the cladding to be mobilized
instantaneously. Instant is considered everything, which dissolves faster than the fuel matrix.
This operative definition avoids individual quantification of Iz, IGB and G. An exception is Kr85,
which might be released from the gap and fracture surfaces, even in the absence of water.
According to this operative definition, even radionuclide inventories in metallic inclusions (Pd,
Ru, Rh, Tc, and Mo) are considered as part of the IRF, if they are leached faster than the'fuel
matrix. On the other hand, fuel dissolution experiments in salt brines have shown release of
Ru being controlled by the fuel matrix. Similar behaviour might be expected for Tc.

IRF values can be' obtained directly from experiments'with powdered fuel with aparticle
sized <3 pm.. FIGURE IV.4-1 shows the data for determining IRF values for Cs135 as an
example. Experimental IRF values for other elements are included in table IV.4-1. The
assumption Is made that Cs137 data are representative for Cs135. Instant release fractions
of Cs from experiments with powders and with pellets are compared. In all experiments the
cladding was present. In the experiments with fuel powders, all grain boundary surfaces were
accessible-to water, -allowing immediate -release of the sum of gap and grain boundary
inventories. The result is an IRF value of about 4%. Additionally to this Instant release, there
is a slower long-term release of Cs from the fuel powder. It can be shown by comparison to
Sr-release (see FIGURE 111.1-4 for example) and to fission gas release data, that this slow
release' results from fuel matrix dissolution. In the'-experiments withfuel powder,-it takes
much longer time until a release value of 4% of the Cs-inventory is obtained. The reason is
that the grain boundary release is much slower with pellets than with powders There Is also
a temperature dependency. At 150°C the value of 4% is achieved in about 00 days,
whereas at 250C 4 years were necessary. This result is surprising because it is known' that in
the dry state, fission gas bubbles may be entrapped at grain boundaries at very high
pressures. Initially'it was speculated that this 'result is specific the high power fuel (260 W/m)-I
but the results were confirmed In the German spent fuel research project with another fuel
with only 33 MWd/kgU and lower linear power rating. This means that in aqueous solutions,
another grain boundary release mechanism is prevailing. The high rate of grain boundary
wash out makes it useless to distinguish between gap and grain boundary release for IRF
quantification. The observe IRF values of up to 4% are high (conservative) when compared'
to release data from the fuels studied in WP. 1.3 and WPIII.3. The reason for the higher
values Is probably the high linear power rating of the fuel used in the powder dissolution
tests; Indeed, data from the Canadian research project with high'temperature'CANDU fuel
show even higher IRF values..
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FIGURE .4.1: Cs release data from high burnup fuel powders and pellets to determine gap and grain
boundary inventories

TABLE IV.41: IRF values based on initial powder dissolution test results In NaCI solution (Gasgen
Reactor, 50 GWd/tHM, 260 W/mn).

Nuclide IRF [J6 Nuclide |[IREI

Cs134/137 3-4 Ce144 0.006

Sr90 0.07 Eul 541155 0.01

Tc99 . 0.003 U 0.02

Rul06 0.01 Sb125 0.1

Am241 0.006. Ag1lOm 0.3

Pu238/239 0.005

Fuel matrix dissolution: Interactions with environmental materials and reaction path

The elements released by the fuel were distributed among the aqueous phase, the
environmental materials, possible precipitates and species sorbed on the leaching pot walls.
At this point in the study it is impossible to model the accumulation of these elements in the
aqueous phase because of the large number of parameters involved.

For a much simpler - or even simplistic - system, however, it can be shown that the
concentration of element M in solution CM depends at least on its complexation in solution,
on the solubility product K. of a precipitated phase MX and on its distribution coefficient CKD
with a geological phase MY.

The concentration [M of the aquo ion of M is related to CM by the following relation:
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[M] = CM
where a includes the aud ion complexation and hydrolysis:constants. Moreover, omitting
the charges'to simplify the relation: --

MX -)M+XKs

M.+ Y MYKe

Kd= V .MY] V
CM mMY a[Ml

where V is the solution volume and mj,' Is the-mass of the geological phase MY.

If 0 is the quantity of element M released by the fuel, and MMX the quantity of precipitate MX,
then:

Q= mMX + V CM + MMY[MY
hence:

VM] = F(a, 0, MMX, Ke, CKD, KS)

FIGURE IV.4-2 Is a schematic representation of the spent fuel alteration mechanisms,
assuming that radiolysis of the water results in oxidizing conditions at the spent fuel leachate
interface. The diagram shows the'mechanisms controlling the radionuclide concentrations in
solution, notably In the presence of environmental materials. In principle, all of these
reactions could be modeled' by geochemical reaction path .calculations; However, !many
parameters, particularly those to surface complexation are unknown. .:
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FIGURE -IV.4-2. Spent-. fuel alteration mechanisms and mechanisms controlling radionuclide
concentration n solution In presence of environmental uterials
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FIGURE IV.4-3. Simplified Spent fuel alteration mechanisms for reaction path modelling

A simplified version of FIGURE IV.4-2 is shown in FIGURE IV.4-3. This simplified reaction
scheme is still quite complicated, but it can be modeled with current geochemical codes
(EQ3/6). Thus, the next step In reaction path modelling was to include the release properties
of actinides and fission products and to associate reaction path with time by using measured
reaction rates under oxidizing. conditions of 2 mg/(m2d). The effect of- radiolysis was
considered by simulating the stepwise addition of oxygen as a reactant to the system. Also-
the co-dissolution of Iron was considered, using a corrosion rate of 100 pm/a. The release of
radionuclides with the dissolving fuel matrix was' simulated by'calculating the' effect of a
stepwise addition of a'simplified mixture of U02 and selected-radionuclides to an-air
saturated saline solution; Radionuclides considered simultaneously are Am, U Pu, Sr, Cs
and Eu. The used fuel inventories of Eu were higher than in real fuel, to represent the other
inactive rare earth elements. Additional non-radioactive elements considered were Ba and,
Mo. Activity coefficients' were calculated by using the Pitzer theory with the E03/6
geochemical code. References. for the used thermodynamic data for aqueous actinide
chemistry where as follows: interaction coefficient of Am from [98FANIKON], nteraction
coefficients for Eu and trivalent' Pu were considered to be' similar than those of Am.
Hydrolysis and complexation data for Am where taken from' [97NEA]. Hydrolysis and
complexation data and nteraction coefficients for U and Pu were the same as those used in
the previous EU project [97GRALOI]. Data for molybdate where taken from [91GRAIMOLJ.'
Interaction coefficients for Sr and Cs where taken from [89PIT]. Ideal solid solution'formation
was considered both for hydroxides/uranate (End members: schoepite, Na-polyuranate,
Sr(OH)2, REE(OH) 3 Am(OH) 3), and for molybdate (End members: BaMoO4, NaAm(MoO4)2,'
NaEu(MoO 4)2.).- Two kinds of calculations were performed with different rates of radiolytic
oxidant generation: the measured rate of oxygen generation under anaerobe conditions In
the absence of iron' (FIGURE IV.4-4), and an oxygen generation rate which Is a factor of 100
reduced to represent fuel of about 200'yr. of radioactive decay prior to water access
(FIGURE IV.4-5).
The results show that under conditions of immediate'water 'contact- radiolytic oxygen
generation (gamma) would dominate over the reducing effect of canister corrosion, while for
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200 yrs old fuel the reducing effect of iron corrosion dominates. This is somewhat surprising
as in the experiments of this project (WP111.1) iron corrosion was sufficient to consume the
generated oxidants. The reason for this discrepancy is that in experiments the ratio of the
surface area of iron powders to the fuel mass of about 10 cm2/g(fuel) is much higher than in
expected In reality, 0.02cm2/g(fuel). If this ratio is high, oxygen consumption by iron corrosion
may become faster than oxygen generation by gamma radiolysis.
Due to the different pH and Eh evolution, results for immediate water contact and 200 yr.
data differ substantially. In the case of, early.water access, the pH Is predicted to become
very low, leading to high radionuclide solubilities. Main reaction products are molybdate and
Na-polyuranates. In contrast, for late water access very low radionuclide concentrations are
predicted. These data show the importance of the strongly non-linear coupling between
spent fuel dissolution and actinide solubility, particularly in salt solutions. More specific
experiments are necessary to validate the divers synergism predicted by modelling. In
particular, the coupling of the rate of fuel dissolution with the rate of iron corrosion is
predicted to play a strong role In overall spent fuel behaviour. The experiments of the present
project provide valuable information in this regard, but they do not allow to quantify this effect
for repository relevant conditions.
The solid solution model includes both Na-polyuranate and schoepite as end members. As
shown by [98DIAGRA] this allows to predict the-variation of Na/U ratio in the secondary
phases as the function of environmental conditions. Application of this model to NaCI
solutions yields a mole fraction of 0.26 for schoepite and 0.74 for Na polyuranate. In contrast,
in granite water very low Na/U ratios are predicted.
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FIGURE IV.4-4: Time dependency for the reaction path of spent fuel In 95% saturated NaCI solutions,
radlolytic oxygen is introduced in the reaction simulations by mass transfer rates similar as observed
experimentally. No decrease in radlolytic oxygen generation due to decay is considered. Also it is assumed
that spent fuel corrosion rates remain constant at high oxic rates. Experiments show that spent fuel
corrosion rates generally decrease with time. As a consequence, the calculation yields strongly over-
conservative radionuclide releases not yet applicable to the repository.
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time dependency of fuel dissolution (reducing)I
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Experiments showr that spent fuel 'corroslon rates generally decrease with time. As a consequence,' the- -
calculation yields strongly over consenvative radionuclide releases not yet applicable to the'repository.
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Fuel matrix dissolution rates

The results of electro-geochemical modelling allow to define redox sensitive rate regimes in
an Eh-pH- Pourbaix type diagram, to allow orientation for various geochemical settings in
disposal location design. FIGURE IV.4-6 shows examples for (a) HCO3 free and (b)
HCO3=0.01 m solutions.
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FIGURE IV.4-6: Isolines for equal corrosion rates of UOI in Eh.pH-space, (a) in the absence and (b)
presence of 0.01 m carbonate

Using the electro-geochemical model'described above, electrochemical governed dissolution
rates for U0 2 can be compared directly with solubility controlled dissolution rates assumed to
be the rate control under reducing conditions. Using a very consenative solubility for U02
under reducing conditions of 10'7m, and assuming a hypothetical groundwater flow rate of 1
m3/yr/canister, the times were calculated, necessary to dissolve 5 tons of spent fuel in a
canister (life time). This lifetime is compared with the lifetime calculated for the oxidative
(electrochemical) dissolution. For this purpose, surface area normalized reaction rates are
converted to fractional dissolution rates using a specific surface area of 7cm2/g (surface
roughness factor of 3 included). Two ranges of solubility control were distinguished. For Eh
values higher than the stability field boundary for U30, with respect of U(VI) containing
phases such as schoepite, the fuel matrix is not stable and oxidative (electrochemical)
dissolution prevails. In contrast; for more reducing conditions, the fuel matrix could become
thermodynamically stable. Under these conditions, the electrochemical (oxidative) dissolution
rate law rests valid, as long as U(VI) species remain to be the dominant solution species.
Results from WP 1.4 show that-particularly in the presence of carbonate, U(VI) species rests
important even under relatively strong reducing conditions. Under these conditions, solubility-
controlled release and electrochemically controlled releases are sequential reaction,
indicating that the slowest reaction step Is rate controlling. If the release rate for solubility
controlled release is faster than the release by electrochemical means, this means that
solubility is never reached. The results are illustrated in FIGURE IV.-7 both for solutions in
the absence of carbonate and in the presence of high (0.01m) total dissolved carbonate
contents. A conclusion from this diagram would be that for the expected reducing conditions
of European repositories with Eh values lower than 200 mVthe arbonate concentration
should have no, major influence of the long term fuel stability. The predicted long term'
stability of 1 08 years of lifetime under these conditions is not recommended yet to be used for
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performance assessment studies, because it needs to be assured that there are no side
reactions leading to faster corrosion'rates. Examples for potential side reactions are the'
formation of secondary phases such as coffinite or the adsorption on Iron or iron corrosion
products stability which might lead to pump effects, causing the fuel to dissolve at the
expense -of sorption or coffinite formation., Results of the present study show that -the
adsorption on iron or the formation of secondary phases do not interfere with the strongly
positive ffect of reducing conditions on fuel long-term but slow reactions may be
undetectable experimentally, though they might be important in the long-term.

02-1--- ° ~ ~~2 { 2 -

0723. 07r5

~~~~ , 3 5 7 9 011

pH pH

FIGURE IV.4-7: Estimated times (log yr.) necessary or the complete dissolution of a container with 
tons of spent fuel In groundwater flowing with a hypothetical rate of 1 m3/yr/canister. Transition from
electrochemical (oxic) rate control to solubility control under reducing conditions. Comparison of results
with and without carbonate

The results of this and the previous EU-project are going to be used by INE-FZK in Germany
to formulate a site-specific source term for spent fuel performance in the Gorleben salt dome.
Generic aspects of this source term are of relevance for the present EU-project:
High bum-up /high linear power fuel dissolution data are considered as conservative
reference data for all types of LWR-UOX-fuel and WWER fuel.
Instant release data for high bumup fuel were reevaluated. The grain boundary inventories
will be leached from full sized pellets in less than 4 years, even at 250C. At 1500C few 100
days are necessary to wash out grain boundary nventories, and In powdered fuel, grain
boundary inventories are leached instantaneously. Grain boundary inventories are leached
faster in presence of metallic iron (container) than In its absence. This is probably caused by
smaller quantities of solid reaction products formed under reducing conditions. Grain
boundary release is faster than expected by diffusion control. The driving mechanism may be
the formation of radiolysis gas bubbles in wetted grain boundaries.
Consequently, for long-term performance assessment, grain boundary Inventories and gap
inventories have to be considered together as an instant release fraction (IRF). IRF-values
'for Cs were 4% of the fuel Inventory, for J129 3% is used. Instant release fractions for
actinides were as low as 0.01%.
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Two types of matrix dissolution rate regimes are formulated:. dissolution rates under anoxic
conditions were 104/a whereas dissolution rates under reducing conditions are, expected to
bel604/a. Due to model uncertainty, no radiolysis model is yet formulated for the transition
between anoxic and reducing conditions. Instead, transition between the two dissolution
modes is based on container corrosion and parameters depending on site and packaging
concepts. For example, with the concept of a Pollux container (65 t Fe), reducing conditions
are expected to be maintained throughout the lifetime of the container.
The fuel cladding is expected to become corroded by a rate of 0.002/a (salt brines, see WP
1.8) and radionuclide inventories are expected to be release by this rate. The cladding is
expected to be defected instantaneously.

Empirical upper limits for radionuclide release may be formulated on the basis of
coprecipitation experiments.
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APPENDIX 1: TABLE OF CONTENTS IN APPENDIX 2 TO 9

APPENDIX 2: ORIGINAL EXPERIMENTAL DATA, OBTAINED AT INE-FZK
TABLE 1: Effect of pH and C02: Activity of leach solutions from spent fuel powder
corrosion tests (Bqlml)
TABLE 2: Effect of pH and C02: Released fractions of radionuclide inventories (FIAP) in
leach solutions from spent fuel powder
TABLE 3: Effect of pH and C02: Concentrations of radionuclides in leach solutions from
spent fuel powder (moVL)
TABLE 4: Effect of pH and C02: Incremental rates of radionuclides release from spent fuel
powder (FIAP/d)
TABLE 5: Effect of pH and C02: Activity of leach solutions from spent fuel powder
corrosion tests (Bq/ml) -
TABLE 6: Effectof pH and CO2 : Release fractions (FIAP) of radionuclide inventories in
spent fuel powder leachates
TABLE 7: Effect of pH and C02: Concentrations of radionuclides in leach solutions from
spent fuel powder (moVL)
TABLE 8: Effect of pH and C02 : Incremental rates of radionuclides release from spent fuel
powder (FIAP/d)
TABLE 9: Effect of pH and C02: Activity of leach solutions from spent fuel powder
corrosion tests (Bqlml)
TABLE 10: Effect of pH and C02: Released fractions (FIAP) of nuclide inventories in spent
fuel powder leachates
TABLE 11: Effect of pH and C02: Concentrations of radionuclides in leach solutions from
spent fuel powder (moVL)
TABLE 12: Effect of pH and C02: Incremental rates of radionuclides release from spent
fuel powder (FIAP/d)
TABLE 13: Activity of leach solutions from spent fuel powder corrosion tests (Bq/ml)
TABLE 14: Released fractions (FIAP) of radionuclide inventories in leachates from spent
fuel powder
TABLE 15: Concentrations of radionuclides in leach solutions from spent fuel powder
corrosion tests (moVL)
TABLE 16: Incremental rates of radionuclides release from spent fuel powder corrosion
tests (FIAP/d)
TABLE 17: Long-term effect of iron: Activity of leach solutions from spent fuel pellet (Bqlml)
TABLE 18: Long-term effect of iron: Released fractions of radionuclide inventories(FIAP)
from spent fuel pellet
TABLE 19: Long-term effect of iron: Concentrations of radionuclides in leachates from
spent fuel pellet (moVL)
TABLE 20: Long-term effect of iron: Incremental release rates of radionuclides from spent
fuel pellet (FIAP/d)
TABLE 21: Activity of leach solutions from spent fuel pellet corrosion tests (Bq/ml)
TABLE 22: Released fractions (FIAP)of radionuclide inventories in leachates from spent
fuel pellet
TABLE 23: Concentrations of radionuclides in leach solutions from spent fuel pellet (moVL)
TABLE 24 : Incremental rates of radionuclides release from spent fuel pellet corrosion
tests (FIAP/d)
TABLE 25: Activity of leach solutions from spent fuel powder in the presence of iron
powder (Bq/ml)
TABLE 26: Release fractions(FIAP) of radionuclide inventories in leach solutions from
spent fuel powder
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TABLE 27: Concentrations of radionuclides in leach solutions from spent fuel
powder(moVL)
TABLE 28: Incremental rates of fadionuclides release from spent fuel powder (FIAP/d)

APPENDIX 3: CONDITIONS AND PROCEDURES OF EXPERIMENTS CONDUCTED BY
ENRESA.

SIMFUEL COPRECIPITATION TEST (WP-lI.3)''
TABLE 1: Weight ratio MetaVUranlum (M/U) in acid SIMFUEL solutions
TABLE 2: Overview of initial experimental conditions for the SIMFUEL coprecipitation test
in 5 m NaCI solution
TABLE 3 Overview of the initial experimental conditions for the SIMFUEL coprecipitation
running test In GBW

U/Pu COPRECIPITATION EXPERIMENTS (WP-11.3)
FIGURE 1 Coprecipitation: Experimental Procedure
FIGURE 2 The Pu purification method used for Am and other impurities removal '
TABLE 4 Overview of the nitial experimental conditions for the U/Pu coprecipitation test in
Sm NaCI solutions

APPENDIX 4: DETAILED CONDITIONS OF EXPERIMENTS PERFORMED AT VrTU(WP
1.4) -

Materials

Synthetic groundwaters

Redox conditions -,-.

Analytical methods ,
FIGURE 1. The measured Eh and pH values in a parallel sample of saline groundwater
with 3 ppm S(-II) during a follow-up period of 600 days under anaerobic conditions.
TABLE I The compositions of the synthetic groundwaters.
TABLE 2. , The experimental conditions of the oxic, air-saturated dissolution tests (for
synthetic groundwaters, see TABLE. 1). t' with
TABLE 3. The experimental conditions of the anoxic (N2) dissolution experiments with
U0 2 pellets in synthetic saline groundwater.
TABLE 4 The experimental conditions of the anoxic (N2) dissolution experiments with
.U02 pellets In modified Allard groundwater.
TABLE 5.;, The stability of water chemistry in the UO2'dissolution experiments under
anoxic conditions. -
TABLE 6. The experimental conditions of the precipitation experiments.

App 4-8: Original X-ray pattern - '

APPENDIX 5: DETAILED CONDITIONS AND RESULTS OF EXPERIMENTS PERFORMED
AT CEA (WPIII) - ,,1) , , , ,

ANNEX 1 Sample Analysis Procedure
AlphaSpectrometry .* , 
Gamma Spectrometry .. -
Determination of 90Sr i,' ; 
ICP-AES and ICP/MS ' : - - - -
Eh
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ANNEX 2, Recovering the Activity Fixed on the Environmental Materials
TABLE 1. Chemical composition of Boom clayey groundwater
TABLE 2. Chemical composition of clayey water synthesized for Simfuel and spent fuel
leaching experiments
TABLE 3. Chemical composition of granitic groundwater
TABLE 4. Chemical composition of granitic water synthesized for Simfuel and spent fuel
leaching experiments
TABLE 5. Grinding and screening results for Gravelines 3+2 fuel (60GWdtHM)
TABLE 6. Spent fuel leaching test solution analysis samples and methods
TABLE 6. Simfuel leaching test solution analysis samples and methods
TABLE 7. Gravelines 3+2 preleaching leachates: cumulative fractions of inventory released
into aqueous solutions. -

TABLE 8. Gravelines 3+2 spent fuel integral leaching experiments: cumulative fraction of
inventory released in aqueous phase of weekly samples.
TABLE 9. Gravelines 3+2 spent fuel integral leaching experiments: fission products and
actinide concentrations (mol-l) in weekly samples in the different media
TABLE 10. SIMFUEL integral leaching experiments: Distribution (%) of elements in
solution, in colloid (2 nm < 0. .' 0,45 pm) or dissolved form
TABLE 11. SIMFUEL integral leaching experiments: Cumulative fraction of inventory
released in the aqueous phase of weekly samples.
TABLE 12. Simfuel leach rates published in the literature
TABLE 13. Gravelines 3+2'spent fuel (60 GWdtHM) activity and mass inventories
calculated by CESAR code after 2797 days of cooling (01/01/1997).
TABLE 14. Gravelines 3+2 spent fuel (60 GWdtHM) activity and mass inventories
calculated by CESAR for exploitation of preleaching test results (cf. grey cells data)
TABLE 15. Mass inventory of Simfuel (6 ato)
TABLE 16. Gravelines 3+2 preleaching: leachates analysis results
TABLE 17. Gravelines 3+2 spent fuel integral leaching experiments: filtered and
ultrafiltered supematant solution analysis results
TABLE 18. Gravelines 3+2 spent fuel integral leaching experiments: weekly samples
analysis results.'
TABLE 18. Gravelines 3+2 spent fuel Integral leaching experiments: filter rinsing solution
analysis results.
TABLE 20. Gravelines 3+2 spent fuel tests: solution analysis'results for material rinse,
alkaline melting, pot rinse and sample-holder rinse
TABLE 21 SIMFUEL integral leaching experiments: filtered and ultrafiltered supematant
solution analysis results
TABLE 22. SIMFUEL integral leaching experiments:weekly sample analysis results.
TABLE 23. SIMFUEL integral leaching experiments: filter rinsing solution analysis results
TABLE 24. SIMFUEL integral leaching experiments: solution analysis results for material
rinse, alkaline melting, pot rinse and sample-holder rinse

APPENDIX 6: ORIGINAL TEST DATA OBTAINED BY ITU

Element concentration in solution measured by CP-MS in the different samples (TABLEs 1-
6).

Tab. 1: Composition of the samples obtained from the experiment with a MOX fuel with a
bum-up of 12 GWd/tU. Concentrations are given in ng/mL of the element.
Tab. 2: Composition of the samples obtained from the experiment with a MOX fuel with a
bum-up of 20 GWd/tU. Concentrations are given in nglmL of the element.
Tab. 3: Composition of the samples obtained from the experiment with a MOX fuel with a
bum-up of 25 GWd/tU. Concentrations are given in ng/mL of the element.
Tab. 4: Composition of the samples obtained from the experiment with a U02 fuel with a
bum-up of 30 GWdttU. Concentrations are given in nglmL of the element.
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Tab. 5: Composition of the samples obtained from the experiment with a U02 fuel with a
bum-up of 50 GWdttU. Concentrations are given in ng/mL of the element.
Tab. 6: Composition of the samples obtained from the experim'ent with a U02 fuel with a
bum-up of 50 GWd/tU and two series of defects. Concentrations are given in ng/mL'of the
element.
Potentiostatic measurements on U02 (FIGURES 1-4)
Fig. 1: Potentiostatic polarisation curves obtained from unirradiated U 2 in air saturated
95% saturated NaCI solution (T = 220C, C(02) = 7.4 ppm, initial pH 7.1, tpol = 10 min,
A,, = 0.478 cm2, de = 1.5 mm). .
Fig. 2: Potentiostatic polarisation curves obtained from unirradiated U02 In Nz-purged
synthetic groundwater (T = 230C, p(02) < I mbar, initial pH 8.4, tpol = 10 min, -

A, = 0.478 cm2, de = 1 mm).
Fig. 3: Potentiostatic polarisation curves obtained from unirradiated U02 in N~purged
synthetic groundwater (T = 600C, p(02) < I mbar, initial pH 7.4, tpol =20 min,
Ae = 0.478 cm2, d = 0.9 mm).
Fig. 4: Potentiostatic polarisation curves obtained from unirradiated U02 In Nrpurged
synthetic groundwater (T = 60CC, P(O2) < 1 mbar, initial pH 7.7, tpol = 60 min,
A., = 0.478 cm2, d., = 1 mm).

Open circuit potentials (FIGURES 5-15) -

Unirradiated U02
Fig. 5: Open circuit potential of unirradiated U02 at 60CC in Nrpurged synthetic'
groundwater (fI'"E. = 364 mVsHE, C(02) =0.05 ppm, nitial pH 7.7)
Fig. 6: Open circuit potential of unirradiated U02 and related temperature, pH and Eh data
at 220C in 95% saturated NaCI solution (DEw = 226 mVSHE)
Fig. 7: Open circuit potential of unirradiated U02, related temperature, pH, Eh and oxygen
concentration data in 95% saturated NaCI solution (''Ex = 299 mVSHE)
Fig. 8: Open circuit potential of unirradiated UO2, related temperature, pH, Eh'and oxygen
concentration data in 95% saturated NaCI solution (DEW = 543 mVSHE)

Spent fuel
Fig. 9: Open circuit potential of used U02 fuel B2 (burn-up: 31.5 GWd/t) and related
temperature, in synthetic ('EW 168 mVsE, T.: 22 - 280C, C(02) 2 ppm, Initial pH 8)
Fig. 10: Open circuit potential of used U02 fuel B2 (burn-up: 31.5 GWdlt) and related
temperature, in synthetic groundwater (-E,;= 204 mVsHE, T: 20 - 250C, C(02) < 2 ppm,
initial pH 7.6)
Fig. 11: Open circuit potential of used U02 fuel B3 (bum-up: 45.2 GWdt) and related
temperature, in synthetic groundwater '(Ec,'-E 260 mVs..E, T: 22 - 280C, C(02) < 2 ppm,'
initial pH 8)
Fig. 12: Open circuit potential of used UO2 fuel B4 (bum-up: 53.1 GWd/t) and related '
temperature, In synthetic groundwater (E>on _ 239 rnVs., T: 22 - 25C, C(02) < 2 ppm,
initial pH 7.6) - - - --

Fig. 13: Open circuit potential of used U02 fuel B.4 (burn-up: 53.1 GWd't) and related -
temperature, in 95% saturated NaCI solution ( '.I, '190 mVSHE, T: 22 - 28C,
C(02) < 2 ppm, initial pH 7.2) ' -: -

Fig. 14: Open circuit potential of used MOX fuel (bum-up: 21.1 GWd't) and related
temperature, in 95% saturated NaCI solhtion'( mxE; = -256 mVSHE, T: 22 -28C,
C(02) < 2 ppm, Initial pH 7.2) '. - -

Base metals
Fig. 15: Open circuit potentials of gold coated brass (MS58) in chloride containing media.

Calculated fuel compositions of fuels used for leaching experimnents' and electrochemical 
measurements (ITU data)
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Tab. 7: ORIGEN calculation of U02 fuel composition (bum-up 31.5 GWdIt)
Tab. 8: ORIGEN calculation of U02 fuel composition (bum-up 45.7 GWd/t).
Tab. 9: ORIGEN calculation of U02 fuel composition (bum-up 53.1 GWd/t).
Tab. 10: ORIGEN calculation of MOX composition (21.1 GWd/tU)

APPENDIX 7: ORIGINAL TEST DATA OBTAINED BY SCK.CEN

First test series
TABLE 1: Uranium concentrations of the media in the test containers during the washing
steps
TABLE 2: Uranium concentration, pH, Eh of the media in the first test series (solubility
tests)

Second test series
TABLE 3: :Predissolution results (container SCW-3)
TABLE 4: Predissolution results (container SCWHA-3)
TABLE 5: Predissolution results (container RIC-3)
TABLE 6: Predissolution results (container SCWHA\C-3)
FIGURE 1: Predissolution of container SCW-3 (SCW water)
FIGURE 2: Predissolution of container SCWHA-3 (SCW water)
FIGURE 3: Predissolution of container RIC-3 (SCW water)
FIGURE 4: Oxygen partial pressure in Ar/CO2 glove box during predissolution stage
FIGURE 5: Predissolution of container SCWHA\C-3 (SCW\C water)
FIGURE 6: Oxygen partial pressure in Ar glove box- during predissolution stage
TABLE 7: Uranium' concentration, pH, Eh of the media in the second test series (solubility
tests) .
FIGURE 7: Oxygen partial pressure in Ar/CO2 glove box during dissolution tests.
FIGURE AS: Oxygen partial pressure in Ar glove box during dissolution tests.
FIGURE 9: Uranium results medium without carbonate a- container RIC-3; b- container
RIC-4
FIGURE 10: Uranium results medium without carbonate a- container SCWHA-3; b-
container SCWHA-4
FIGURE 11: Uranium results medium without carbonate a- container SCW-3; b- container
SCW-4
FIGURE 12: Uranium results medium without carbonate a- container SCWHA\C-3; b-
container SCWHA\C-4

APPENDIX 8: SYMBOLS USED BY FUB AND ORIGINAL TEST DATA OBTAINED BY FUB

Explication of symbols used:
TABLE 1 Corrosion on Ti99.8Pd and Zircaloy74 at applied potential in sat. NaCI
TABLE 2 Original data for relation between applied potential versus corrosion rate
(FIGURE 1.6-31)
TABLE 2 Original data for relation between corrosion potential versus corrosion rate
("calibration curve") (FIGURE 1.6-32) - '
TABLE 3 Original data for relation between corrosion potential versus corrosion rate in
presence and absence of carbonate (ucalibration curve") (FIGURE 1.6-36)
TABLE 3 Original data for relation between corrosion potential versus corrosion rate
("calibration curve") at various temperatures (FIGURE 1.6-37)

APPENDIX 9: DETAILS OF RADIOLYSIS MODILLING DATA USED BY STUDSVIK
TABLE 1 Rate constants, dm3 mol' * s'' in deionized water (EU 18)
TABLE 2 Rate constants In 5 ima NaCI solutions, di 3 * mol'' s' (EU 129)
TABLE 3 G-Values
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p * Jo I

TABLE 4 G-values proposed by Kelm and Bohnert for strong salt solutions
TABLE 5 Rates for generation of radiolysis gases and fuel alteration during spent fuel
dissolution. Summary of experimental results from Granbow et al (96GRALOI,
95LOI/GRA)
TABLE 6 Additional G-values because of diffusion (molecules/100 eV)
TABLE 7 Calculation of radiolysis caused by a fuel pellet in deionized water.
TABLE 8 Calculation of radiolysis effects caused by a fuel pellet in a 5 m NaCI solution.
pH8. Dose rate 9520 Gy/h (mixed radiation)
TABLE 9 Corrosion rates of U02 in deionized water and in 5 m NaCI solutions.
FIGURE 1 Radiolysis in phase 3 (surface layer with By radiation). 5 m NaCI solution.
FIGURE 2 Radiolysis in phase 3 (surface layer with Py radiation). 5 m NaCI solution.
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TABLE 1: Effect of pH and C02: Activity of leach solutions from spent fuel powder corrosion tests (Bq/ml)
Sample: P 56(1):1,7 g (=1,5 g HM) Solution: 95% sat NaCI

Temperature: 25 C
Starting volume: 131 ml
Final volume: 108 ml

Atmosphere: Ar

static test

Ultrason. cleaning Wash no pH control pH =7 pH=9 pH = 11 pH =7 (end)
of
18.9 g (16.7 g HM) (85 d) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling 6. Sampling
pwdr In 200 ml DIW 14 days 62 days' 83 days' 173 days' 236 days 277 days'

Nwclide LOM-P-M l' 0w

RU106 6,92E+3 6.29E+3 1,51E+3 6,09E+2 6.21E+2 9,06E+2 8,56E+2 2,02E+3 1,81E+3 2,59E+3 2,67E+3 4,66E+3 4,66E+3 3,66E+3 4.21E+3
CS134 4.03E+6 5.11E+6 9.44E+4 2,35E+4 2,35E+4 3.15E+4 3.15E+4 1.58E+5 1.58E+5 2.83E+5 2,83E+5 4.722+5 4.72E+5 5,24E+s5 5,24E+5
CS137 6,03E+6 7,66E+6 5,78E+5 1,46E+5 1.46E+5 2,11E+5 2,11E+5 1,06E+6 1,06E+6 2,OOE+6 2,OOE+6 3,49E+6 3,49E+6 4.35E+6 4.35E+6
EU154 2.75E+2 2,85E+2 4,41E+1 1,27E+3 1.02E+3 1.43E+3 1,11E+3 1,38E+3 1,022+3 1,76E+2 6,872+1 3,16E+2 3,16E+2 1,86E+4 2.18E+4
EU155 1,50E+2 1,352+2 1,482+1 4,43E+2 3,56E+2 4.94E+2 3,81E+2 4,33E+2 3,46E+2 5,89E+1 -2,93E+1 1,18E+2 1,18E+2 6,21E+3 7,47E+3
SBI25 9,25E+2 8,14E+2 1.03E+3 7,66E+2 8,02E+2 1,44E+3 1,49E+3 6,65E+3 6,54E+3 2,04E+4 2.00E+4 1,30E+4 1,30E+4 5.31E+3 6.23E+3
SR90 8,88E+4 1,33E+5 1,17E+5 4.63E+4 4.76E+4 1,12E+5 1.25E+5 3.57E+5 4.022+5 8,55E+5 8,88E+5 6,50E+5 6.502+5 2,292+6 2.41E+6
CE144 1,11E+3 9.99E+2 4,34E+0 1,79E+2 1,71E+2 1,20E+2 1.062+2 6.37E+1 4.69E+1 .c9,98E+1 c9,35E+l 345E+1 <3,45E+1 9,14E+2 1,1 1E+3
TC99 <1.48E+O @ 1,96E+2 2,02E+2 9.26E+1 9,26E+1 5,53E+2 5.69E+2
AG110M 8.00E+0 5.582+0
AM241 3,26E+1 2,592+1 1,30E+1 1.55E+2 2,39E+2 1,84E+2 1,40E+2 1,72E+2 1.22E+2 <3,3E+1 ,.38E+1 3.42E+1 3,422+1 5,42E+3 6.49E+3
AM243 4,70E-1 470E-1
NP237 4,04E.2 3,42E-2 1,332+0 1,50E+o 1,58E+o 1,582+0 9,46E+o 9.14E+0
NP239 43,70E-1 c3,70E-1
CM244 2,07E+2 2,22E+2
CM242 5,92E+0 5,55E+0
PU238 1.33E+2 1,252+2 3,23E+1 3.23E+1 4.532+1 451E+1 1,272+2 1,132+2 2.77E+2 2,81E+2 2,56E+3 2,56E+3 1,98E+3 1.79E+3
PU239/40 2,11E+1 2.00E+1 5,78E+o 5,70E+0 9.34E+0 8,64E+o 2,182+1 202E+1 4.58E+1 4,91E+1 4,402+2 4,40E+2 3,43E+2 3,042+2
PU241 3.892+3 3,74E+3 5,06E+2 5,34E+2 8.36E+2 8.89E+2 2,30E+3 214E+3 5.94E+3 3,88E+3 4.40E+4 4,402+4 3.88E+4 3,61E+4
U (pg/ml) 1.50E+1 1.12E+2 1,13E+2 2,01E+2 2.01E+2 1,23E+1 7,49E+o

pHmeas+0,5 6,51 pH 6,02 pH 6,4
Eh(mV)' _ _ 38 528 mV 402 mV Eh meas.failed 408 mV 166 mV 674 mV

*'Ehmeas + 208 mV I time since start of the static test

..



.5

TABLE 2: Effect of pH and C02: Released fractions of radionuclide inventories (FIAP) in leach solutions from spent fuel powder

Sample: P 56(l): 1,7 g (=1,5 g HM) Solution: 95% sat NaCI Starting volume: 131 ml Atmosphere: Ar
Temperature: 25 C Final volume: 108 ml

- .. : . static test
Ultrason. cleaning Wash no pH control pH=7 pH= 9 pH =11 pH =7 (end)

18,9 9 (16,7 g HM) (85 d) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling 6. Sampling
.______ pwdr In 200 ml DIW 14 days' 62 days 83 days' 173 days' 238 days' 277 days'

Nuclide _ 00-AI ,"10i-4.§O1Ji It9NdL--,,6; li ')~i
RU106 3,03E-5 3,41E-5 1,452-3 4.01E-4 4,09E-4 6,42E-4 6,06E-4 1,35E-3 1,21E-3 1,94E-3 2,00E-3 3,82E-3 3,74E-3 3,71E-3 4,27E-3
CS134 1,25E-2 1,76E-2 1,40E-2 2,34E-3 2,34E-3 3.16E-3 3.16E-3 1,50E-2 1,50E-2 2,79E-2 2,792-2 4.82E2 4,82E-2 5,84E-2 5.84E-2
CS13i 1.1 9E-2 1,52E-2 1,40E-2 2.322-3 2.32E-3 3.19E-3 3,19E-3 1,522-2 1,52E-2 2,78E-2 2.78E-2 4,88E-2 4,88E-2 5,83E-2 5.83E-2
EUi54 8,65E-6 9,20E.6 2,18E-5 4,13E-4 3,32E-4 4,48E-4 3.47E4 4,09E-4 3,02E-4 5.12E5 2,OOE-5 1,41E-4 9,31E.5 5,37E-3 6,30E.3
EU155 9,16EB 8,61E-6 1,85E.5 3,652-4 2,94E.4 3,97E-4 3,06E-4 3,29E-4 2.63E-4 4,45E-5 C2,22E-5 1,15E-4 9,082-5 4,81E-3 5,78E-3
SB125 7,53E-5 7,162-5 2,76E-3 1,37E-3 1,43E-3 2,56E-3 2,64E3 1,12E-2 1,10E-2 3,49E.2 3,42E-2 2,30E-2 2,29E-2 9,84E-3 1,15E-2
SR90 2,56E-4 3,87E-4 4,t7E-3 1,08E-3 1,11E-3 2.50E-3 2,79E-3 7,53E-3 8,48E-3 1,75E-2 1,82E-2 1,292-2 1,34E.2 4,532-2 4,77E-2
CE144 5,50.E-6 6,51E.6 1,13E-5 3,22E-4 3,08E-4 2.41E-4 2,13E-4 1,21E-4 8,92E-5 <2,22E-4 <208E4 4,5E-5 <8.35E-5 3,04E-3 3,69E-3
TC99 <,59-5 2,17E-2 2,24E-2 9,46E-3 3,80E-3 5,84E-2 6,85E-1
AG110M . 2,492-2 1,73E-2 ,:
AM241 6,92E-6 5,15E-6 1,64E-5 1,2824 1,972-4 1,41E-4 1,07E-4 1,25E-4 8,86E-5 <2.3E-5 <2,32E-5 3,83E-5 3,83E-5 3,40E-3 3,40E-3
AM243 <1,76E-8 .1,76E-6 .

NP237 1,952-4 1,65E4 5,56E-3 6,27E3 6,59E-3 6,642-3 3,77E-2 3,64E-2
NP239 <1,76E-8 1i,76E-.
CM244 5,60E.6 6,07E6
CM242 2,462-6 3,742-6
PU238 4,81E-6 4,54E-6 8,81E-6 8,81E-6 1,17E-5 1,17E-5 3,12E5 2,77E-5 6,57E5 6,67E-5 6,97E-4 6,11E-4 4,502-4 4,07E-4
PU239140 4,87E-6 4,61E6 9,74E-6 9,60E-6 1,49E-5 1,382-5 3,30E-5 3,05E-5 6,69E-5 7,17E-5 7,49E-4 6,46E-4 4,78E-4. 4,24E-4
PU241 5,86E-6 5,72E-6 6,88E-6 7,26E-6 1,09E-5 1,16E-5 2,83E-5 2,64E-5 7,142-5 4,66E-5 5,79E4 5,34E-4 4,562-4 - 4,24E-4
U 1,92E-4 - 9,082-3 9,16E-3 1,53E-2 1,64E-2 9,52E-4 5,79E-4

pHmeas+0,5 6,51 pH 6,02 pH 6,4
Eh(mV)** ._ . -38 528 mV 402 mV Eh meas.failed 408 mV 166 mV 674 mV

7,

**Ehmeas + 208 mV ' time since start of the static test



TABLE 3: Effect of pH and C02: Concentrations of radionuclides in leach solutions from spent fuel powder (mol/L)

Sample: P 56(1): 1,7 g (=1,5 g HM) Solution: 95% sat NaCI
Temperature: 25 c

Starting volume: 131 ml
Final volume: 108 ml

Atmosphere: Ar

static test

Ultrason. cleaning Wash no pH control . pH=7 pH=9 pH =11 pH= 7 (end)
of 
18,9 g (16.7 g HM) (85 d) 1. Sampling 2. Sampling 3. Sampling - 4. Sampling 5. Sampling 6. Sampling
pwdr in 200 ml DW 14 days 62 days' 83 days 173 days' 236 days' 277 days'

Nuclide = .0c4s p4' i 4s 
RU106 1,3E-08 1,5E-08 3,71E,7 1,56E-7 1,59E7 2,63E.7 2,49E.7 5,87E-7 5,26E-7 8,72E-7. 8,99E-7 1,71E-6 1,67E-6 1.75E-6 2,01E-6
CS134 4.6E-08 6,5E.06 3.04E-6 7,73E-7 7,73E-7 1,1OE.6 1,1OE-6 5,53E-6 5.53E-6 1,06E-5 1.06E-5 1,83E-5 1,83E-5 2,34E.5 2.34E.5
CS137 4.4E.06 5,6E06 3,03E-6 7.67E-7 7,67E.7 1,11E.6 1.11E-6 5,59EB6 5,59E-6 1,06E.5 1,06E.5 1,85E-5 1,85E.5 2.33E-5 2,33E-5
EU154 1,5E.10 1,6E.1 2,2E-10 6.40E-9 5,14E-9 7,31E.9 5,68E.9 7,06E.9 5,22E-9 9.2E.10 3.6E-10 2,51E-9 1,66E-9 1,O1E-7 1.18E-7
EU155 1.6E.10 1,5E-10 1.9E-10 5,66E-9 4,55E.9 6,48E.9 5,00E-9 5.68E-9 4,54E-9 8,OE-10 c4.OE-10 2,04E-9 1.62E.9 9,01E-8 1,08E-7
SB125 1,7E.10 1,6E-10 3,69E.9 2,79E.9 2,92E-9 5.48E-9 5.67E.9 2,53E-8 2.49E.8 8,19E-8 8.03E-8 5,38E-8 5,34E-8 2,42E.8 2,84E.8
SR90 4,4E-08 6,6E-0| 4,18E-7 1.66E-7 1.70E.7 4.03E-7 4.49E.7 1,28E-8 1,45E-6 3,09E-6 3,21E-6 2,27E-6 2,35E-6 8.38E-6 8.82E-6
CE144 1,8E-09 2,1E.09 2.1 1E-9 9.22E-8 8,81E.8 7,28E-8 6.43E-8 3.86E.8 2,84E-8 c7.32E-8 <6,85E-8 <2,97E-8 <2,74E-8 1,05E-6 1.28E-6
TC99 <3.8oE-9 3.29E-6 3,39E-6 1.43E-6 5,74E-7 9,27E-6 1,09E-4
AG11 OM 3,3E-36 2,93E-7 2,04E-7
AM241 1,8E-10 1.3E.1O| 2,5E.1| 2.97E-9 4.58E.9 3.46E.9 2,64E-9 3.24E-9 2.30E-9 461E10 c.2E-10 1.02E-9 1,02E-9 9,58E-8 9,58E-8
AM243 c4.6E.1 1 4.6E11
NP237 6,74E-9 5.71 E-9 2,22E-7 2,50E.7 2,62E-7 2,64E-7 1.58E-6 1,53E-6
NP239 c8,8E.11 c6,sE.11
CM244 3.1E-11 3,4E-1 1
CM242 1,4E-11 2,1 E-11
PU238 2,9E-09 2,7E09 4,76E.9 4,76E.9 8,68E-9 6.65E.9 1,87E-8 1,67E-8 4,09E-8 4,15E-8 4,32E-7 3,79E-7 2.94E-7 2,66E-7
PU239/40 2,9E-09 2,8E.09 5,26E-9 5,19E.9 8,50E-9 7,86E-9 1,98E.8 1.84E-8 4,17E-8 4,47E-8 4,64E-7 4,OOE-7 3,12E-7 2,77E-7
PU241 3,5E-09 3,SE-09 3.72E9 3,92E-9 6.19E-9 6,59E-9 1,70E.8 1,59E-8 4.45E-8 2,90E-8 3,59E-7 3.31 E-7 2.98E-7 2,77E.7
U 9,7E-06 4.71E-4 4,75E.4 7,90E-4 8.45E-4 5.17E-5 3.15E-5

pHmeas+0,5 6,51 pH 6,02 pH 6.4
Eh(mV)** _. _. -38 528 mV 402 mV Eh meas.failed 408 mV 166 mV 674 mV

*'Ehmeas + 208 mV , time since start ot the static test
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TABLE 4: Effect of pH and C02: Incremental rates of radionuclides release from spent fuelpowder (FA P/d)
Sample: P 56(l) :1,7 g (=1,5 9 Hi. Solutlon: 95% sat NaCI Starting volume: 131 ml Atmosphere: Ar-

* . - ; Temperature: 25 C Final volume: 108 ml

static test

Unrason. cleanIng, Wash no pH control pH= 7 pH=9 *w pH11 pH=7(end)
of 
18.9 g'(16.7 g HM) (85 d) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling 6. Sampling
pwdr In 200 ml DIW 14 days' 62 days' 83 days' 173 days' 236 days 277 days'

Nuclide KMil Pl~t of~ ~4~ SI~~

RU1 06 1.71 E-5 2,86E-5 5,70E-6 3,65E-5 6,54E-6 2,92-5
CS134 1,65E4 1.67E-4 2,1tE-5 5,77E-4 1.43E-4 3,22E-4 2,49E-4
CS137' 1,65E-4 1,66E-4 2,21 E-5 5,83E-4 1,40E-4 3,34E-4 , 2.31E-4
EU154 2,56E-7 2,952-5 1 ,42E-6 1,43E-6 1.28E-4
EU155 - , 2,1727 2,6iE-s 1,27E-6 '1,11E-6 1,14E-4
SB125 , 3,25E-5 9,77E-5 2,70E.5 4,20E4 2,64E-4 --

SR90' 4,91E-5 7,74E5 3,13E.5 2,50E-4 1,11E4 5 7.90E.4
CE144 .1,33E-7 2.30E-5 1,12E-6 . . 7,19E.5
TC99 -. '' 2,41E.4 - 1,19E-3
AG110M .1,78E-3
AM241 1,93E-7 9,11E-6 5,0127 2,49E-7 8.21E-5
AM243
NP237- 1,39E-5 . 6.17E-5 - 1.65E-5 7.592-4
NP239
CM244
CM242 ^--
PU238 6,29E-7 7.60E-8 9,72E-7 3,84E-7 1,00E-5

PU239/40 - 6,96E-7 1.252-7 9,20E-7 3,77E-7 1 ,08E-5
PU241 * 4,92E-7 9,502-8 8,75E.7 4,79E-7 8,06E-6 - -

U.*. - - 1,01E-4 9,91E-5

pHmeas+0,5 6,51 pH 6,02 pH 6,4
Eh(mV)*' - -38 528 mV 402 mV Eh meas.failed 408 mV 166 mV 674 mV
"*Ehmeas 208 mV ' time since start of the static test , �



TABLE 5- Effect of pH and C02: Activity of leach solutions from spent fuel powder corrosion tests (Bq/mi)

Sample: P 56(111):1,7 g (=1,5 g HM) Solution: 95% sat NaCI
Temperature: 25 C

Starting volume: 145 ml
Flnalvolume: 118ml

Atmosphere:
Ar 0,03%C02

static test ._ '_'' _ ___

. Ultrason. eaning Wash no pH control pH =7 pH=9 pH =11 pH 7 (end)
of

._____ 18.9 9 (16.7 9 HM) (162 d) 1. Sampling 2. Samping 3. Sampling 4. Sampling 5:Sampling 6. Sampling
S .pwdr In 200 ml DWf . 19 days' 74 days, 102 days' 158 days 223days 329days

Nuclide' WIWId ^0 ,,,M15m .lW, Pal I .~

RU106. 6,92E+3 6,29E+3 2,85E+3 7,70E+2 8,83E+2 1,89E+3 2,052+3 2,01E+3 1,58E+3 4,29E+2 1,14E+3 1,62E+3 1,62E+3 '3,27E+3 2.87E+3 I
CS134 4,03E+6 5,11E+6 2,452+5 9.81E+4 9,81E+4 2,76E+5 2,76E+5 1,89E+5 1,89E+5 3,67E+5 3,67E+5 4,09E+5 4,09E+5 6,71E+5 6.71E+5
CS137 6,03E+6 7,66E+6 1,74E+6 7,28E+5 7,28E+5 2,27E+6 2,27E+6 1,56E+6 1,56E+6 3,06E+6 3,06E+6 3,93E+6 3,93E+6 6,43E+6 6,43E+6
EU154 2,75E+2 2,85E+2 8.78E+3 1,40E+4 1,44E+4 3,27E+4 3,35E+4 2.93E+4 2,79E+4 3.14E+2 1,34E+2 3,11E+2 3,28E+2 1,54E+5 1,52E+5
EU155 1,50E+2 1,35E+2 3,08E+3 4,88E+3 5,04E+3 1.09E+4 1,12E+4 9.94E+3 9,39E+3 8,86E+1 2,982+1 1,13E+2 8.88E+1 4,96E+4 4,85E+4
SB125 9,25E+2 8,14E+2 1;07E+3 1,30E+3 1,36E+3 1,77E+3 1,802+3 2,13E+3 2,03E+3 6,34E+3 6.57E+3 8,97E+3 8,44E+3 1,14E+3 1,09E+3
SF190, 8,88E+4 1,33E+5 6.25E+5 3,04E+5 3,24E+5 6,59E+5 6,292+5 8,12E+5 8,46E+5 1,15E+6 1,21E+6 3.25E+5 2,98E+5 4,45E+6 4,41E+6
CE144 1,11E+3 9,99E+2 7,64E+2 1,09E+3 1,18E+3 1,88E+3 2,04E+3 8,49E+2 8,29E+2 c5.92E+1 c6,14E+1 3,13E+1 2,962+1 8,55E+3 7.36E+3
TC99- -i,48E+o <7,1OE-1 1,37E+1 1,80E+1 1,81E+2 1,79E+2 2,83E+2 3,19E+2 4,38E+2 4,50E+2 7,37E+2 6.78E+2 1,20E+3 1,27E+3
AG110M
AM241 3,26E+1 2,59E+1 1,45E+3 2,92E+3 3,01E+3 6,28E+3 6,442+3 4,69E+3 4,68E+3 3,17E+1 2,22E+1 4,45E+1 3,88E+1 5,59E+4 5,45E+4
AM243 <3,70E-1 d,70E1.
NP237 . 8,71E.2 7,28E.1 7,522.1 3,50E+0 2,89E+o 4,36E+0 4,79E+0 2,802+0 2,882+0 3,282+0 2,98E+0 3.07E+1 2,902+1
NP239 4,70E1 c3,70E-1
CM244 2,07E+2 2.22E+2
CM242 5.92E+0 5,55E+0
PU238 1,33E+2 1,25E+2 3,16E+2 9,S1E+2 9.31E+2 1,54E+3 1,52E+3 1,80E+3 1,71E+3 2,93E+2 2,04E+2 1,34E+3 1,34E+3 5.07E+3 4.26E+3
PU239/40 2,112+1 2,00E+1 4,82E+1 1,63E+2 1,73E+2 2,67E+2 2,63E+2 3,52E+2 3,05E+2 5,03E+1 3,31E+1 2,34E+2 2,27E+2 8.61E+2 7,33E+2
PU241- 3,89E+3 3,74E+3 6.30E+3 1,54E+4 1,52E+4 3,04E+4 2,97E+4 3,71E+4 3,37E+4 5,81E+3 3,68E+3 2,48E+4 2,47E+4 9,17E+4 7,77E+4
U (g/mi) 1,5015+1 1,17E+1 2,812+1 2.43E+1 1,04E+2 9,79E+1 4,23E+1 3,81E+0 '1,18E+2 1.21E+2 2,96E+22,84E+2 4,10E+1 1,85E+1

pHmeas+0,5 5,45 pH 5,51 pH 5,36
Eh(mV)' __._. 198 514 mV 217 mV 658 mV 48 mV 528 mV 643 mV

"*Ehmeas + 208 mV , time since stan of the static test

.,
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TABLE 6: Effect of pH and C0 2: Release fractions (FlAP) of radionuclide inventories in spent fuel powder leachates

Sample: P 56(ll): 1,7 g(=1,5 g HM) Solution: 95% sat NaCI Starting volume: 145 ml Atmosphere:
- -. , ; . -- ; .- ............ .Temperature: 25 C Finalvolume: 118ml Ar / 0,03%C02

2 ;r r ~ " ' -; ~ | s - . . . - ,. . .- . % ..... . ,,static test
U'trason. cleaning sh no pH control -. .. pH=7 .. pH=9 .pH= 11 pH 7 (end)

18,9 g (16,7 g HM) (1 62 d) '1. Sampfng 2. Sampling 3. Sampiing " 4. Sampling 5. Sampling 6. Sampling
.___.___; _ pwdr In 200 m DW 19 days 74 days' 102 days 158 days' 223 days' 329 days'

Nuclide a," W "M "Mi OMIN V,... . ............... 4g .t M.................... -5;irffi.5Xlf
RU106 3,03E-5 3,41E-5 3,73E-3 7,77E-4 8,91E-4 2,42E-3 2,62E-3 2,43E-3 .1,91E-3 4,97E-4 1,32E-3 2,42E-3 2,42E.3 4,66E-3 4,09E.3
CS134 1,25E.2 1,76E-2 4.21E-2 1,26E2 1,26E-2 3,882-2 3,88E-2 2,512-2 2.51 E-2 4,68E-2 4,68E-2 s.882-2 5,88E2 9,19E-2 9,19E-2
CS137 1,192-2 1,52E-2 4,22E-2 1,28E-2 1,28E-2 3,84E-2 3.84E-2 2,49E-2 2,49E-2 4,69E-2 4,69E-2 6,02E2 6,02E-2 9,38E-2 9,38E-2
EU154 8,65E-6 9,20E-6 4,46E-3 5,19E-3 5,34E-3 1.19E2 1,22E-2 1,01E-2 9,612-3 1,04E4 4,43E-5 1.05E-4 1,11.E-4 4,95E-2 4,88E.2
EU155 *9,16E-6 8,61E-6 4.06E-3 4,72E3 4,88E-3 -1,06E-2 1,09E.2 9,17E-3 .8,67E-3 7,84E-5 2,64E-5 1,04E-4 8,21E5 4,37E-2 4,28E-2
SB125 .7,53E-5 :7,16E-5 ,3,19E-3 2,88E-3 3,01E-3 *4,14E-3 4,21E.3 4,70E-3 4,48E-3 -1,342-2 '1,39E-2 2,07E-2 1.952-2 2,51E-3 2,40E-3
SR90 2,56E-4 3,87E4 :2,23E-2 7,89E-3 8,41E-3 *1,64E.2 -1,5722 1,92E-2 .2,00E2 2.60E.2 2,74E-2 7,35E-3 6,74E3 9,59E-2 9,502-2
CEI 44 5,50E-6 6,51E-6 2,96E-3 3.32E-3 3.59E3 7,89E-3 8,58E-3 .3,36E-3 .3,29E3 4224 c2,33E4 1,66E4 1,57E-4 4,32E-2 3,722-2
TC99 2,s59E-5 ; cl,37E 1,92E.3 2,52E-3 2,41E2 2.38E-2 3,56E-2 4,01E-2 5,29E-2 5,43E2 8,80E-2 8,10E2 1,3iE-1 1,45E-1

AM241 -6,922-6 5,15.E-6 1,74123 2,52E-3 .2,60E-3 4,97E-3 5,10E-3 3,51E-3 .3,50E-3 2,28E.5 1,59E-5 3,06E-5 2,672-5 3,67E-2 _3,58E-2
AM243 cl76E- <1,76E-6 . , -

NP237 ' - 6,35E-4 3,8SE3 3,97E-3 .1,76E-2 1,45E-2 2,07E-2 2,28-2 .1,28E-2 1,31E-2 1,48E-2 1,34E.2 ' 1,32E-1 1,25E-1
NP239 <1,76E-8 <1,76E-6 . -.

CM244 ' 5,60E-6 6,07E-6 - , .

CM242 2,462-6 3,7~42-6 -

PU238 4,81E-6 4,54E-6 1,31E-4 2,86E4 2,80E-4 4,42E4 '4,36E-4 4,88E4 4,63E-4 7,62E-5 5,30ES 3,46E-4 3,46E4 1,252-3 1,OSE-3
PU239/40 -4,87E6 4,61E-6 *1,23E4 3,012-4 3,20E-4 4,69E-4 4,62E4 5,852-4. 5,07E-4 8,02E-5 5,27E-5 3,69E-4 3,58E. 1,29E-3 1,10E-3
PU241 5,86E-6 5,722-6 ' 1,32E-4 2,35E-4 2,32E-4 4,51E-4 4,4024 5,20E-4 4'4,72E-4 7,811E.5- 4,9425 3,36E-4 3,35E-4 -1,18E-3 1,00E-3
U 1,92E-4 1,65E-3 2,88E3 2,49E-3 1,012-2 9,55E-3 3,901-3 3,51 E-4 1,04E2 .-1,07E2 2,59E-2. 2,49E.2 3,42E-3 1,54E-3

pH54eas0,5 ' 5.45' pH 5,51 pH5,36
Eh(mV)' . ; .. 198 514 mV 217 mV 658 mV 48 mV 528 mV 643 mV

"Ehmeas + 208 mV * time since start o0 the static test' 



TABLE 7:- Effect of pH and C02: Concentrations of radionuclides in leach solutions from spent fuel powder (moliL)

Sample: P 56(111) : 1,7 g (1,5 g HIVI) Solution: 95% sat NaCI
Temperature: 25 C

Starting volume: 145 ml
Final volume: 118 ml

Atmosphere:.
Ar I 0.03%C02

statIc test
Ultrason. cleanlng [WsoH control pHu7 - ~ 9p l1 pH=7(end
of 
18.9 g (1 6.7 g HM). (I162 d) 1. Sampling 2. Samplin 3.Sampling 4. Sampling 5. Sampling 6. Sampling

_______ pwdr In2O0ml DI l9days' 74days' 102days' 158days' 223 days 329days'

Nuclide __ _ _ _ _ L~~h n
RU106S 1.32.08 1,52-08 9,60E.7 2,76E-7 3,172.7 9,02E-7. 9,78E-7 '9,5912.7 7.542-7 2,05E.7 5,44E-7 1,O1E.6 1,01E-6 2.0412-6 1.79E-6
CS134 4,6E-068 6,52-0 9,22E-6 3,80E26 3,80E26 1,23E-5 1.23E-5 8,43E46 8,432.6 1,642.5' 1,642.5 2,082.5 2.08E-5 3,412-5 3.412E-5
CS137 4.41208 5.6E-06 9,22E-6 3,87246 3,872.6 1,22E-5 1.2212-5 8.37E-6: 8,37E.6 1.642-5 1,642.5 2.132-5 2.132-5 3.48E.5 3,48E.5
EU154' 1.52-10 1,62.10 4,57E-8 '7.33E.83 7,54E.8 1.77E-7 1,811E.7 1.5912-7 1.512E-7 1.729725-0174E .3-9 8.59E-7' 8.48E-7
EUJ155 1,61E-10. 1,5E-10 :416E-8 6,88-8 6,90E-8 1.58E-7 1,83E-7, 1,44E-7 1.382-7 1.29E-9 4,32E-1O 1.73E-9 1,36E-9 7.60E-7 7.43E-7
S13125' 1,7E610 1,6E-10 4,302-9 5,34E-9 5.59E-9 8.07E-9 8,21E-9 9.7112-9 9.26E-9 2,891E-8 3.0012-8 4,5012.8 4,241E-8 5.73E-9 5.47E-9
SR90 4.42-08 6.62.08 2.26E-6 1IJOE-6 1,1712-6 2,41E-6 2,3012-6 2.9712-8 3,09E-6 4,21E-6 4,432-6 1,2012-6 1.OE-6 1,64E-5 1,6312-5
CE2144 1,8E-09 2,12E-09 5.80E-7 8.66E-7 9.37E-7 2.162-6 2,3512-6 9,762.7 9,53E-7 c-6.B1E-8 .c706E-8 5,07E-8 4,802.8 1,39E-5 1,19E-5
TC99 < 3.80E-9 c1.1912-8 2.30E.7 3.022-7 3.04E-6 3,001E-6 4,75E-6, 5,35E-6 7.35E-6 7,55E-6 1,24E-5 1.14E-5 2.01E-5 2.13E-5
AGI110M 3,312-36
AM241 1,81E-10 1,3E.10 2,68E-8 5.352-8 5,512-8 1,1 1E-7 1.14E-7 8,29E.8 8,272.8 5.60E-10 3.922-10 7.62E-10 6,64E.10 9,572.7 9.33E-7
AM243 <4,6E-1 1 -c4,6E-1 1
NP237,- 1.45E.8 1,22E-7 1,262.7 5,842.7 4,822.7 7,28E-7: 8,002-7 4,67E-7; 4,812.7 5.482-7 4,98E-7 5.13E-6 4.84E-6
NP239__ c.8E-11 .8,E-1 1
CM244 3,112-11 3,4E-11
CM242 .1,4-111 2,12-11
PU238 2.9E-09 2,71E-09 4.672-8 1,4112-7 1.38E-7 2.29E-7 2,262.7 2.67E-7 2542-7 4.352-8 3.03E-8 1,99E-7 1.992-7 7,55E-7 6,34E-7
PU239/40 _2,92-09 2,82-09 4.39E-8 1,482-7 1 ,57E-7 2,43E-7 2,392-7 3,202-7 2,782-7 4,582-8 3,012E-8 2,132-7 2,07E-7 7,832-7 6,872-7
PU241 3.512-09 3.52-09 4,72E-8 '1,1621-7 1I.142-7 2,332-7 2,282-7 2,852.7 2,592-7 4,46E-8 2,822-8 -1,942.7 1,932-7 7,172-7 6,072-7
U 9,71E-06 4,9212-5 1,182-4 1,022-4 4,372-4 4,1 12-4 1,782-4 1,602-5 .4962-4 5,0812-4 1,2421-3 1,192-3 1,72124 7,7712-5

pHmeas+0,5 5,45 pH 5,51 pH 5.36
Eh(mV)'* ______ 198 514 mV 217 mV 658 mV 48 mV 528 mV 643 mV
"Ehmeas + 205 MVy - time since start oi the static test

4



TABLE 8: Effect of pH aiid C02 .1ncremental rates of radionuclides release from spent fuelpowder (FIAPId)--

Sample: P 56(111): 1,7 g (=1,5 g HM) Solution: 95% sat NaCI Starting volume: 145 ml Atm
Temoerature: 25 C Finalvolume: .118ml : .Ar/

osphere:
0.03%C02

to
c

.. . . ....- . .7,; stat.;test .
Ultrason. cleaning Wash no pH control pH p7 pH :9 s:-pH11 * -.* pH37(endj
of .

18.9 g (16,7 g HM) (162 d) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling 6. Sampling
._-_._._. __ pwdr In 200 ml DW . 9 days 74 days' 102 days' 158days' 223 days' 329 days'

Nuclide &k-s OvdlMV I L:4V*kijE
RU106 2,30E-5 4,09E-5 4,39E-5 8,67E-5 8,88E-6 -- 3,73E-5 ,4,40E-5

CS134 2,60E-4 6,63E-4 7,06E-4 8,97E-4 8,35E-4 9,04E-4 8,67E-4

CS1 37. - Q ! -t; ;2,60E-4 8,74E4 6,98E4 8,90E-4 - 8,3824 - -, 9,25E-4 8,852-4

EU154- 2.75E-5 2,73E-4 . 2.17E-4 3,6024 1,852-6 1,61E-6 4.67E-4

EU155 2,51E*5 2,49E-4 1,94E-4 3,28E-4 1,40E-6 ! - 1,61E.6 4,13E-4

SB125 1,97E25 1,51E-4 - 7,52E25 1,6814 , 2,40E-4 3,19E-4 2,37E-5

SR90 1 ,38E4 4,15E-4 - 2,99E-4 6,84E-4 4,65E.4 ,1,13E-4 9,05E-4

CE1 44 : , ,83E-5 1,75E4 14,43E-4 - 120E4 - 'c4,02E-6 2,55E-6 4,08E-4

TC99 ;8,46E-7 iO 1.014 '4,38E-4 - 1,27E.3 - .9,44E-4 1 ,35E-3 , 1 ,29E-3
AG110M .
AM241 1,07E25 1,332-4 9,042-5 :1,25E-4 -4,06E-7 4,71E-7 3,46E-4

AM243 .

NP237 -~- 3 I ., 3,92E-6 2,02E24 - 3,2024 .- - t, ' 7,40E-4 : . 2.28E 4 2,282-4 - 1,25E-3
NP239 : .; .. ..~~~~~- - -4 ... :28tE..:.-4;

NP239

CM244

CM242

PU238 8,072-7 1,502-5 8,03E26 1,74E-5 1,36E26 5,32E-6 1.1 8E-5

PU239/40 .7,58E27 1,58E-5 8,54E-6 2,09E-5 - 1,43E-6 5,68E-6 1,222-5

PU241 8,15E-7 1,242-5 8,19E-6 1,86E-5 * 1,39E-6 5,17E-6 1j12E-5

U 1,02E-5 -1,52E4 - 1,852-4- 1,392-4 4- - 1,86E-4 3,99E24 3,23E-5

pHmeas+O,5 5,45, pH 5,51 pH 5,36

Eh(mV)". ,- . 198. 514 mV 217 mV 658 mV 48 mV 528 mV 643 mV

*-Ehmeas + 208 mV I time since start of the static test -



TABLE 9: Effect of pH and CO2 : Activity of leach solutions from spent fuel powder corrosion tests (Bq/ml)
Sample: - P 56(11): 1,7 g (=1,5 g HM) Solution: 95% sat NaCI

Temperature: 25 C
Starting volume: 127 ml
Final volume: 122 ml

Atmosphere: Ar/1%C0 2

1'

Ar-Atm. static test

ltrason. c laning *sh no pH control pH7 pH=9 pH 11 pH = 7 (end)

18.9 (15,7 g HM) (89 d) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling 6. Sampling
pwdr In 200 ml DW 15 days' S days' 80 days' 169 days' 230 days' 274 days'

Nuclide 60.45 m 1.8 nm 0.45 pm 1.8 nm 0.45pm 1.8 nm OAS pnm 1.8 nm 0.45 pm 1.8 nm OA5 pm 1.8 nm

RU106 6,92E+3 6,29E+3 1,12E+3 1,10E+3 1,07E+3 3.26E+3 3.70E+3 4,912+3 5,28E+3 5.49E+3 5,69E+3 6,13E+3 5,72E+3 4,56E+3 5,35E+3
CS134 4,03E+6 5.11 E+6 9,75E+4 6,57E+4 6,57E+4 1,79E+5 1,79E+5 2,03E+5 2,03E+5 3,43E+5 3,43E+5 4,51E+5 4,51E+5 4,67E+5 4,67E+5
CS137' 6,03E+6 7.66E+6 5,90E+5 4,14E+5 4,14E+5 1.19E+6 1.19E+6 1.35E+6 1.35E+6 2.46E+6 2.46E+6 3,34E+6 3.34E+6 3.86E+6 3,86E+6
EU154 2.75E+2 2,85E+2 1,182+2 3,36E+3 3.12E+3 9.63E+3 1.02E+4 6.81E+2 5,34E+2 1.02E+3 1.05E+3 2,24E+3 2,18E+3 1,24E+4 1,19E+4
EU155 1,50E+2 1.35E+2 4.06E+1 1.18E+3 1.09E+3 3.14E+3 3,302+3 1,93E+2 1,53E+2 3,10E+2 3,59E+2 8.OOE+2 7.56E+2 3,97E+3 3,83E+3
SB125 9.25E+2 8.14E+2 7.80E+2 2,01E+3 1.99E+3 4.94E+3 5,33E+3 2.03E+4 2.21E+4 4,52E* 5,15E+4 3,57E+4 3,73E+4 3,63E+4 3.76E+4
SR90. 8.88E+4 1,33E+5 1.31E+5 1,05E+5 1.07E+5 3.67E+5 3,922+5 4.19E+5 5,65E+5 1,20E+6 1,23E+6 7,16E+5 7,56E+5 2,03E+6 2,09E+6
CE144 1.11E+3 9,992+2 1,63E+1 4,97E+2 4,86E+2 9,25E+2 1,01E+ 3 7,93E+1 1,03E+2 1,14E+2 1,24E+2 <3.89E+l <4,17E+1 <1438E+2 <1,40E+2
TC99 <1,48E+o 4,97E+2 4.64E+2 5,24E+2 5,76E+2 5,27E+2 4.89E+2
AGi1OM 1,272+1 8,49E+o
AM241 3,26E+1 2,59E+1 2.11E+1 6,19E+2 5,74E+2 1,73E+3 1.83E+3 7,34E+1 5,92E+1 7,84E+1 7,94E+1 1.82E+2 2.12E+2 2.47E+3 2,38E+3
AM243 <3470E.1 <3470E21
NP237 1,09E-1 2,07E-1 4,15E+0 3,53E+0 4,45E+0 4,95E+0 6,51E+0 6.52E+O
NP239- 470E-1 370E.1- .
CM244 2.072+2 2.22E+2
CM242 5,92E+0 5,55E2+
PU238 1.33E+2 1,25E+2 9,492+1 9,642+1 7.502+2 7,65E+2 1,842+2 1,202+2 5.35E+3 5,21E+3 4,48E+3 4,43E+3 6,96E+2 3,26E+2
PU239140 2,112+1 2.00E+1 1.61E+1 1,66E+1 1,28E+2 1,29E+2 2,82E+1 2,022+1 9,31E+2 8,97E+2 7,852+2 7,48E+2 1,21E+2 5,78E+1
PU241- 3,89Et3, 3,74E+3 1,27E+3 1,46E+3 1,46E+4 1,50E+4 3,12E+3 2,10E+3 1,04E+5 9,91E+4 7,87E+4 7,80E+4 1,38E+4 6,52E+3
U (g/ml) 1,50E+1 4,07E+2' 4,12E+2 4,12E+2 4,33E+2 3,88E+2 3,75E+2

pHmeas+0,5 6,34 pH 5,34 pH 5,82
Eh(mV)*" 22mV 546 mV 259 mV 279 mV 197 mV 228 mV 648 mV

**Ehmeas + 208 mV * time since start of the static test



TABLE 10: Effect of pH and CO2:, Released fractions (FIAP) of nuclide nventories in spent fuel powder leachates
Sample: P 56(11) :1,7 g (=1,5 g HM) : Solution: 95% sat NaCI Starting volume: 127 ml Atmosphere: Ar/l%C0 2

Temperature: 25 C Final volume: 122 ml

. ...Ar-Atm. static test
Ultrason. cleaning Wash -. no pH control pH =7 pH = 9 pH =11 pH = 7 (end)

.,_ __ . of , - :.-_ _ _ , ,.__ __ _ ._._.__.__'__,__.._ .

8,9 g (16,7 g HM) (89 d) 1. Samplng - 2. Samplng 3. Sampling 4. Sampling-' 5. Sampling 6. Sampling
,___-__._ pwdr In 200 ml DM 15days- 59 days' BO days- 169 days- 230 days' 274 days-

Nuclide. - . 0,45pm-itered 0.45pm 1.8nm 0.45 m 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm
RU106 3.03E-5 3,41E-5 1.12E-3 *7.01E-4 6.82E-4 2,23E-3 2,53E-3 3,23E-3 3.47E-3 4,47E-3 4,63E.3 5,29E-3 4.94E-3 5,20E-3 6,11E-3
CS134 - 1.25E-2 1,76E-2 1,48E-2 6,33E-3 6.33E-3 1.74E-2 1.74E-2 1,89E-2 1,89E-2 3,67E-2 ' 3,67E-2 4,96E-2 4,96E.2 5,86E2 5,86E-2
CS1371 1.19E2' 1,52E-2 1.43E-2 6,36E-3 6,36E-3 1,74E-2 1,74E-2 1,90E2 1,90E.2 3.71E-2 3,71E-2 .5,03E-2 5,03E-2 5,83E-2 5,83E-2
EU154 "' 8.65E-6 9.20E-6 5,85E-5 1.06E-3 9,82E-4 2.91E-3 3.09E3 1,98E-4 1,55E. *3,22E-4 3,324 7,1 1E-4 6,92E-4 4,03E-3 3,8iE3
EU155 9,16E-6 8,61E-6 5.11E-5 9.42E-4 8,71E-4 2,44E-3 2,56E-3 1,44E-4 1,14E4 2.54E-4 2.95E-4 :6,63E-4 6,27E-4 :3,46E-3 3,34E-3
SB125 7,53E-5, 7.16E-5 2.12E-3 3.48E-3 3,44E-3 ! 8,47E-3, 9,14E-3 :3,34E-2 3.64E |' 8,39E-2'' 9,56E2 '6.76E-2 7,07E-2 '.7,57E2 7,85E2-
SR90 2,56E-4 3,87E-4 4.67E-3 2,38E-3. 2,42E-3 7.91E-3; 8,45E-3 8,67E-3. 1,17E-2 2,67E-2 2,73E-2 1,59E-2 1,68E-2 ,4,52E-2 4,66E22
CE144 5,50E-6 6,51E-6 4,47E-5 8,66E-4; 8,47E-4 1,80E-3 1.96E-3 1,48E.4 1,92E4 2,75E4 2,99E-4 .,01E4 .. 09E4 <5,17124 c<524E2-
TC99- <2,58E5- -; . '':-: ': - . ,.. ' .................. . , * . . a .- 5,97E-2- 5.572-2 6,282-2 6,90E-2 6,27E.2' 5.81-2
AG110M - 3,82E-2, 2,55E-2
AM24i 6,92E-6 5,15E-6 2,65-5 4,93E.4 4.57E-4 1,28E-3 1,36E-3 5,23E-5 4,22E-5 5,85E-5 5,93E-5 1,34E4 1,57E-4 ,1,75E-3 1,68E-3
AM243 <1.,76E-6 <1,76E6 - ;
NP237 .: 5,092-4 9,6624 1,88E-2 1,60E-2 2,0E-2 2,24E-2 2,92E-2 2,93E-2
NP239 <1,76E- -1762 .
CM244' 5.60E-6- '6,07E-6 _
CM242 2,46E-6 3,74E-6
PU238 -4,81E-6 4,54E 2,51E-5 2,55E-5 1,88E-4 '1,92E-4 4,43E5 2,89E-5 1,38E3 1,34E-3 1,152-3 1,14E-3 1,78E.4 '8,35E-5
PU239/40 4,87E-6 4.61E-6 2.63E-5 2,71E-5 1,98E-4 1,992-4 4,18E-5 3,002|-5 1,48E-3 1,422-3 1,24E-3 1,18E-3 1,90E-4 9,07E-5
PU241 5,86E-6''5,72E.6 - 1,67E-5 1,922-5 1,84E-4 1,89E-4 3,77E-5 2,542-5 1.362-3 1,29E-3 1,03E-3 1,02E-3 1,83E-4 8,63E-5
U,--, - 1,92E4' - -. .. 3,58E-2 3,63E-2 3,62E-2 3,80E-2 3,38E-2 3,27E-2

pHmeas+0,5 6,34 pH 5,34 ^ pH 5,82
Eh(mV) _ _ 22mV 546 mV 259 mV- 279 mV: 197 mV 228 mV 648 mV

.. lmB , _U~ m_ . tim snc sar .t me................. .tti .tes.t. . .. _.L.. .... \.
*-hmsas + zuts mv - time since start oi ino static test ,



TABLE- 11: Effect of pH and C02 : Concentrations of radionuclides in leach solutions from spent fuel powder (mol/L)
Sample: P 56(11): 1,7 g (=1,5 g HM) Solution: 95% sat NaCI Starting volume: 127 ml Atmosphere: Ar/1%C02

Temperature: 25 C Final volume: 122 ml

Ar-Atm. static test - -___ ._,

Ultrason. cleann Wash . no pHc7 . pH= 9 g pH=11- .pH 7 (end)
ofI
18.9 g (16,7 g HM) (89 d) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling 6. Sampling

. pwdr n 200 ml DIW 15 days 59 days' 80 days' 169 days' 230 days. 274 days'

Nuclide 0,45 m -filtered 0.45 prm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm

RU106 1,3E-08 1,5E-08 2,87E-7 2,82E-7 2,74E-7 9,48E-7 1,08E-6 1.43E-6 1,54E-6 1,85E-6 1,92E-6 2,20E.6 2,05E-6 2,18E-6 2,55E-6

CS134 4,6E-06 6.5E-06 3,21E-6 2,16E-6 2,16E-6 6,27E-6 6,27E-6 7,11 E-6 7,11 E-6 1,29E5 1,29E-5 1,75E-5 1,75E-5 2,08E-5 2,08E.5

CS137 4,4E-06 5.6E-06 3,10E-6 2.17E-6 2,17E-6 6,28E-6 6,28E-6 7,12E6 7,12E-6 1,30E-5 1,30E-5 1,77E-5 1,77E-5 2.07E-5 2,07E-5

EU154 1,5E-10 1,6E-1 5,92-10 1,69E-8 1,57E-8 4,93E-8 5.22E-8 3,48E-9 2,73E-9 5,31E-9 5,46E-9 1,172-8 1,14E-8 6,71E-8 6,44E-8

EU155 1,6E-10 1,5E-10 5,2E-10 1,51E-8 1,39E-8 4,122-8 4,33E-8 2,53E-9 2,01E-9 4,19E-9 4,85E-9 1,10E-8 1,03E-8 5,76E-8 5,56E-8

SB125 1.7E-10 1,6E-10 2.84E-9 7,31E-9 7,24E-9 1,88E.8 2,03E-8 7,73E-8 8.41E-8 1,82E-7 2.07E-7 1,47E-7 1.53E-7 1,66E-7 1,71E-7

SR90 4,4E-08 6,6E-08 4,69E-7 3,76E-7 3,83E-7 1,32E6 1,41E-6 1,51E-6 2,03E6 4,34E-6 4.44E-6 2,59E-6 2,74E-6 7.432-6 7,65E6

CE144 1.82-09 2,1E-09 8,40E-9 2,56E-7 2,50E7 ,61E7 6,12E-7 4,81E8 6,24E8 8 ,36E8 9,09E8 <3.09E-8 c3,31E-8 <1.59E-7 c1,61E-7

TC99 c380E-9 8,33E-6 7,78E-6 8,79E-6 9,66E-6 8,84E-6 8,20E6

AG110M 3,3E-36 4,65E7 3,11E-7

AM241 1,82-10 1,3E-1 4,0E-10 1,19E-8 1,10E8 3,26E-8 3,45E-8 1,38E-9 1,112-9 1,45E-9 1,47E9 3,33E9 3,88E-9 4,36E-8 4,20E-8

AM243 <4,6E-1 1 c4,6E-11

NP237 . 1,82E8 3,46E-8 6,93E-7 5,89E-7 7,43E-7 8,26E-7 1,09E-6 1,09E-6

NP239 <6.8E-1 I.c6,sE1 - -.-
CM244 3,12E-11 3,4E-11
CM242 .1,4E-11 2,1 E-11 
PU238 2,9E-09 2,7E-09 1,40E8 1,42E-8 1,11E-7' 1,132-7 2,72E8 1,77E-8 7,91E7 7,70E-7 6,63E7 6,55E-7 1,03E-7 4,84E-8

PU239/40 2,9E-09 2,82-09 1,46E-8 1,512-8 1,16E7 1,17E-7 2,572-8 1,84E-8 8,47E-7 8,16E7 7,14E-7 6,81E-7 1,10E-7 5,26E-8

PU241 3,5E-09 3,5E-09 9,33E-9 1,07E8 1,08E-7 1,11E-7 2,31E-8 1,56E8 7,79E-7 7,42E-7 5,92E-7 5,86E-7 1,06E-7 5,00E-8

U 9,7E-06

pHmeas+0,5 6,34 pH 5,34 pH 5,82
Eh(mV)* _ 22mV 546 mV 259 mV 279 mV 197 mV 228 mV 648 mV

"Ehmeas + 208 mV * time since start of the static test



TABLE 12: Effect of H and CO2: Incrmental rates of radionuclides release from spent fuel powder (FlAP/dJ

Sample:,

;,I

i 56(1): 1,7 g (=1, g HM)
*' ! .

Solution: 95% sat NaCI
' Temperature: 25 nC

I v 1
Starting volume: 127 ml
Final volume: -:122 ml

Atmosphere: Ar/ICO2

C#3
(In

, . - A r-A tm . - - -- statl c te st_ _ _ _ _ _ _ _ _ _ _ _ _ _ ______________ _____te

- Ultrason. cleaning Wash no pH control - pH =7 pH = 9 pH=11 pH= 7 (end)
of ,
18,9 g (16,7 g HM) (89 d) 1. Sampflng 2. Samptlng 3. Sampling 4. Sampling 5. Sampling 6. Sampling
p;idr In 200 ml DIW 15 days 59 days i' 80 days' 169 days' 230 days' 274 days'

Nuclide 0,45 pm - lltered_ 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 prm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm

RU106, , 1,26E-5 4,67E-5 3,48E-5 5,67E-5 1,69E-5 1,36E-5
CS134 '.. 1,66E-4 4,22E-4 2,51E4 1,45E4 2,17E-4 2,12E4 2,06E-4
CS137 - 1,60E-4 4,24E-4 2,51E24.4 1,46E-4 2,212E4 2,17E-4 1,81E.4

EU154; 6,5727 7,05E-5 . 4,22E.5 ; 1,58E-6 6,37E26 7,55E-5
EU1 55 i, 5,74E-7 6,28E-5 1 3,40E-5 , . ,37E-6 6,70E-6 6,36E-5

SB125 . ;- . . 2,39E-5 2,32E-4 , 1,14E-4 1,22123 . 5,98E-4 1,84E-4
SR90- 5,25E5 1,59E-4 1,26E-4 6,90E-5 . _ 2,10-4 - 6,66E-4
CE144 - 5,03E-7 5,78E 5 . 2,12E.5 , 1,56E26 9,44E26

TC99 : - 6,712E4 5,06E-5
AGi10M 2,55E-3
AM241 2.97E-7 3,29E-5 1,80E5. 1,18E-7 1,24E-6 3,66E-5
AM243
NP237 3,39E-5 . 2,I1 E-4 2,15E-5 2,07E-4

NP239
CM244
CM242
PU238 1 ,67E-6 -3,70E-6 1,50E-5
PU239140 1,75E-.6 3,90E-6 1,62E.-5
PU241 1,11E-6 3,80E-6 1,49E-5
U 4,02E-4 5,77E-6

pl-Imeas+o,5 6,34 pH 5,34- pH 5,82.
Eh(mV)' . 22m -546m 259 mV." : 279 mV 197 mV28m64m

-

"Ehmeas + 208 mV * time since start of the static test



TABLE 13: Activity of leach solutions from spent fuel powder corrosion tests (Bq/ml)--
Sample: P 4: 2,8 g (=2,4 g HM) Temperature: 25 C Atmosphere: Ad 0,03%C02

Solution:Granite water (EGW) iGranitebentonite water (GBW)
. ~~~~~~~~~Starling volume: 200 ml IStarting volume: 203 ml

. ~~~~~~~~~~~~Final volume: 174 ml . 'Final volume: 187 ml

static test
Ultrason. cleaning Wash

._______ 118.9 g (16,7 g HM) 1. SamplIng 2. Sampling 3. Sampling 1 4. Sampling 5. Sampling
wdr In 20m DIW 55 da 49days 201 days' .45 days' 1 617 days' 750 days'

Nuclide .'Qr45-g1S .j _ _

RU106 6.92E+3 6,29E+3 1.36E+3 9,44E+2 5,47E+2 1,26E+2 1,52E+2 1.34E+2 8,21E+2
CS134 4.03E+5 5.11E+6 3,34E+5 3,34E+5 7,68E+4 7,68E+4 2,21E+5 2,21E+5 1,73E.5 1,73E+5j 5,23E+5 5,23E+5 5,33E+5 5,33E+5
CS137 6,03E+6 7,66E+6 1,58E+B 1,58E+6 3,69E+5 3,69E+5 1,23E+6 1,23E+6 1,23E+6 1,23E+6| 3,87E+6 3,87E+6 4,48E+6 4,48E+6
EU154 2,75E+2 2,85E+2 8,64E+1 2,23E+1 1,23E+2 4.20E+0 3.052+3 3.45E+1 5,14E+3 1,48E1+11 3,932+3 2.47E+3 1,04E+4 5,36E+3
EU155 1.50E+2 1,35E+2 3,17E+1 1.34E+1 4,68E+1 <1,52+0 1,11E+3 1,82E+1 1,74E+3 4,32E+01 1,26E+3 7,90E+2 3,22E+3 1,64E+3
SB125 9,25E+2 8,14E+2 1,06E+4 1,26E+4 1,53E+4 1,60E+4 8.33E+3 8.07E+3 1,19E+4 1,01E1+4 1,54E+3 1,52E+3 1.10E+3 8.38E+2
SR90 8,88E+4 1,332+5 2,76E+5 9,04E+4 3.51E+4 1,45E+4 5.57E+4 2,79E+4 4,75E+4 2,57E+41 3.OOE+6 3,28E+6 3,83E+6 2,99E+6
CE144 1,11E+3 9,99E+2 1,61E+1 6,50E+0 2.17E+1 <5,9E+0 7,07E+2 -.5,4E+0 5,87E+2 <7,56E+0 <1,8E+2 <1,8E+2 cl,7E+2 <1.5E+2
TC99 -<1,48E*O 5,70E+1 5.80E+1 5.332+0 5,10E+0 5.08E+2 5,64E+21 1,23E+2 1,26E+2 2.40E+2 1.84E+2
AM241 3.26E+1 2.592+1 <2,3E+O c1,7E+o 6.00E+1 1,602+0 9,65E+2 2,17E+0 1,96E+3 <1,99E+.o 3,OOE+2 1,72E+2 9.09E+2 4,53E+2
AM243 .3,70E-1 d,70E1 I
NP237 1,51E+- 1,52E+0 2,18E-1 1.64E-1 1,46E-1 3,73E-2 4,81E-1 3,88E-11 4,32E+0 5,22E+0 8.41E+O .6,37E+o
NP239 * - .,70E61 '3,70E-1 -- - .

CM244 2,07E+2 2,222+ . 1.88E+2 3,67E+0 3,78E+3 1,252+1 -
CM242 5,92E+0 5.55E+0 3,31E-1 1,07E2 8.37E+0 2,97E-2.
PU238 1,33E+2 1,25E+2 1,55E+2 4,97E+1 5,33E+2 2,73E+1 5,53E+3 4,93E+1 9,77E+3 9,29E+1 1,02E+3 1,1OE+3 1,15E+3 8,46E+2
PU239/40 2,11 E+1 *2,00E+1 2,55E+1 8.04E+0 9.83E+1 5.772+0 1.07E+3 1,07E+1 1,68E+3 1.59E+11| 1.81E+2 1.88E+2 2.04E+2 1.45E+2
PU241 - 3,89E+3 3,74E+3 3,63E+3 1,15E+3 1,15E+4.4 .7,50E+2 1,22E+5 1,23E+3 1.96E+5 1,87E+31 1,592+4 1.83E+4 2,29E+4 1,64E+4
U (g/mi) 150E+1 3,35E+1 1,13E+1 1,28E+1 6.60E+ 4,07E+O 4,64E-1 4,07E+O 1,42E-1i 8,52E-2 6,36E-. 7,03E.2 6,56E-2

pHmeas pH 7,34 pH 8,0 pH 7,96 pH 7,21 pH 7,42 pH 7,38
Eh(mV)" __._. 401 mV 422 mV 336 mV 379 mV i 608 mV 298 mV

"Ehmeas + 208 mV 4 time since start of the static test



TABLE 14: Released fractions (FlAP) of radionuclide inventories in leachates from spent fuel powder
Sample: - P 4: 2,8 g (=2,4 g HM) T.. . emperature: 25 C Atmosphere: Ad 0,03%CO2

Solution:Granite water (EGW) . Granite-bentonite water (GBW)
. . Starting volume: 200 ml iStarting volume: 203 ml ..

Final volume: 174 ml (Final volume: 187 ml
.________ .__ .__ ._._-_-_._._._._._._._._. . . . static test -

.U.rason. cleaning . Wash ,.*. .

:: ' , '. 18,9 g (16,7 HM) 1. Sampling 2. Sampling .. 3. Sampling. 4. Sampling 5. Sampling
Ipwdr In 200 ml DIW 55 days 49 days' 201 days' 545 days' 617 days 750 days'

Nuclide .M45MM CMSWPM 0'5- r pm
RU106 3,03E-5 3,41E-5 4,55E-4 3,16E-4 2,44E-4 5,62E.5 6,32E.5 5.57E-5 5,62E-4
CS134 1.25E-2 1,76E-2 1,40E-2 1.40E2 5.332-3 5,33E-3 1,64E.2 1,642-2 1,592-2 1,59E-21 5,89E-2 5,89E-2 6,33E-2 6,33E-2
CS137 1,19E-2 1.52E-2 2,24E-2 .2,24E-2 5,42E-3 5.42E-3 1,70E.2 1,70E-2 1,62E-2 1,62E-21 5,97E-2 5,97E-2 6,40E-2 6,40E-2
EU154 8,65E-6 9,20E6 2,47E-5 6,38E-6 3.64E-5 1,242-6 8,39E.4 9,49E.6 1,41E-3 4.06E-61 128E-3 8,02E-4 3,20E-3 1,65E3
EU155 9,16E-6 8,61E.6 2,18E-5 9,21E-6 3,41E-5 <1,1E 6 7,52E.4 1,23E-5 1,24E-3 3,07E-61 1,07E-3 6,70E-4 2,66E-3 1,35E-3
SB125 7,53E-5 .7,16E5 1,43E2 1,70E-2 2,29E-2 2,39E-2 1,16E-2 1,12E.2 1,90E-2 1,62E-2i 2,98E-3 2,95E-3 2,17E-3 1,65E-3
SR90 2,56E-4 3.87E-4 5,97E-3 1,9623 7,67E-4 3,17E4 1,13E.3 5,67E-4 9.21E-4' 4,99E-41 6,82E-2 7,46E-2 8,08E-2 6.31E-2
CE144 5,50E-6 6,512-6 -1.23E-5 4,96E-6 2,412-5 <6,6E.6 7,31E-4 .5,6E-6 1,18E-3 <1.52E51 <4,7E4 <4,84E-4 .c6,OE4 <5.2E 4
TC99 c2,S9E-5 - . . - . 6,87E-3 6,99E-3 5,98E-4 5.72E4 5,33E2 5,92E-21 1,51E-2 1,54E-2 2;70E-2 2,07E-2
AM241 6.92E-6 5,15E-6 <2,0E-6 <1,5E-6 4,89E-5 1,30E-6 7,32E-4 1,65E-6 1,28E-3 .c,30E-61 2,27E-4 1,30E-4 6,08E-4 3,03E-4

AM243 .l,76E- <1,76E-6
NP237 . 6,87E-3 6,922-3 9,93E-4 7.472-4 6,18E-4 1,58E-4 1,912-3 1,542-31 .2.00E-2 2.42E-2 3,57E-2 2,71E-2
NP239 c1.76E1- <1,76E..
CM244 5,60E-6 6,07E-6 4.072-5 7,94E-7 7,60E-4 2,51E-6
CM242 2,46E -6 4,19E4 3,70E5 9,88E.3 3,51E -5 
PU238 4,812-6 4,54E-6 3.97E-5 1,27E-5 1,37E-4 7,01E-6 1.32E-3 1,182-5 . 2,20E-3 .2,09E-51 2,68E-4 2,89E.4 2,79E-4 2,05E-4
PU239140 4,87E-6 4,61E-6 4,06E-5 1,28E-5 1,56E-4 9,18E-6 1.58E-3 1,582-5 2,33E-3 2,20E-5| 2,93E-4 3,04E-4 3,03E-4 2,15E-4
PU241 5.86E-6 - 5,722-6 4,47E-5 1,42E-5 1,44E-4 -9,42E-6 .1,42E.3 1,442-5 2,23E-3 2.13E 51 2,13E-4.. 2.45E-4 .2,87E-4 2,05E-4
U - 1.92E-4 2.96E-3 9,99E4 .1,13E-3 583E-4 3,34E.4 3,812-5 3,132-4 1,09E-51 7,65E-6 5,71E-6 5.80E-6 5,41E-6
Kr85 ..- :. .,, 1.138E-2 . * 6,74E-3

Kr85 ~~~~~~~~~~~~~~~~~~~~~~~~I 
pHmeas pH 7,34 pH 8.0 pH 7,96 pH 7,21 pH 7,42 . pH 7,38
Eh(mV).. . 401 mV 422 mV' 336mV 379mV 608 mV 298 mV

'Ehmeas + 208 mV - time since start of the static test~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

co
.4

-.

. **Ehmeas + 208 mV - -
. ..... � :.�. '. I ,,

. - I time since start of the static test .: - -" -,
I



TABLE 15: Concentrations of radionuclides in leach solutions from spent fuel powder corrosion tests (mol/L)
Sample: P 4: 2,8 g (=2,4 g HM) Temperature: 25 C Atmosphere: Arl 0,03%C02

Solution:Granite water (EGW) 'Granite-bentonite water (GBW)
. ~~~~Starting volume: 200 ml IStarting volume: 203 ml *-

. . ~~~~~~~~~~~~~~~~Final volume: 174 ml !Final volume: 187 ml,.
.______-___._ static test - _ -_-_ ;
Ultrason. cleanlng. Wash .

18,9 g (16,7 g HM) 1. Sampling :2. Sampling 3. Sampling | 4. Sampling 5. Sampling
pwdr In 200 ml DIW 55 days 49 days 201 days 545 days' 1 617 days 750 days

Nuclide Q 45Viii.Hbltm _A4In!3 MOp&ol aisi
RU106 . 1,3E-08 1.5E.08 1.88E-7 1.30E-7 1,OIE*7 2.32E-8 2.80E-8 2,47E-8 2.66E7 I

CS134 4.6E06 6,5E.0 4,90E-6 4.90E6 1,87E0 1,87E-6 6,19E6 8,19E-6 6,39E6 6.39E-61 2,03E-5 2,03E-5 2.38E-5 2.38E-5

CS137 4,4E.0B 5.6E.0 7,85E 8 7,85E6 1,90E-8 1,90E-6 0.39E 6,39E-6 6,51E6 6.51E-61 2,06E-5 2.06E-5 2.40E-5 2.40E-5

EU154 1,52-10 1,6E10 4,06E-10 1,05E-10 5,97E-.10 2.04E-11 1.48E-8 1,67E.10 2,66E-8 7.67E111 2,06E-8 1.29E-8 5,63-8 2.90E-8

EU155 1,6E-10 1,SE-10 3,57E-10 1,51E-10 5.59E-10 1.81E11 1.33E8 2,18E10 2,33E-8 5.79E-111 1.72E-8 1.08E-8 4,67E-8 2,38E-8
SB125 1,.7E-10 1,.6E-10 3.08E-8 3.66E. 4,93E-8 5,16E.8 2,69E-8 2.602-8 4,71E-8 4.OOE-8g 6,33E-9 6,24E-9 5.02E-9 3,82E.9

SR90 4,4E-08 6,6E-08 9.66E7 3,16E-7 1,24E-7 5,13E-8 1,97E7 9,872 1,71E7 9.27E8 1,09E-5 1,19E-5 1.40E-5 1.09E-5
CE144 1.8E-09 2,1E09 3.722-9 1,50E- 7.28E-9 <2,OE9 2,38E-7 <1,8E-9 4,10E-7 c5.28E-91 <1,4E-7 <1,4E-7 <1,9E-7 <1,7E-7
TC99 <3,80E-9 9,56E-7 9.73E-7 8,94E-8 8,55E-8 8.52E-6 9,46E 61 2,06E-8 2.11 E-6 4,02E-8 3,09E-6
AM241 1.8E-10 1.3E-10 4,9E11 <3.7E-11 1.21E-9 3,21E 11 1.94E-8 4,36E-11 3,64E-8 <3,7E-11i 5.49E-9 3,15E-9 1.61E-8 8,002-9
AM243 <4,6E-11 c4.6E 11 I I

NP237 2,52E-7 2,54E-7 3,64E-8 2,74E-8 2.44E-8 8,23E9 8,03E-8 8,48E-81 7.21E-7 8,71E-7 1,40E-8 1,06E-6
NP239 8,8E1 E11 : . - -
CM244 3,1E-11 3.4E-11 2.16E.10 4,21E.12 4.34E-9 1,44E-11
CM242 1,4E-11 2.1E-11
PU238 2,9E-09 2,7E.09 2,27E-8 7,27E- 7.82E-8 4.01E-9 8,12E.7 7,24E-9 1.44E-6 1,37E-80 1,51E-7 1.63E-7 1,71E.7 1,26E-7
PU239140 2,9E-09 2,8E-09 2.32E-8 7,31E- 8.94E-8 5,25E-9 9,73E-7 9.73E-9 1,53E-8 1.45E-81 1,652-7 1,71E-7 1,86E-7 1,32E-7
PU241 3.5E.09 3,5E-09 2,55E-8 8,09E- 8,25E-8 5.38E-9 8,76E-7 8,83E-9 1,46E-6. 1,40E-81 1,20E-7 1,38E-7 1,76E-7 1,26E-7
U 9,7E-06 1,41E-4 4,75E-5 5.38E-5 2,77E-5 1,71E-5 1.95E-6 1,71E-5 5.97E-71 3,582-7 2,67E-7 2,95E-7 2.76E.7

pHmeas pH 7,34 pH 8,0 pH 7,96 pH 7,21 j pH 7,42 pH 7,38
Eh(mV)*' _ 401 mV 422 mV 336 mV 379 mV 608 mV 298 mV

*-hmeas + Z08s mV - time since start ot me static test

I#.



TABLE 16.: Incremental rates of radionuclides release from spent fuel powder corrosion tests (FIAPId)
Sample: -- P 4:2,8 g(=2,4 gHM)-- . Temperature: 2500C Atmosphere: Art 0,03%C02

Uflrason. cleaning Wash

~ ~.1 1~I8,99g(1 6.79g HM) 1. SamplIng 2. Sampling 3. Sampling 14. Sampling 5. Sampling
__________ pwr In 200 ml DIW 5dys49 dys- 201 days' 545 days' 6 17 days. 5 as

Nuclide &,M -j" jQ45yP .2ASMl~ p0'
RU1OB 8,3E-06 4,981E-61466
CS134 2.52-04 i,09E-4 7,492.5 9.53E-7 6,4
CS137 4.1 E-04 1,11E24 7,78E-5 3,78E-7 8.29E-4 6.28E-5
EU154:-. - 4.51E-07 7.432-7 5,292.6 1,86E-6 8,29E-4 1,51E-5
EU155 4,OE-07 6.96E-7 4,74E-6 1.53E-B 6 1.25E-5
SB125 2,612.04 4,67E-4 2,35E.5
SR90 .1,12-04 1,5712-5 2,662-6 9,48E-4 1,29E-4
CE144 2,2E.07 -4,91E-7 4,662.6 1,422.6 '6,48E-6 1,232.6
TC99. 1,40E-4 . 1,5312-4 I 2,09E-4 '9.7312-5
AM241 3.6E.08 9,982-7 4.51E2-8 1,722-6 -3,15E-6 *2,9812-6
AM243 ..

NP237 ~1,22-64 2.032-5 -2,132.6 3,842-6 I2,782-4 1,28E-4
NP239 .I

CM244 8,30E-7 '4,75E-61
CM242 - . . 8,542-6 6,24E-5.
PU238 7,212-07 2,79E-6 . 7,84E-6 . 2,76E-6 I 3,73E-62137
PU239/40 , -7,4E-07, 3,192-E,4-6 2,41E-6 4,072-6 2,24E-7
PU241... 8,tE-07. . 2,95E-6 8,472-6 2.562-6 2,952-6 6,65E-7

U ~~~~~~~~~~54E-05 2,31E-5 - 106-

PI-meas _ H73 H80PH 7,96 pH 7,21 pH 7,42pH73
Eh(mV)" .. j. 401 mV 422 mV 336 mV - 379 mV *608 MV -- 298 mV

to,
WA
(0

"Ehmeas + 208 mV . I * time since start of the static test



TABLE 17: Long-term effect of iron: Activity of leach solutions from spent fuel pellet (Bq/ml)

Sample: K4: 7,5 g (=6,6 g HM) - Temperature: 25 C Atmosphere: Ar
Solution: 5m NaCI solution

Starting volume: 200 Final volume: 156 ml ml
.________ .___________ .:__________ ____________ static test (addition of 9,2 g Fe-powder)

Wash Wash 
(200 ml-NaCI 5m) (200 ml NaCI 5m) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling
31 days 42 days s 0days 112days' .20 ays' 438days' 1S19 days

Nuclide o,,fp~iq ,0,,,4,2Mj"O1 ,O, 147R UQ,4 5OER Y
RU106 5,33E+2 4.81 E+2 <4.24E-1 c4,24E-1 <1.15E+1 <1,69E+1
CS134 1,50E+6 8,03E+5 1,05E+6 1,12E+6 1.62E+6 1.72E+6 2,14E+6 2,18E+6 1,83E+6 6.06E+5
CS137 1,922+6 1,16E+6 1 ,95E+6 2.08E+6 2,85E+6 3,07E+6 4.01 E+6 4,06E+6 3,67E+6 3,64E+6
EU154 1,1112+2 1.70E+2 <4.24E-1 <424E-1 -l,15E+1 c7.4E+o <1,27E+O
EU155 5,55E+1 1.15E+2 <4,24E 1 <4,24E-1 <1.15E+1 <3,37E+O <1.292+0
SB125 6,51 E+2 1.63E+2 <4.24E-1 <4,24E-1 c.15E+1 <1,26E+1 <7.38E+O
SR90 4.70E+4 1.11E+4 2,12E+2 1,16E+3 1,70E+3 5.60E+3 4.97E+3
CE144 2.592+3 7,03E+2 <4.24E-1 <4,24E.1 <1.15E+1 <8.43E+O <529E-o
TC99" -d.48E+O <3.23E-1
AG 11OM 2,27E+2 c4.24E-1 <4.24E-1 <1.15E+1 <3,37E+o
AM241 8,55E+1 3,03E+1 <4,24E1 c4,24E-1 c4.03E+o <4,27E+o <. 12E+O
AM243 1.30E+0 1.48E+0 cl,14EtO <1.15E+O
NP237 4.81E-2 3,70E-2 <5.63E-3
NP239 2,59E-1 1.48E+I
CM244 7,62E+1 1,81E+2 <229E1 <2.29E.1 <2,29E-1 3,122E+O
CM242 2,85E+0 4,442+0 <.oOOE+O 5,08E-2
PU238 1.82E+2 4,22E+1 <2,54E-3 <2,22E-3 <2.54E.2 <2.22E-1 <2.64E.2 6,70E+0 .0.632-1
PU239/40 8.99E+1 5.442+0 <2.54E-3 2,22E-3 c2,54E-2 -cl,48E-1 c2,64E-2 4,50E-2
PU241 5,03E+3 1.27E+3
U (g/m) 1.20E+0 9,16E-2 6,88E-2 1,37E-2 6,76E-3

PHmeas+0,5 6.32 6.53 8,48 8 8,71 10.1 9,45
Eh(mV)' 586 532 323 328 338 -132 71

--rnmeas + 20u mv rtime since start ol he static test 'failed

'4



TABLE 18: Long-term effect of iron: Released fractions of radionuclide inventones(FIAP) from spent fuelpellet

. - - ' _

Sample: K4: 7,5 g (=6,6 g HM) Temperature: 25 C Atmosphere: Ar
Solution: sm NaCI solution

Stairing votume: 200 ml Final volume: 156 ml

.:_.___-_.___._._. static test (addition of 9,2 g Fe-powder)

Wash 5 Wash
(200 ml-NaCI 5m) (200 ml NaCI Sm) 1. Sampfling '2. Sampling 3. Sampling 4. Sampling 5. Sampling

31 days 42 days; SO days' 112days' 207 days' 438 days' 1619 days'

Nuclide RV4P,~ ,4| Us. 5.

RU106 5,86E-6 6.55E-6 <7,80E-9 <7,37E-9 <1 ,88E-7 <S,47E-7

CS134 1,17E-2' 6,94E-3 1,06E-2 1,12E-2 1.53E-2 1,63E-2 1,91E-2 1,94E2 1,76E-2 1,62E-2

CS137 9,49E-3; 5,76E;3 9.79E-3 1,05E-2 1,35E-2 1,46E-2 1,80E-2 1,82E-2 1,56E.2 1,552-2

EU1 54 8,79E.6! I ;38E-5 <3,6E-8 <336E-8 4,58.7 <5,10E-7 <1E-7

EU1S 5 B' ' 8,53E-6 1.84E.5 <7,23E-8 <8,83E-8 <1,74E-8 <5,09E-7, <2,86E.7

SB125 1,33E-4 3,60E-S <1.052-7 4,88E-8 <2.52E 88E <3,54E-6

SR9O 3,ioE 8,ioE-5 1,56E-B 8,06E-8 1,11E-5 3,48E-S 3,12E-S

CE144 3,22E.5 1,15E-5 <1.002E-8 d9.68E-9 <2,47E7, <247E-7 <2.56E-6

TC99, <8.51E-5 . - ;. <1,11E-5

AGI1OM 2.82E3_; <1,12E-5 <1,08E*5 <2,71E4 <1,14E-4

AM241 4,56E-5 1,52E-5 <1,94E-7 <1,84E.7 6,65E6 <1,52E-6 4 48E-7

AM243 1,55E-5 1,77E-5 <1,29E-5 <1,22E-5 0,00E+O
NP237 7,98E 5 6,14E-5 <7,29E-6

NP239 ... 3,09E-6 1 ,77E-S '

CM244 :5,17E-6 1,25E-5' <1,60E-8 <1,51E-8 i <1,432-8 1,85E-7

CM242 -2,98E6 7,51E6 2,72E-7

PU238 1.65E-5 3,84E-6 <2.3Et0 <2.E-10 42-9. <1ls22-8 <14E-9 5,13E-7 <1,19E-8

PU239/40 5,22E-5 3,16E.6 <147s-9 <1,29E-9 <1,39E-8 <1,22E-7 <1,362-8 2,04E-8

PU241 ^1,9E-5 '4,90E .6.-- . ' :; .

U 3,87E-5 2,79E-6 1,97E-6 3.68E-7 . 1,70E-7

Kr85 . . <1.19E-2 <4.52E-2

pHmeas+0.5 -.6,32 - 6,53 8,48 - . 8 8,71 . . 10,1.. . 9,45
Eh(mV)** - 586. 532 . .32 3238 . 338 -132 71

N,
.b

,

*"Ehmeas + 208 mV ' time since start of the static test 'failed



TABLE 19: Long-term effect of iron: Concentrations of radionuclides in leachates from spent fuel pellet (moKL)

Sample: K4: 7,5 g (=6.6 g HM) Temperature: 25 °C Atmosphere: Ar
Solution: Sm NaCI solution

Starting volume: 200 ml Final volume: 156 ml
-;________ .____________ _____________ _____________ static test (addition of 9,2 g Fe-powder)

Wash Wash -
(200 ml-NaCI 5m) (200 ml NaCI 5m) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling
31 days 42 days 5 days 112days 207 days 438 days' 1619days-

Nuclide q 2 '0.,4A imgI 0.45 pm 1.8 nm 0.45 m 1.8 nrm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm

RU106 6.63E-9 7,41E9 <8,8E 12 '8c8E12 <Z4E 10 c4,7E 10
CS134 1.12E-5 6.67E-6 1.01E-5 1,08E-5 1,56E5 1.66E.5 2,07E-5 2,1OE-5 2.032-5 1.99E-5
CS137 9.12E-6 5.54E-6 9,40E-8 1,01.E-5 1,38E.5 1.48E-5 1,942-5 1.96E-5 1,79E.5 1,91E-5
EU154 3.96E-10 B,22E-10 -1.6E-12 <1,6-12 c4,3E-11 <2,8E-11 <8.4E-12
EU155' 3,84E.10 8,28E10 <3.3E.12 c3,3E-12 c8.8E.11 <2,7E-11 c1.6E-11
SB125 7,87E-10 2,13E-10 <6,2E-13 .c,2E-13 <1.,7E-11 <2.0E-11 <2,7E 11

SR90 1.51 E-7 3,60E-8 c6.9E-10 3.79E-9 5.56E-9 1.85E-8 1,78E-8
CE144 2,68E-8 9.57E9 c8.5E-12 -c8,5E-12 c2.3E-10 <2,5E-10 <2,72E-9
TC99 <2.48E8 <5,42E-9

AG11OM 9,65E-8 <3,8E 10 <3.8E-1o <1,04E-8 <4.68E.9
AM241 3.08E-9 1,02E-9 c1,3E-11 <1.3E-11 <1.2E-10 <1.2E 10 <2.IE-11
AM243 1.04E9 1.19E-9 <9,2E-10 9.3E.10
NP237 8.03E-9 6,18E.9 <9.4E-10
NP239 - 3,11E10 1.78E-9...
CM244 . 7,53E11 1,81E-10 <2.3E-13 <2,3E-13 <.0.00E+0 c2,3E-13 <3.2E-12
CM242 .4.34E-11 1.09E-10 <4.7E-12
PU238 2,59E-8 6.02E-9 <3.6E-13 <3.2E-13 <3.6E-12 <3.2E-1 <3,82-12 <916E-1O <2,4E-11
PU239140 8,18E-8 4,95E-9 <2.32.12 2,OE-12 .2.3E-11 <2.OE-10 <2,4E-11 <4,1E-I I
PU241 2.99E-8 7,68E-9
U 5,04E-6 3,85E-7 2.89E-7 5.76E-8 2.84E-8

pHmeas0,5 6,32 6,53 8,48 8 8,71 10.1 9.45
Eh(mV)** 586 - 532 323 328 338 -132 71
*Ehmeas + 208 mV - time since start of te static test faiied

I-
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TABLE 20: Long-term effect of iron: Incremental release rates of radionuclides from spent fuel pellet (FIAP/d)
. . . .%

Sample: K4: 7,5 g (=6,6 g HM). Temperature: 25 C Atmosphere: Ar
..- ; .- . - Solution: Sm NaCI sofution

* . ^ , ; . , . Y . ' Starting volume: 200 ml Final volume: 156 ml
;________ ____________ __ '__________ ., ,r -r.. .static test (addition of 9,2 g Fe-powder) .

. Wash :;Wash , , ., 

(200 ml-NaCI 5m) (200 ml NaCI Sm) 1. Samplng 2. Sampling 3. Sampling 4. Sampling 5. Sampling
..31 days - .. 42 days . ... SOdays ¶2days 207days' 438 days' 1619 days'

Nucflde M " x-15tlJlpt m §A5n yn)N1 
RU106;
CS134I
CS137
EU154
EU155
SB125
SR90 
CE144
TC99 .
AG110M
AM241
AM243
NP237
NP239. 
CM244
CM242
PU238
PU239140 
PU241
U
Kr85
pHmeas+0,5
Eh(mV)- _

1,89E-7
3.7tE'4"'
3,06E4
2,84E-7
2,75E-7

'4.30E6
1,10E-5
,1.04E-6
<2,10E8
9,10E.S
1,47Ef6
4'99E-7
2,58E-B.
9,97E-8
*1,67E-i
9,f61E-8
5,33E-7
1,68E-6

6,15E-7
1,25E-6

* .586.

1,56E-7 -

1,B5E-4
1,37-4:
329E-7
4,382-7
8.57E-7'
. 932-8 
2,74E-7

3.61 -7
4,1E-7-
4.21 E-7 ::1,46E46
4,21E-7;
2,96E-7
1,79E-7.
9,1iE-8
7,51E-8
1,17E.7

2,1IIE-4
1.96E-4'

ci1.45E-9

3,12E-81

4225-7

~4.91E-12

8,59E.5-. 
6,93E.5

1,06E-7..

<2,08E-7

<32E-1 I
. c2,E10

4,5028

8
328

5,48E.5 

3,74E-8.

<3.4E lo

<.21,4-13

<5,21E-12

c7.4E-10

r

'2.25E-9
'1,06E-7,, -

<3,7E-11

<7,4E-10

1,18E.9
2,21E9

.c6.172-9

4,172-S
9,45

._. -. , 11
I-�t

I

6,53 .
532

8,48
323

8,71
338 . .:

1,99E4
10,1

. -132 -
_.hea _ 208 V tim sic star o. th static.test -afe

"Ehmeas + 208 mV , � ' time since start of the static test _..1. .- I .1. ..1. --'failed



TABLE21: Activity of leach solutions from spent fuelpellet corrosion tests (B/ml)
Sample: K9: 7,4 g (=6,6 g HM) Temperature: 25 C Atmosphere: Ar

Solution: 5m NaCI solution
Starting volume: 200 ml
Final volume: 155 ml
._____________ ______________ static test

Wash Wash
(200 m.NaCI 5m) (200 ml NaCI 5m) 1. Sampflng' 2. Sampflng 3. Sampling 4. Sampling 5. Sampling
31 days 42 days 53 days 11s days* 207 days 441 days 1s24 days-

Nuclide 0.45 jm Ailtered 0.45 pm 0.45 pm 1.8 nm 0.45 m 1.8 nm OA5 pm 1.8 nm 0.45 pm 1.8nm OA5 pm 1.8 nm

RU106 5,51E+2 5,18E+2 1,18E+2 9,02E+1 2,41E+1 1,50E+2 1,90E+2 4.58E+1
CS1 34 1,67E+6 1,36E+5 2,96E+5 2,93E+5 3,38E+5 3.74E+5 4,06E+5 7,33E+5 9.36E+5 9,36E+5
CS137 2,12E+8 1,86E+5 5.19E+5 5.18E.5 5,69E+5 8,33E+5 7.35E+5 1,38E+6 5,58E+6 5,58E+6
EU154 1.08E+2 1,81E+2 1.52E+2 9,88E+1 3,81E+1 8,73E+o 1.31E+1 ,18E1 <2,00E+o cl,85E+O
EU155 6.03E+1 1.15E+2 8,85E+1 5,58E+1 2,54E+1 5,93E+0 <1.19E+O <2,34E+o <22E40
SB1 25 5.14E+2 1,04E+2 1,14E+2 8.59E+1 4,23E+1 4.81E+1 1,74E+2 1,552+2 2,20E+2 3,14E+2 3,33E+2
SR90 3,33E+4 2,48E+3 5,82E+3 1,06E+4 1,81E+4 3.67E+4 1,22E+5 1,23E+5
CE144 2,09E+3 9,99E+2 3,37E+1 2,49E+1 4,23E-1 <195E+O <2,03E+o <4,00E+O <755E+O
TC99 <1.48E4o 3,84E+1 3,32E+1
AG11OM 5.74E+1 5.18E+1 1,39E+2 1,12E+2 3,78E+2 3,71E+2 2,58E+2
AM241 8.51E+1 2.22E+1 2.53E+1 1.12E+1 8,46E+0 8,05E+0 4,42E+0 cl,48E+o <2,24E+o <2.17E+O
AM243 c3,70E1 -.c48E+0 .c1,14E40 2,82E+0 5,72E+o
NP237. . 470E-2 43.70E.2 c4,21E3 c4,23E-3 4.34E-4 <7,40E-4
NP239 <,70E-1 c1,48E+O 4.21 E-1
CM244 1.14E+2 2,68E+2 9,90E+1 -2,62E+1 1,26E+1 3,57E-1
CM242 4,55E+0 6.83E+0 8.01E1
PU238 1.39E+2 5,55E+1 2,74E+1 3,22E+1 1,13E+2 1,20E+2 3,59E+1 1,13E+1 2,17E-1 6.87E-1
PU239/40 4.44E+i 6,66E+0 5,06E+0 4,73E+O 1,61E+1 - 2,O1E+1 5,04E+0 1,31E+O 5,63E-1 2,95E-1
PU241 3,58E+3 1.30E+3 6,39E+2 ' 2,60E+3 . 1,13E+2 5.80E+1 6,36E+1
U (g/m') 1,20E+O 5,72E-1 5,89E-1 8,01E-1 8,40E-1 3,57E-1 4,38E2
pHmeas+0,5 6.25 6.33 ,1 7,98 7,55 9,73 10,27
Eh(mV)r* 571 503 322 350 344 .7 479
"Ehmeas + 208 mV * time since start of the static test

'I
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TABLE 22:, Released fractions (F/A P)of radionuclide inventories in leachates from spent fuel pellet
Sample:- -K9 :7,4 g (=6,6 gHM) . Temperature: 2500 Atmosphere: Ar

Solution: Sm NaCI solution
* ~~~~~~~~Starting volume: 200 ml

Final volume: 155 ml'
______________ ~~~~~~~~~~~~~static test

Wash Wash
(200 mI-NaCI 5m) (200 ml NaCI 5m) 1. Sampling 2. Sampling 3.Smling 4. Sampling 5. ampling

31 days>, 42da~ys, -1d18lidays* 207 days- 441 dys 1624 days'
Nuclide' 0.45tpm -fifered 0.45 pm 0.45 pmn 1.8 nim 0.45 pmn 1.8 rnm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm
RU10. ~ 6,152-6 715 2.20E-6 1,68E-6 4,25E-7, 2.87E-6 1,62E-5 9,52E-7
CS134, .1,3E-2 I 19E-3 3.01E-3 2.98E-3 3.25E-3., 3,59E.-3 3,9412-3 :_ 1,83E-2 7,162.3 :2,52E-2 2.52E.2
CSi137 - :1,08E.2' 9.39E-4 2.65E-3 2,64E.3 2.742-3 3.052-3 3,35E-3, 1 ,49E-2 5,93E-3 2.40EE.2 2,40E2-2
EU154 :8,672.8' 1,49E-5' 1.29E-5 8,41E-6 .,3.06E-6 .*. 7.032-7 1,OIE.6 <2.48E-5 cl,76E-7 <1,62-7
EU155 93E61.86E.5 1,53E.5 9,65E-6 .4,14E-8 9,39E-7 <c2.90E-5 <5,222.7.. <4,95E.7
SB3125 1,07E-41 2,32E-5 2,84E.5 2.151E-5 .9,99E-6 .1,142.5 4,0812.5 1,71E.4 :5,1OE-51,E. 6E4
SR90 '2,44E-41- 1 ,83E-5 4,35E-5: -7,47E-5 1,212.-4 3,84E-4 '2,31E-4 .72E47,79E-4

CE144 2,a4E*5s 1.66E-5 ~'8,26E.7 C'6.I1 E-7 9.792-9' <5.102-8 4.30E-5 <1l.95E-6 <3.682.6
TC99 8,E- '1.33-3 .1,15E.3

AG110M i7,23E4 8,94E-4 3,74E-3' 3,OOE.3 1,07E-5 1.1 12-2 1,27E-2 8,85E-3
AM241 4,60E 5' 1,1225' '1.18E-5 5.19E-6 3.71E-8.- 3.21 E-6 6,052.5 <5.262-7 .c4,99E-7- <4.83E-7
AM243' .4.482S-6' <1,79E-5 <1.38E-5 3,00E-5 . 6,16E-5 8,40E-5
N4P237-..- ~.. <6.2E2-5- * <8.22E-5 <7,092.6, <8,72E-6 <9g.57E-7 <9.65E-7
N13239` .448- 1.9. 5.10E-6
CM244 7,36- A1,86E5 7.01 E-6 1,75E-5 7,992.7 2,732-5 2,14E-B
CM242 4,83E-6 1,17E-5 ... 2,71E.6
PU238 1,282-5 5,122-6 -. 2,531-6 2,982-6 ,9,91E-8 1,0512-5 2,972-6 2,082-5 8,76E1-7 1,602.8 5,07E-8
PU239/40-- 2,612-5' 3,922.6 . 2,972-6 2,78E-6 8,932.8 - 1.12E-5 2,642-6 ..3,27E-5 6.4312-7 .2,57E-7 1,342-7
PU241 1,38E-5 5,0812.6 .2,5512.6 - .. 3,832-7 . -2.132-7 2,342-7
U 3,922-5 1,762-5 1,822-5 2,332.- 6,252-5 2,292.5 9,03E-6 1,112-6
Kr85 2,04E-3 1,57E-1
PHmeas+0.5 25 63 , ,87,55 9,73 10,27
Eh(mVr ~... 571 : 03 322 350 34 7 479
"Ehmeas + 208 mV .-time since start of the static test

I .I

i
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TABLE 23: Concentrations of radionuclides in leach solutions from spent fuel pellet (moltIL)
Sample: K9: 7,4 g (=6,6 g HM) Temperature: 25 C Atmosphere: Ar

Solution: 5m NaCI solution.
Starting volume: 200 ml
Final volume: 155 ml

^ .- - static test

Wash Wash
(200 m-NaCI Sm) (200 ml NaCI Sm) 1. Sampling 2. Sampling 3. Sampling 4. Samplng 5. Sampling

:______ 31 days 42 days 53 days' 116days 207 days 441 days 1624 days

Nuclide 0,45 pm filtered 0.45 pm 0.45 pm 1.8 nm 0.45 pm 1.8 nm OA pm 1.8 nm OA pm 1.8 nm 0.45 pm 1.8 nm

RU106 8,86E-9 7,98E-9 2,46E-9 1,88E-9 5,02E-10 O,OOE+t 3,60E-9 4,55E-9 1,27E-9
CS134 1,25E.5 1,13E-8 2,85E-8 2,83E4 3,28E-8 3,60E6 4,19E-6 O,OOE+O 8,13E-6 3,08E-5 3,08E-5
CS137 1.01E-5 8,90E-7 2,51E-6 2,50E4- 2,75E-8 3,06E-6 3.57E-8 0,OOE+0 6,73E-8 2,93E-5 2,93E-5
EU154 3,85E-10 6,62E-10 5,74E-10 3,74E-10 1,44E-10 3,30E-11 5,052-11 <2,38E-12 1,01E-11 d9,33E-12
EU155 4,17E10 8,28E-10 6,79E-10 4,29E-10 1,95E-10 4,68E-11 <942E-12 <2,99E-11 c2,84E 11
SB125 6,22E-10 1,352-10 1,66E.10 1,25E10 8,17E-11 7,01E-11 2,67E-10 2,37E-10 3,56E-10 1,14E-9 1.21E-9
SR90 1.07E-7 8,032-9 1.90E-8 O,O0O+ 0 3.48E-8 5,95E-8 O,OOE+O 1,21E-7 4,37E-7 4,40E7
CE144 2,16E-8 1,36E-8 6,77E-10 5,00E-10 8,49E-12 <4,70E11 <4,90E11 <2,06E-9 <3,89E-9
TC99 2,48E-8 6,44E-7 5,57E-7
AG110M 2,44E-8 3,02E-8 1,26E-7 1,01E-7 3,84E-10 4,22E-7 4,15E.7 3,58E-7
AM241 3,072-9 7,49E-10 7,84E10 3,46E10 2,62E-10 2,40E-10 1,32E-10 <4,20E-11 <4,29E11 <4.,16E-11
AM243 c2,98E-10 <1,19E-9 .18E-10 2,12E-9 . 4,62E-9
NP237i-- <8,18E-9 <6,18E-9 <7,04E-10 <7,06E-10 -cl,23E-10 <1,24E-10
NP239 <4,44E-10 <1,78E-9 5,06E-10 O,OOE+O
CM244 1,13E10 2,68E-10 1,01E-10 2,87E 11 1,292-11 3,69E-13
CM242 6,93E.11 1,68E-10 3,90E-11 ,OOE+O 0,O0E+O
PU238 1,97E-8 7,92E-9 3,92E9 4,61E9 1,62E-8 1,72E-8 5,15E-9 1,62E-9 3,20E-11 1,012-10
PU239/40 4,04E-8 6,06E.9 4,60E-9 4,30E-9 1,46E-8 1,83E-8 4,58E.9 1,19E-9 5,12E-10 2,68E-10
PU241 2,13E-8 7,86E-9 3,94E-9 1,60E-8 7,10E10 4,26E-10 4,67E-10
U 6,04E-8 2,40E 2,47E-6 3,37E-6 3,532-8 1,50E-6 1.84E-7
pHmeas+0,5 6,25 6,33 8,1 7,98 7,55 9,73 10,27
Eh(mV)** 571 503 322 350 344 -7 479

.. ea _. _0 m_ _ _im sAn. s............ ot me^^1 .tti test_^ L__ .1 _
"EhMOaS + 2U5 MV - , time since stan o tne smuc test

.0. 10



TABLE 24 - Incremental rates of radionuclides release from spent fuel pellet corrosion tests (FIAPId)
Sample:%. Kg : 7,4 g, (=6,6 g HM) Temperature: 25C Atmosphere: Ar

Solution: 5m, NaCI solution
Starting volume: 200 ml
Final volume: 155 ml

- ~~~~~~~~~~~~~~~~~~~~static test._ _ _ _ _ _ _

Wash Wash
(200 ml-NaCI 5m)' (200 ml NaCI 5m) 1., Sampling 2. Sampling 3. Sampling .4. Sampling' 5. Sampling
31 as '4 days 53 days* 116days 207 days' 441 da~s 1S24 days'

Nucilde 0,45 pm -filtered 0.45 pm 0.45 pm 1.8 nm. 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm 0.45 pm 1.8 nm
RU106 1.98E-7 1,70E.7 4.15E-8 2,712E.8
CS134 42E42,83E-5 5,68E.5 6,411E-6 9,65E-6 1;48E-5 1,53E..5

CS137 ~3.43E-4 -..22E5 4,09E.5 3,82E-6 8,43E.6 1.19E-5 1,53E.5
EUl154 - 2,80E.7 3,55E.-7 2.44E.7 "*0c,49E-10

EU155 3.03E-7 4,44E.7 2,89E.7' - c4,41E-10
SBI25 .3,44E-6 .. 5,53E-7,. , 5,37E-i' 3,44E-7 5,46E-8 8,G0E-8
5R90. 7,88E..6 . .4.36E-7'. ;8202.7 5,33E-7 '5,56E-7 5,04E.7' 4.61 E-7
CE144 8,50E1-7 3.95E-7: 1,561E-8 'c59-0629
TC99, .2.13E-6 '-.- .412E4 1,12E-6
AG110M 2,33E-5 2.13E-5, 7.05E-5 2E4
AM241 .I1,49-6 2.68E.7 2,22E-7
AM24 d0.44E-7' <~426E-7 c2.60E.7 2,69E7-7 " 3.67E-7
NP237 ~ .01 OE-8 *- .48E-6 .l.3412-7 .c3,73E-10 <B,092-1O
NP239 ct,44E-7 <4.26E-7 9,62E.8
CM244 2,53E2-7 4,43E-7 1 ,321E-7
CM242 1,562-7 2,79E-7 5,12E-84
PU238. ,2- 1.22E-7 4,7812-8 1.19E-7
PU239/40 8,42E-7 9.321E-8 5,61E-8 9,71E.28':,-'
PU241 4,44E.7 I1,212-7 -, 1,64E-9
U 1,262.8 2,802.7 7,32E-8 4,51 E-g
Kr85 1,12E-5 1,45E1-4
pHmeas+0,5 6,25 6,33 8,1 7,98 7,55 9,73 10,27,
Eh(mV)* . 571 503 322 350 34 7 479

,"Ehmeas +. 208 mV - . I . . * time since start of the static test



TABLE 25: Activity of leach solutions from spent fuel powder in the presence of iron powder (Bq/ml)
Sample: P 3: 2,6 g (=2,3 g HM) Temperature: 25 C Atmosphere: Ar/ 0,03%C02

Solutlon:Granite water (EGW) iSolutlon:Granite-bentonite water
(GBW)

Starting volume: 200 ml Starting volume: 208 ml
-_________ Final volume: 173 ml aFinal volume: 193 ml

no Fe-addition static test (addition of 2,6 g Fe-powder)
Ultrason. cleaning Wash (EGW)
I 8.9 (16,7 9 HM) . 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling
pwdr In 200 ml DW 54days ;5days I9edays 545 days I :617 days 750days

Nuclide 055512WX .0N,4O5MN

RU106 6.92E+3 6,29E+3 3,14E+3 4,09E+3 2.59E+3 2,53E+3 9.07E+1 9.37E+1 1.89E+1 1.39E+11 4,572+1 4,46E+1 6,05E+0
CS134 4,03E+6 5,11E+6 2,11E+5 2.11E+5 2,28E+4 2,28E+4 3,26E+4 3,26E+4 2,64E+4 2,64E+41 6,19E+3 6.19E+3 6,51E+3
CS137 6,03E+8 7,66E+6 9,91E+5 9,91E+5 1,07E+5 1,07E+5 1,75E+5 1,752+5 1,86E+5 1.86E+51 4,54E+4 4,54E+4 5,33E+4
EU154 2.752+2 2,85E+2 3,442+1 2,752+0 4,462+1 c5,80E-1 c3,73E-1 c3,80E-1 <7,96E-1 <8.53E-11 c1,12E+O -c1,68E0 |c8.74E11
EU155 1,50E+2 1,35E+2 1,372+1 c1,30E+0 1,53E+1 cO,30E-1 d7,03E-1 c6,77E1 ,08E+O <108E+0 <2,25E+O 2.77E| c1,94E+o
SB125 9,25E+2 8,14E+2 6.65E+2 6.79E+2 2,79E+2 1,29E+2 <,10iE+0 c1,15E+O c2,16E+0 4,10E+01 c2,36E+0 <2.89+0 |1.85E+o
SR90 8.88E+4 133E+5 2,73E+4 2.16E+4 1,152+4 6,29E+3 1,902+4 1.66E+4 3,22E+4 2,53E+41 1.05E+5 1,15E+5 1,60E+5
CE144 1.11E+3 9,99E+2 1.25E+1 c8,17E+0 1.36E+1 c2,31E+0 c2,21E+O c2,14E+0 ,100E+O ,07E+0' 7,41E+O, 8,18E0 |c5,34E+o
TC99, 1,48E+0 6.30E+0 5.17E.1 7.23E-2 <7.23E-2 1,012+0 2,53E-11 3,06E-1 3,06E-1 3,02E.1
AM241 3,26E+1. 2,592+1 1,10E+1 <1.13E+o 1.33E+1 <1,67E-2 2,00E-1 6,67E-2 <125E+O c1,25E+ 1 dc,37E+O d,3.O1E c2.04E+O
AM243 c3,70E-1 d3,70E-1 1.85E+0
NP237 c1.31E-3 .1,31E- 6,07E.3 8.07E-4 <8.67E4 cS67E-4 -1,48E-3 cl,48E-31 0.oOE+0 O.OOE|+ 4,38E4
NP239 - .c70E-1 d3,70E-1
CM244 2,07E+2 - 2,222+2 5,65E+1 3,33E-2 2,33E1 1,23E-2 I

CM242 5,92E+0 5,552+0 6.67E-2 c4,26E-3 2.27E-2 c4.27E-3
PU238 1,332+2 1,25E+2 2,36E+1 2.30E-1 2,472+1 d,33E-2 3.00E-1 - d,33E-2 c330E-1 430E-11 9,10E-2 4,51E-1 5,16E-2
PU239/40 2,11E+1 2,00E+1 3,81E+0 3,70E-2 4.93E+0 c3,33E-2 5.67E-2 d3.33E-2 4.55E-2 6.82E-2| 2.99E-1 2.17E-1 1.53E-2
PU241 3,892+3 3,74E+3 5,56E+2 6.98E+0 6.802+2 d,33E-2 d.,33E-2 4.33E-2 c2,40E3 .c2.40E-31 0,00E+0 3,39E+0 5,652+1
U (g/ml) 1,50E+1 3,00E-1 1.48E-1 2,20E.1 1,132-2 4,80E-3 d4,00E-5 1,76E-2 1,02E.31 1,462-2 1,03E-2 7,80E-3

pHmeas pH 7.8 pH 8.8 pH 10 pH 9,95 pH 9,51 pH 9,1
Eh(mV) 169 mV 408 mV 287 mV -540 mV 101 mV -440 mV

"Ehmeas 208 mV * time since start of the static test "*failed

.. .
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TABLE 26: Release fractions(FlAP) of radionuclide inventories in leach solutions from spent fuel powder
Sample: P 3: 2,6 g (=2,3 g HM) Temperature: 25 0C Atmosphere: Ar! 0,03%C02

Solution:Granite water (EGW) i:Granite-bentonite water (GBW)
Starting volume: 200 ml . _ ;'Starting volume: 208 ml

, . - -* :. - ; ,- . Final volume: 173ml . ; Final volume: 193 ml

.... no Fe-addition static test (addition of 2,6 g Fe-powder)

|Ultrason. cleaning Wash (EGW)
18,9 g (16,7 MM) 1. Sampling 2. Sampling. 3. Sampling 1 4. Sampling 5. Sampling
pwdr I 200 ml DIW 54 days 50 days 19Sdays* 545 days 1 617 days' 750 days'

Nuclide LM 15..iO Uryf It a d

,U106; 3,03E-5 3.41E-5 1,09E3 1.43E-3 1,21E-3 1,18E-3 3,95E-5 4.08E-5 1,34E-5 9,83E-6t 4,30E-5 4,19E-5 7,05E-6
CS134 1,25E-2 1,76E-2 9,21E-3 9,21E-3 1,65E-3 1.65E-3 2,54E-3 2,54E-3 2,50E-3 2,50E-30 7,41E-4 7,41E-4 8,35E-4
CS137 1.19E22 1,522-2 1.46E-2 1,i6E-2 1.64E-3 1,64E-3 2,53E-3 2,53E-3 2,53E-3 2,53E-31 7,45E-4 7,45E-4 8,22E-4
EU154 8,65E-6 9,20E-6 1,03E-5 8,20E-7 1,37E.5 <1,79E-7 107E-7. 4,09Ec-7 4262.7 2,43E-71 3,87E-7 <5,80E-7 <224E7
EU155 9,16E.6 8,61E-6 9,80E.6 d,30E-7 1,16E.5 4,78E-7 4,99E-7 .4,80E-7 <7,95E-7 7,95-71 <2.03E-6 <2,50E-6 <d,73E-6
SB125 7,53E5 7,16E-S 9,33E-4 9,52E4 4,35E-4 2,01E4 1,60E6 <1.68E-6 <3,58E-8 <3.48E-61 <4.87E-B 5,96E-6 <3,94E-6
SR90: 2,56E-4 3,87E-4 8,15E-4 4,87E-4 2,62E4 1.43E24 4,04E 4 3,53E4 6,47E-4 5,08E41 2,54E-3 2,78E-3 3,64E-3
CE144 5,50E-6 6,512-6 9,94E-6 <4.91E-6 1,57E.5 2-7E8 2.39E2- <2.32E-6 6.42E-8 .,36E-6 1 210E-5 .2.32E-5 c2,04E-5
TC99 4,592-5 7,91E-4 6,49E-5 .8.49E-6 <8,49E-6 1,10E-4 2.75E.51 3,99E-5 3.99E-5 3,67E-5
AM241 6,92E-6 5,15E-6 9,76E-6 <1,00E-6 1,13E-5 -1,42E-8 1,59E-7 5,29E.8 c8.48E-7 <8.48E.71 42,71E-8 <242E-6 <1,47E-6
AM243 c1,76-6 1,762-6 6,31E-5 : . . . - |,aoE+O

NP237 -- <,21E-6 8,21E2 2,88E-5. <4,11E-6 <3,84E-8 :3844 E-6 ,07E-6 <6.07E-61 2,0126
NP239- 1,762- 1,782 - I-
CM244 5,60E-6 6,07E-6 1,27E-5 .7,502-9 4.91E-8 2,59E-9 -

CM242 2,46E-6 3,74E-6 8,82E-5 <5,63E-6 2,81E-5 <5,282-6
PU238 4,81E-6 4,54E-6 6.29E-6 6,13E-8 6,61E-6 <8,91E-9 7,50E-8 <8,33E-9 <7.68E-8 7,68E81 2.55E-8 1,262-7 1,35E28
PU239/40 4,87E-6 4,61E-6 6,32E-6 6,13E-8 8,17E.6 <5.52E-8 8,79-.8 5,16E-8 -6,52E-8 9,78E.81 5,15E27 3,74E-7 2,45E-8
PU241 5,86E-6 5,722-6 7,12E-6 8,94E-8 8,89E.6 4.4E2-10 <4,1E-10 <4,1E-10 <2,8E-11 2.8E-111. - . 4,82E-8 7,642-7
U 1,92E-4 2,76E.5 1.36E-5 2,022-5 1,04E.6 4,13E-7 c3,44E49 1,40E-6 8,12E-8| 1,402-6 9,84E-7 6,94E-7
Kr85 H -95 1,38E-3 1,42E-3
pI-Imeas .. : . pH 8,8 .p 10 HO 9.9._ pH 9,51 pH 9,1
Eh(mV)' . . . - 169mV 408mV ; 287mV -540mV . 101mV -440mV

"EhMeaS 200 MV , time since stan oi he static test *-ialed



TABLE 27: Concentrations of radionuclides in leach solutions from spent fuel powder(mol/L)

Sample: P 3: 2,6 g (2,3 g HM) Temperature: 25 C Atmosphere: Ar/ 0,03%C02
Solution:Granite water (EGW) IGranite-bentonito water (GBW)
Starting volume: 200 ml 'Starting volume: 208 ml

. ___.__. __. _ Final volume: 173 ml - IFInal volume: 193 ml
...- . no Fe-addition static test (addition of 2,6 g Fe-powder)

nsn. cleaning . Wash (EGW) .
18,9 g (16,7 g HM) 1. Sampling 2. Sampling 3. Sampling 4. Sampling 5. Sampling

... dr n20tnDIIY 4days 0 m days 9 days 45 days 617 days 75udays

.Nuclide Qf~~i
RU106 1,3E.08 1.5E0 4,33E7 5,64E-7 4,77E-7 4,66E7 1,67E.8 1,73E-8 6,12E-9 4,50E91 1,64E-8 1.60E-8
CS134 4,6E06 6,5E-0 3,10E-6 3,10E- 5,54E-7 5.54E-7 9,13E-7 9,1327 9,74E-7 9,74E.71 2,40E-7 2,40E-7 2,90E-7
CS137 4,4E-06 5,6E06 4,93E-6 4.93E-6 5.51E-7 5,51E7 9.09E-7 9,09E-7 9,85E-7 9,85E-71 2.41E-7 2.41 E-7 2,86E-7
EU154 1,5E-10 1,62.1 1.6E-10 1.3E.11 2.2E.10 2,8E-12 1.8E-12 1,82-12 4,1E-12 4.4E12| 5.9E-12 8.8E 12 1,04E-8
EU155 1,6E-10 1.5E-10 1,52-10 1,5E11 1.8E-10 7,5E-12 8.4E-12 8,1E-12 1.4E.11 1.4E-111 3.1E11 3.8E 11 <8,68E-9
SB125 1,7E-l0 1,6E-1 1.9E-9 2,0E- 9,0E-10 4.2E-10 3,5E 12 3,7E12 8.6E.12 8.3E 121 9.7E12 1,2E-11 cl,37E-9
SR90 4.4E.08 6.6E-08 9,56E-8 7.56E-8 4,07E-8 2,22E-8 6.72E-8 5,872-8 1.16E-7 9,13E-81 3,80E-7 4,16E-7 3,882-6
CE144 1,81209 2,1209 2.89E-9 <.43E- 4,58E.9 c7.8E-10 <7.4E-10 <7.2E-10 <2,16E-9 <2,14E-91 c5,89E.9 <8.50E-9 7.05E.8
TC99 3.80E-9 1.06E-7 8,67E-9 <1,21E-9 <1,21E-9 1.69E-8 4,24E.91 5,13E-9 5,13E-9 1,01E-6
AM241 1,8E10 1,32-1 2,3E-10 2.4E11 2,7E-10 3,4E-13 4.0E-12 1,3E-12 2,3E-11 2,3E-111 6.2E-11 5.5E-11 c2.81E-9
AM243 <4.6E-1 1 <4,6E-1 1 0,OOE+0 0,OOE+0 1 ,49E-9 .

NP237 . . . <2.220 .o2,2E1 -1 ,0 9 <1,4E -10 <1.4E-10 <1.4E10 'c2,5E-10 2,5E.101 3,712E7
NP239 -- ,8E1 8,82'1 : -
CM244 3,12-11 3,4E.11 6,5E.11 3,8E-14 2,7E-13 1,4E-14 .

CM242 -1,42-11- 2,1E-11 4.5E-10 2.9E-11 1,5E-10 2,9E-1 
PU238 2,9E-09 2,7E-09 3,45E-9 3.4E-11 3,6E-9 4,9E-12 4,4E-11 4.9E12 4,9E11 4.9E.111 1,32-11 6,7E-11 4,11E-8
PU239/40 2,9E09 2.82-09 3,47E-9 3,4E-11 4,529 3,0E-11 5,2E.11 3,0E-11 4,1E-11 6,22-111 2,7E-10 2.0E-10 4,37E-8
PU241 3,52-09 3.5E-09 3.91E-9 4,92-11 4,9E9 2,4E13 2,4E13 2.42-13 1,8E-14 1.8E.14| 0,OE+0 2,5E-11 4,12E-8
U 9,72-06 1,26E6 6,22-7 9,2E7. 4,7E-8 2,02-8 1,7-10 7,4E-8 4.3E.91 6,1E-8 4,328 1.34E-7

pHmeas pH 7,8 pH 8,8 pH 10 pH 9,95 0 pH 9,51 pH 9,1
Eh(mV)" __._. 169 mV 408 mV 287 mV -540 mV 101 mV -440 mV

"Ehmeas + 208 mV , time since start of the static test "failed

.I
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TABLE 28: Incremental rates of radionuclides release from spent fuel powder (FIAPId)
Sample: P 3: 2,6 g (=2,3 g HM) Temperature: 25 C Atmosphere: Arl 0,03%CO2

Solution:Granlte water (EGW) iGranite-bentonite water (GBW)
Starting volume: 200 ml 'Starting volume: 208 ml

.______ Final volume: 173 ml !Final volume: 193 ml
no Fe-addition static test (addition of 2,6 g Fe-powder)

ltrason. cleaning Wash (EGW)
18.9 g (18.7 g HM) 1. Sampiing 2. Sampling 3. Sampling 1 4. Sampling 5. Sampling

In 200 m Dd 54 days 5days days 4days 617 days' 750 days'

Nuclids Ml42fbd~t L.°2 MM
RU106 2,03E-5 2,41E-5 5,73E-7
CS134 1,70E-4 3,29E-5 6,67E-6 3,43E-7 9,88E-6 1.08E-6
CS137 2,71E-4 3,27E-5 6,67E-6 4.51E-7 0 9,93E-6 9,59E-7
EU154 1.90E-7 2,75E-7 I c6.16E9

EU155 1,82E-7 2,32E-7 <2,71E-8
SB125 1,73E.5 8,70E.6 <5,98E-9 I <6,49E-8
SR90 1,14E.5 5,23E.6 1,07E-6 7,70E-7 I 3.39E-5 9,52E-6
CE144 1,84E-7 3,15E-7 c1.21E-8 <2,802-7 <6,32E-9
TC99 1.582-5 2.94E-7 5,32E-7
AM241 1,81E-7 2.26E-7 I <3,6tE-5
AM243 *1,26E-6
NP237 <1.1 5E-7 5,76E-7 <7.1OE-9 1.SOE-8
NP239
CM244 2,55E-7
CM242 1,76E-8
PU238 1,17E.7 1,32E-7 3,4E-10
PU239/40 1,17E-7 1,63E-7 6,87E-9
PU241 1,32E-7 1,78E-7 I 5,70E9
U 5,11 E-7 4,05E-7 2,932-9 1,86E-8

1,73E-8 1,87E-5 1,06E-5
pHmeas pH 7,8 pH 8,8 pH 10 pH 9,95 0 pH 9,51 pH 9,1
Eh(mV)*" __._. 169 mV 408 mV 287 mV -540 mV I 101 mV -440 mV

.

*-Ehmeas + 208 mV ' time since start of the static test "*failed
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Appendix 3 summarizes the experimental procedures corresponding to the work
packages:

11-1 Precipitation of spent U0 2 fuel and SIMFUEL

11-3 Coprecipitation U-Pu

SIMFUEL COPRECIPITATION TEST (WP-11.3):

Sim fuel solution preparation

SIMFUEL solution was prepared by dissolving a SIMFUEL pellet in strong acid solution
under oxidising conditions. The obtained SIMFUEL solution was dried and later redissolved
in 6 N HCI. The chloride-SIMFUEL solution composition was analysed by CP-MS; weight
ratio is shown in TABLE 1

TABLE 1: Weight ratio Metal/Uranium (/U) in acid SIMFUEL solutions

* Element I MU Element WU
Sr 2.03 E03 Pd 2.54 E03
Y 6.80 E-04 iBa 3.62 E-03
Zr 5.19 E-03 La 2.16 E-03
Mo 5.03 E-03 Ce 8.78 E-03
Ru 6.24 E-04 Nd 9.06 E-03
Rh 7.03 E-04 U 1.00

Solid phases were precipitated from SIMFUEL solutions In NaCI solution by the experimental
method described as follows. The coprecipitation experiments in granite-bentonite solution
did not include any modification.

An aliquot of Chloride-SIMFUEL solution was added to carbonate free 5 m NaCI solution.
The pH of this solution was adjusted to the selected pH value by addition of 0.1 N NaOH 5
m NaCI carbonate free solution. Thereafter, the pH was maintained constant along the
experiments and It was continuously measured by Ross electrode. Due to the precipitation
reaction an acidification of the solution is produced. In order to maintain the pH constant
along the experiments, It was adjusted to the selected value once per day, using a Metrohm'
titroprocessor Mod. 686, until no further NaOH addition was necessary to maintain the pH
value.

Corrections for liquid junction potential were accomplished by calibration with solutions of
known HCI activity with reference to the pH Pitzer's convention. Measured pH value was
corrected by using the following equation:

pH=.= pHn.L+ 0.25
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TABLE 2: Overview; of initial experimental conditions for the SIMFUEL
coprecipitation test in 5 m NaCI solution

.I E'xnrimental code
-

_fUl,, (MoL/g) _pHc; 
.r ... . .

, 
e =

PSIM-9 -.

PSIM-10 
PSIM-13
PSIM-14
PSIM-15
PSIM-3
PSIM-6
PSIM-7
PSIM-8-

-- PSIM-1 
PSIM-12

1.47 E-03 -- 7.4
1.32 E-03 -
1.33 E-03
1.25E-03 8.3
9.37 E-04
7.50 E-04
8.39 E-04 '9.3
6.63 E-04
1.10 E-03
1.55 E-3-- 12
1.55 E-3

All experiments were performed at 250C in sealed 'glass vessels. To avoid possible
carbonate contamination, the gas volume of .the glass vessel, in contact with the
solution, was daily replaced with new N2- gas by bubbling. N2 through the reactor
vessel during at least one hour. -- -

Samples of aqueous suspension were taken before and after pH adjustment and--
along the experiments. Aliquots were filtered through 0.22 pAm pore size mermbranes
and by ultrafiltration (nominal pore size 18 A) in order to study the possible effect of
colloids formation.

The initial experimental conditions for the-SIMFUEL initial uranium concentration'
values were corrected by considering the dilution factor produced by the NaOH
addition required for reaching the selected pH value. SIMFUEL coprecipitation
experimental set performed in 5 n NaCI solutions is summarised TABLE 2.

TABLE 3 Overview of the initial expedrinental conditions for
coprecipitation running test in GBW - -

Exoerimental code' I U (initial) moft/ pH.

the SIMFUEL

_ : I =~~~ .. _-.

GPSIM1
GPSIM2

GPSIM5 
GPSIM6
f_'PQIkA7

I13.4 E-03
3.5 E-03
3.3 E-03
3.3 E-03
3.0 E-03
3 x t:nq

9.6
9.4

-;, 8.8, --
- 8.65

8.4
7 8

GPSIM8 3.5 E-03 7.3 

'p so ;tt . -. '_ * 

TABLE 3 shows the initial experimental conditions for the'SIMFUEL coprecipitation
experiments performed in GBW.
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UIPU COPRECIPITATION EXPERIMENTS (WP-11.3)

FIGURE 1 Coprecipitation: Experimental Procedure

The experimental procedure (summarised in FIGURE 1) Is similar to the one described in
detail for SIMFUEL coprecipitation experiments

The following previous steps were performed:
Isotopic analysis of the U-233 solution 
Pu purification for Azn and other impurities removal and isotopic analyses
Isotopic analysis of the Pu solution after the purification process
Development of analytical methods for Pu and U analysis
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:: '.Sm : 

I x;HNO, 8M-- |

I - Extraction by esln i-X!4-
'-^;9-(Dowex' I al ~ Ir

I WashIng Column HNO3JM-^ 
:nI F , -2 r 

Am-241 removal

- f:;- , ,I .. . .-* l .,.< . - ." - a'- S ..V
Ashln Column'HCI 9M -:- purltles. removal

S-sS~~Mte ..r-;; 

Isotopic analysis of the Initial Pu solution: Pu 1 20E-4 (IL), "'Pu 1 ,60E0 (gL),
'CPu 1 ,30E-1 (gtL) and "'Pu 3.85E-3 (g4/L)

FIGURE 2 The Pu purification method used for Am and other impurities removal

The Pu purification method used for Am and other impurities removal is summarised in
FIGURE 2. Initial experimental conditions are shown in TABLE 4.

TABLE 4 Overview of the initial experimental conditions for the U/Pu coprecipitation
test in 5m NaCI solutions

Expefmental code P e,, JUL,. (MoLg H20) [Pu) (moL/kg -20)
Upu-2 5.6 2.72E-3 2.78E-5
Upu-3 7.5 4.98E-3 3.81 E-5
Upu-4 7.3 2.17E-3 2.17E-5
Upu-5 9.1 3.69E-3 3.025E-5
Upu-6 9.2 5.78E-3 5.49E-5
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Materials
Unirradiated sintered polycrystalline U02 pellets and U02 powder were used in the
experiments. The pellets had an average mass of 4.8 grams and a geometrical surface
of 3.3 *04 i 2 . A predissolution in synthetic groundwater was carried out for the pellets
under anoxic conditions, in an attempt to remove a more soluble oxidized layer that
might have been present on the surface due to the earlier manipulation of the pellets in
air.

U02 powder (prepared by ABB Atom, Sweden) has a particle size of 0.7 Jim, which
results in a high specific surface area of 5.4 m2/g (BET-method). The composition ratio
O/U is 2.10 (gravimetric method). The powder has 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 %).

SYNTHETIC GROUNDWATERS
Four types of synthetic groundwaters were used in the experiments. TABLE 1 gives the
compositions. The saline and fresh (Allard) groundwaters were reference groundwaters
within the site Investigations for spent fuel disposal in Finland. The granite/bentonite
groundwater (by Ciemat, Spain) simulated the effects of bentonite on spanish
groundwater. The near-field groundwater simulated the effects of bentonite on saline
groundwater.

The saline groundwater represents the 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 ionic strength Is 0.5 M. The composition of the synthetic water
was planned separately for air-saturated and anoxic (N2 atmosphere) conditions with
the help of E0316 modelling and stability tests [97VUO]

The Allard groundwater is the reference groundwater for fresh groundwater conditions
at great dephts in granitic bedrock. The composition was modified due to the stability
problems of the original Allard groundwater both under air-saturated conditions and in
N2 atmosphere 98VUO/SNE]. The Ca, Mg, Si and carbonate contents were lowered In
order to prevent the precipitation of calcite and silicate phases, and the loss of
carbonate from solution.
The granite/bentonite groundwater by Ciemat 96MARiMEL] simulates the effects of
bentonite on spanish granitic groundwater. This saline synthetic groundwater has a
high NOj content (110 mg/I) compared with all the other groundwaters (TABLE 1).

The near-field groundwater simulates the effects of bentonite on saline groundwater
(TDS= 67 g/l). It is very saline Na-Ca-Cl water with a low alkalinity. The ionic strength Is
1.6 M. The composition was based on measured laboratory data on bentonite/saline
groundwater interaction [98MUUNUO].

REDOX CONDITIONS
The redox conditions Included:

1) oxidizing, air-saturated conditions (Po2 = 0.2 atm, pcoo = 0.0003 atm)

2) anaerobic conditions (N2 atmosphere, 02 < 1 ppm, CO2 0.1 ppm)

3) reducing conditions (N2 atmosphere, low Eh, CO2 - 0.1 ppm)
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The oxic experiments were carried out in polyethylene bottles. The bottles were kept
loosely closed during 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 02 and CO2 : Cu catalyst and
molecular 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 stays below 1' ppm (0.1 ...0.5 ppm).
The carbon dioxide content is low,' 0.1 ppm 97VUO/OLL]. The experimental vessels
were kept tightly closed during the experiments.'
An important parameter to be -considered is the Eh of the aqueous phase. Under
anaerobic (N2) conditions, It may vary from slightly oxidizing to reducing depending on
the composition of the gas phase (trace 02, H2 ) and the composition of the aqueous
phase. The complex formation of uranium with carbonate probably affects the relative
stabilities of the oxidation states. This makes U(VI) stable in a more reducing redox
regime than in .the absence'of carbonate,'increasing solublity-[91SKI]. Earlier U02
dissolution studies In synthetic groundwater (Allard) In N2 atmosphere in the absence of
reducing species have shown that dissolved 'uranium -was mainly (>90 %iO) at
the U(VI) state [960LIJOLI]. Obviously, the trace oxygen content In the atmosphere of
the box Is enough to cause slightly oxidizing conditions for uranium. The steady-state
concentrations of uranium were nevertheless low (2 1 0 M).
The earlier tests in Allard and saline groundwater Nuorinen et al. 1997/ have shown
that lower Eh values can be achieved by the addition of reducing species, Fe2 , S2',
typically present in natural groundwaters, or metallic Fe to synthetic deaerated
groundwater. The Eh values In the presence of these redox species ranged from
-300 ... -200 mV (1 ppm Fe2 , 1-5 ppm S2' ). 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 after short periods (< 1 month) n the
glove box. During longer periods in the box a trend towards lower Eh was observed.

The stability of the water chemistry (pH, Eh, S2 ' Fe2+) in the experiments, as well as In
parallel groundwater samples without U02 pellets, was followed during long dissolution
periods (up to 300 days). FIGURE 1 gives the measured Eh and pH values as a
function of time in a parallel sample of saline groundwater with 3 ppm S2' during a
follow-up period of 600 days. A platinum electrode (Yokogawa) was used as the redox
electrode In combination with a Ag/AgCI reference electrode (Yokogawa). The
reference electrode is filled with a gelled electrolyte solution. The sulphide'content was
decreased rapidly after the addition to synthetic groundwater, probably by reacting with
trace oxygen left in the solution after deaeration with N2, but remains rather stable
afterwards, see TABLE 4, which gives the average values and deviations of all the S(-
II) determinations carried out during the dissolution experiments in different aqueous
phases. The determination was made using a standard spectrophotometric method
(SFS 3038). The stability of redox conditions in synthetic groundwaters with S(-ll) was
shown also by the Eh and pH measurements. The scatter in the n'easured Eh was
small, whereas in synthetic groundwaters with Fe(+ll) as reducing species, there is
more scatter in the measured Eh values.

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,
8.4-10-11 M. The sensitivity of this method is lowered by the salinity of synthetic
groundwater. The sensitivity can be improved using a high efficiency sample
nebulization device (Mistral). The detection limit of uranium in saline groundwater
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(I= 0.5 M) is 2-10° M with Mistral. There were, moreover, practical difficulties to use
Mistral for saline groundwater samples, especially in the case of near-field groundwater
(1.5 M), because of blockng of tubes.
For this reason a method for uranium separation, similar to the one used for U(VI)
separation when analysing U oxidation states 1960LL], was tested, and used in the
case of saline 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 U was added to the sample for yield determination. After
this the sample' was acidified to form chloride complexes of uranium. Hussonnois et al.
[89HUS/GUI] have concluded that U(VI) is fixed at 100 % on the anionic resin' with
4.5 M HCI medium. Subsequently, the U(VI) was recovered by elution with 0.1 M HCI.;
Finallyj the concentration of uranium was determined with ICP-MS. The detection limit
in 0.1 M HCI Is at the same level as in Allard groundwater with low ionic strength.
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
anion-exchange chromatography in HCI medium [98HUSGUI, 960L1]. Afterwards, the
uranium contents of each of the fractions were measured with ICP-MS. A platinum
electrode (Yokogawa) was used as redox electrode in combination with a Ag/AgCI
reference electrode (Yokogawa).
The determination of the ferrous iron was made by a ferrozine method [79DIM].

-200- - 10.0
-220 - 9.9
-240 E - 9.8
-280 A . 9.7

'-280 A *9.6

-30 A 9.5 

-320 - 9.3
-340 . ° * . - 9.3

'-380 0F*s.>*-- 92
-380 0 ~~~~~~~~~~~~9.1

-400 9.0
0 200 400 600

days

FIGURE 1. The measured Eh and pH values in a parallel sample of saline
groundwater with 3 ppm S(-ll) during a follow-up period of 600 days under
anaerobic conditions.
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TABLE 1 The compositions of the synthetic groundwaters. ;

Saline Saline Fresh Modined Modiied Granite/ Near-field Near-field.
granitic granitic granitic Allard Allard bentonite groundwater groundwater

groundwater groundwater groundwater groundwater groundwater groundwater (N2 )
(air) (N2 ) (air) (air) (N2 ) (air) (air) Oog p=. 4)

(Oog pcou 7) /Vuorinen (og pc- 4 )
/Vuorinen et at. /Vuorinen et Mllard et al. and Snelnun /Vuorinen and /Martfnez et al. /Muurinen et al. /IMuurinen et al.

1997, 1998/ al. 1997, 1998/ 19811 19981 Snellman 1998/ 1996/ 1996/ 1996/

mg/I mmol4f mg/i mmoL14 mg/i mmoMI mg/i mmol4 mg/- mmol4 mg/ mmoL4 mg/I mmoVI mS/ mmoL4

Na' 4800 209 4800 209 52 2.3 52 2.3 52 2.3 3750 163 22700 987 22700 987 -

Ca2 4 000 100 4 000 100 28 0.45 10 0.25 5.1 0.13 135 3.37 10000 250 10000 250.

Mg2 56 2.3 55 2.3 4.3 0.18 2.8 0.12 0.7 0.03 600 24.7 700 29 700 29

35 0.40 35 0.40 - - , :

K' 21 0.54 21 0.54 3.9 0.10 3.9 0.10 3.9 0.10 20. 0.5 200 5.1- '200 5.1 -

1ICO3 10 0.16 - - 123 2.01 91 1.5 65 1.07 27 0.44 8.5 0.14 48 0.08 .

SfO2 2.5 0.04 8 0.13 2.9 0.05 1.7 0.028 8.3 0.14

Br 105 1.31 205 1.31 - . I . 15 0.19

F 1.2 0.063 1.2 0.063 - - _ = = =

r 0.9 0.007 0.9 0.007 - - . .

SOt 4.2 0.044 4.2 0.044 9.6 0.10 9.6 0.10 9.6 0.10 1500 15.6 1 200 12.5 1 200 12.5

BU 09 0.08 0.9 0.08 - . . . _

cr 14600 412 14600 412 58 1.6 47 1.3 52 1.5 6550 185 53900 1 520 53900 1 520

NO3 _ _ 110 1.77 = = ==

Ionic strength 0.5 0.5 0.004 0.004 0.004 0.25 1.6 1.6

PH&SOMM 7.2 8.3 8.2 8.4 8.8 7.3 6.9 7.5



TABLE2. The experimental conditions of the oxic, air-saturated dissolution
tests (for synthetic groundwaters, see TABLE. 1).

Solid Synthetic groundwater pH..,,d* SIV ni1 ] Duration
(days)

U02 powder Allard 8.4 (8.4) 1000 350

modified Allard 8.3 - 8.4 (8.3) ..

saline 7.0-7.1(6.8)

granite/bentonite by Ciemat 7.5 (7.5)

near-field 6.6-6.8 (6.6) 204

U02 pellets saline 7.0-7.1 0.66 702
(7.0-7.1)

1.98

19.8

* pH1 (pH2): pHI and pH2 measured
experiments, respectively

** SV is based on geometric surface area

at the beginning and at the end of the

264



TABLE 3. The experimental conditions of the anoxic (N2) dissolution
experiments with U02 pellets in synthetic saline groundwater.

Redox species addition Eh [rnVJ* S/V[ml]*** I Duration
.. . . I 1. , .Redox species addition - , � Eh Im"Al *. - pH .

measured**
SW [m ]*'*i Durastion

.- days] ,

none - 8.0-8.1 (8.3) 0.66 300

I ppm S(-II) -210 8.7 (8.8) -

0.01 ppm Fe(+l) - _. ; .

I ppm e (+II) -210 8.2 (8.0)

3 ppmS(I) -250 9.2 (9.2)

5 ppm S (-H) -280 9.5 (9.5) .

none . 8.0-8.1 (8.0) i9.8,

1 ppmS(-II) -210 8.7 (8.7)
0.01 ppmFe(+l)

metallic Fe 9.3 (8.8)
(S grams iron chips/
50 ml of solution)

1 ppm S(-U) . 9A (89)
0.01 ppm Fe(+U)
metallic Fe (5 grams iron
chips/50 ml of solution) - .

i

i
t

TABLE4 The; experimental conditions of the ahoxic (N2)
experiments with U02 pellets in modified Allard groundwater..

dissolution

Redox species -Eo [mVl - pH S/V [ml]*** Duration [days]
addition mneasured*

none 8.8 (9.0) 0.66 400

ppm S(-l) -250 9.0 (9.2)

3 ppm S (-I) -290 9.2 (9.3)

S ppm S (-I) - -310 9.4 (9.5). -

1 ppm Fe(+U) -220 -8.7 (9.0).

none - 8.8 (9.0) 19.8 300

3ppm S(-I1) e -200 9.2 (9.2) 200

metallic Fe 9.5 (9.5) 200
5 grams iron chips/
50 ml of solution

Eh measured at the beginning of the experiments - t.

pH, (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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TABLE5. The stability of waterchemistry in the UO2 dissolution expe~riments
under anoxic conditions.

Redox species Saline Saline Allard (modif) Allard (modif.)
addition S(41), Fe(+U) Eh [mVj S(-1), Fe(+1l) Eh [mY]

[ppm] * pH [ppm] pH

I ppm S(-II)' 0.46 ± 0.04 -216 :t5 0.59:2 0.02 -235 16
(+0.01 ppm 8.69 0.07 9.08 t 0.06
Fe(+lI):sallne)

3 ppm S(I1) 1.99t 0.14 -265: 17 2.01 0.11 -275 ±'8
9.22± 0.06 935± 0.06

5 ppm S(-ll) 3.69± 0.11: --281t 16 339± 0.12 -297 10
9.56 0.07 . 9.45: 0.04

1 ppm Fe(+) 0.87 -138 t 68 0.16 * 0.04 '318 ± 114
8.05 t 0.08 8.79 ± 0.08

. . ..

-

TABLE 6. The experimental conditions of the precipitation experiments.

Synthetic groundwater pH Eh
(see Appendix 4, Tab.1) measured

[V]

mililedAlard 8.8 -0.25..-030

modified Allard, 3 ppm S(- 9.2 -0.27...-0.34
II)

modiled Aliard, met. Fe 9.0 -0.45

saline ;83 -0.30

saline, 3 ppm S(-I) 9.2 -0.31

saline, met. Fe 8.4 ...8.8 -0.47

near-field 7.5 -0.31

near-field, 3 ppm S(-l) 7.5 - -0.33

near-field, meL Fe 7.6 ...8.0 -0.48

APP 4-8: ORIGINAL X-RAY PATTERN
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TABLEs with original measurement results, calculated results, materials compositions and
further descriptions for integral test (CEA, WP 111.3)

ANNEX 1 SAMPLE ANALYSIS PROCEDURE

Liquid Samples

Alpha Spectrometry

The analyses were performed using an Enertec 7184 single-channel alpha spectrometer
equipped with an Enertec IPE-450-100-BB Ch Alpha low-noise passivated implanted-junction
silicon detector, coupled with an Enertec 7183 microprocessor-driven multichannel analyzer.
Samples were prepared by depositing 0.5 ml of solution on a 30 mm diameter stainless steel
disk and evaporating it. The thickness of the resulting deposits resulted in self-absorption
and significant uncertainty on the measured results. In order to minimize the statistical
measurement error, the analysis time was adjusted according to the source activity. A
counting time of 100 000 seconds was used for our samples. This technique was used to
determine the following isotopes: 239+24Pu, 238Pu+24lAm and 24Cm

Gamma Spectrometty

To determine the isotopes: 60Co, 1 Ru+'Rh '5Sb, 134Cs, 137Cs, 144Ce, 'Eu and 24Am a
gamma spectrometer was used with a N type pure Ge diode detector, an Ortec 572 amplifier
and an Enertec 7183 multichannel analyzer. The test solution volume was always 50 ml; if
the sample volume was not sufficient, it was dilluted. A counting time of about 3600 seconds
ensured reliable statistical results.

Determination of 90Sr

The dissolved 90Sr was determined by radiochemical separation and counting. The fission
products other than cesium and strontium were precipitated as hydroxides by adding NH40H.
After filtering the solution, nonradioactive yttrium was added to precipitate the yttrium
contained in the sample. Strontium was separated by liquid-liquid extraction in the organic
phase by thenoyl-trifluoroacetone (TTA), then stripped in the aqueous phase with 3M nitric
acid. The solution was then evaporated on a cupel constituting the source, and the strontium
was determined by 0 counting using an NU-20 multiple detector, considering the ingrowth of
90Y. The contamination by other P-emitting fission products was estimated at less than 1%.

ICP-AES and ICP/MS

The ICP/AES Jobin Yvon JY 66P spectrometer was used to determine Mo, Tc, Zr, U, Nd Mg,
Na, Ca, K, Si, Al. To determine 8Sr, 99Tc, Z37Np, 238U, '37Cs, '06Ru'06Rh, 24 Am, 2"Cm and
2 0pU in the spent and 88Sr, 9Y, 9Zr, 9Mo, 101Ru, 103Rh, 108Pd, 13Ba, '39La, 14Ce, 14Nd and
238U in SIMFUEL solutions, the CP-MS VG Elemental PlasmaQuad /l+ mass spectrometer
was used together with an SX300 quadrupole filter and a Meinhardt nebulizer. If possible,
isobaric interferences were mitigated by subtracting the contributions of each isotope based
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on the isotopic abundance as determined by radionuclide inventory calculations.' Semi-
quantitative analyses yielded the approximate concentrations of the desired elements
(± 30%) in order to prepare a suitable calibration range for quantitative analysis and to match
the dilution factor of each gatmple. Quantitative analyses were carried out on the first and last
weekly samples collected for each type of fuel; quantitative analyses were also performed on
all the other solutions for one experiment with clay and one experiment with granite. Matrix
effects wer6 corrected by adding an internal standard, consisting of an element not found in
the solution. For the SIMFUEL leachates we used 151n for spent fuel 66Ho.

Eh '.

The redox potential of the supematant was measured at the end of each SIMFUEL leaching
experiment, using a Ag/AgCl reference electrode in 3M KCI (+190 mVsHE). The measurement
was carried out immediately after removal of the leaching pot cover and as close as possible
to the fuel in order to minimize the effect of rapid solution reoxidation by oxygen diffusion.
Solid Samples
For lack of a suitable fy characterization capability, only pure a-contaminated materials were
examined. As' the environmental materials -had been rinsed in acid, examination in that
condition was unnecessary. -
Only leached SIMFUEL specimens were -analyzed by SEM and characterized by X-ray
microanalysis using en EDS probe. After drying, a sample holder from each' environment
(granite and clay) was opened in a fume chamber to remove some'.SIMFUEL'particles
(agglomerated within the' clay in that sample). The specimens were 'attached to a sample
holder'with'double-sided adhesive tape, covered with a carbon deposit and placed in the
SEM chamber. ''

* , - . . * * . .~~~~~~~~~~~~~~~~
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ANNEX 2, RECOVERING THE ACTIVITY FIXED ON THE ENVIRONMENTAL
MATERIALS

The activity released by the fuel during leaching were found distributed into three fractions:
activity in solution, in the form of dissolved or colloidal species,.
activity sorbed on the leaching system components (sample holder and leaching pot),
activity fixed on the environmental materials.

The first two fractions were easily recovered in the weekly solution samples and by final
rinsing of the system components. Recovering the third fraction, however, was more difficult
depending on the nature of the environmental materials. While acid rinsing was sufficient to
desorb most of the activity fixed on the surface, it was not possible to recover the activity
trapped in the foliated structure of the clay, which first had to be eliminated: we opted for
alkaline melting.

Preliminary tests were carried out to assess the'effectiveness of rinsing the environmental
materials, separating the clay from the sand and alkaline melting of the clay. In these tests
we used a spent fuel leachate obtained during another study, for which the chemical
composition had been determined. Two leaching pots were prepared, one containing granite
and the other a sand/clay mixture; each contained an empty sample holder. The leachant
was added to each pot in quantities sufficient to ensure thorough wetting of the
environmental materials. The pots were then heated to 900C and maintained for two months.

At the end of the test period, the pots were allowed to cool to room temperature before
sampling and analyzing the supematant. Each sample holder and leaching pot was rinsed for
24 h6urs with 1 M nitric acid; the environmental materials were'ali6' rinsed for 24 hours with
1 M nitric acid. The sand/clay mixture was placed in suspension by stirring and the clay was
separated from the sand by setling. The clay was then transferred to a fume chamber and
allowed to-dry before pulverization. It was next transferred to a glove box to prepare a
mixture 2 g of 1(C03 with 0.2 g of clay. The mixture was transferred to a platinum crucible
and heated to 9800C for 30 minutes in an electric oven In another glove box. The melted
mixture was mixed with 20 ml of 68% Prolabo "Normapur M nitric acid, then diluted to one liter
in Milli-Q double-distilled water..

The test findings were as follows:

About 80% of the initial activity was recovered with granite.

The glove boxes in which the clay samples were prepared and the oven itself resulted in
strontium and actinide contamination on the same order of magnitude as the
concentrations of these elements in the sample.

Since the actinide concentrations were near the detection limit of our equipment (a
spectrometer, CP-MS), the measurement errors were very significant.

The results of alkaline melting with potassium carbonate were not sufficiently reproducible,
and the specimen was not always fully etched.

We therefore modified the experimental protocol for the environmental materials in the
integral experiments by installing a clean oven in the fume chamber for alkaline melting, and
by using Prolabo lithium tetraborate (U28407) as a more aggressive melting agent.
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TABLE 1. Chemical composition of Boom clayey groundwater
Species Chemical composition of reference at 160C Theoretical chemical composition target

. ... .. .(moll') ... - (mol.Lv)

Na 1,8x102 to 1,9x102 ' - 1,6x102

1,3xl0'4to 1,4x1O4 - ---- 2.7x104--

Ca2+ - 1,0xJI0 to 13x10 4 1,4x10'4

Mg2
- 7,0x10 5 to 1,6xIO ,,Ox10 4

Fe 2,2x10 5 to 8,2x0'5

Al+. 2,4x10'5 to 3,3x10'5

HCO- 1.2x10'2to I,4x10 2 1.5x102

Cl' 7.6x0' to 9.8xl0'4 1.0x'<1

F . I,9x1,9x to2,3xO10 4

So4
2 . 2.8x10'5 to 6,3x10'5 ' lx104

pH 8,7 to 9,7 8.7 to 9,7

Eh -300 to -250 mVNH -350 to -300 mVEN

TABLE 2. Chemical composition of clayey water synthesized for Simfuel and spent
fuel leaching experiments

Species Chemical composition (mol.L'0)

Chemical Simfuel Simfuel Spent Fuel Spent Fuel
composition "tankB ' tank B - tank D tank D
theoretical pots 3and 4 pots 3and 4 pots 3and 4 pots 3ind'4

.____.____.__ aiming - as synthesized .-end of leaching as synthesized end of leaching

Mg2 . . -- 1,0x0 4- 1,0x'104 ' O,9x10'4 . .Ox104 l,.x104

K* 2,7xlO4 .IXIO 3.0x104 .8x104 3,0x104

Ca2+ . . . _ 9,8xl0'5 6,1x10' 9,9x1O5 ' 59xl0

Na :1,6x102 1,7xlO 2 . .- 1.6x0 2 1,6x1cY2 1,6xlO2

So ' 1,1x' - 1,4x10' ' Ox103 .Ix10'4
-. Ox10'

CF 1,0~~~~X10O O.9090 11 Oxl 1.lxl& ,x0

F , . 1,7x1O4 O,5x10. 16x104 1.9x10J * ' *7x

HCO, '1.4X0 1'1' - 1,5x10.

pH 8.7 97 j 7.77 8.63 .8,81 8.76

Rb 1,5xlO' ; 1,6x10 15X0 2 1,5x1072 -1,5X 02

'Rb calcute avec: NWal j1= 0 et "¶(FJ = 0.5 -1

.;- - …-
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TABLE 3. Chemical composition of granitic groundwater
Species Chemical composition of reference at 90°C Theoretical chemical composition target

(mou') (moW')
S",X I,10xio,10'3l O-3

H4SiO4 4,14x04 4,14xl04

CI,, 4,70x104 4,70xlO4

HCO; 4,2Oxl0 4,20xl04

Na' 4,14xl0 3 4,14xl0

K+ 5,10x1 o. 5,10x0'5

Cj2. 6,00xlO5 6,00x10 5

Al3+ 4,20x10 5 4,2Ox1O'
Cl' 2,9x10'3 2,90x10'3

F 3,00x104 3,00x104

Mg. Sr. Li, B, Rb, < ,0xO 5

Cs, Cd. Br, Mn. Fe,
Ni

pH 8,7 to 9,7 8.7 to 9,7

Eh -350 to -300 mVEH -350 to -300 mVBm

log (PC02) -3,61 _

TABLE 4. Chemical composition of granitic water synthesized for Simfuel and spent
fuel leaching experiments

Species .___-_Chemical composition (mol.Ll) -

Chemical Simfuel Simfuel Spent Fuel Spent Fuel
composition, tank A tank A tank C tank C
theoretical pots land 2 pots land 2 pots land 2 pots land 2

aiming as synthesized end of leaching as synthesized end of leaching

K 5,10x10 4 5,70x107 6,80x104 5,90x10 5 6,70x10 5

Ca2. 6,00x1 6,90x10'5 8,50x10'5 6,60x10' 6,40

Na 4,14x10-3 4,15x10 4,32x10 3 4,10x10 3 4,24x10 3

Al3+ . 4,20xlcrS _,10x1O 5 : 0,50x105 1,60x10'5 0,40x10 5

Si ,10x103 IiloXI I,00x10 3 1,10X'0 3 1,00x10'3

cr 2,9Ox10 2,80x10y3 2,90x10 2,90x10 3 3,00x10 3

F 3,00xlO ' 3,00x0r4' 3,10xlOA4 2,20x10 3,30x407
HC0 3 4,20xl0 6,50x104 15,00x10 < 0,3x104 5,20x10 4

pH 8,7a9,7 7,64 8,13 7,56 7,77

Rb 1,40x10 4 1,80x10 4 3,6040x 120Xl04 1,20x10 4
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TABLE S. Grinding and screening results for Gravelines 3÷2 fuel (60GWd/tHM)
Experimental conditions tg f 0,1g) (%)

Initial fuel weight fragments 26,3 
Number of grinding and sreening cycles 5
Fraction < 50 lm 13,3 50.7
Fraction 50 to 250 pm 11 - 41,9 -
Fraction:> 250im -------- 0,6- 2,3
Unrecovered fraction - - 1.3' 5.1

TABLE 6. Spent fuel leaching test solution analysis sampies and methods

.. .... ...

Samples Treatments Analyses

Sampling 1,3.5.7.9, 11 filtrationV) pH, aly spectra., P counting, ICP-AES

Sampling 2,4,6. 8, 10, 12 filtrationri ICP-MS

Filter rinse 1,3.5.7,9, 11 (HNO 3 IM) -ay spectr., counting, ICP-AES

Filter rinse 2, 4, 6, 8. 10, 12 (HNO 3 M) ICP-MS

Final Supernatent Leachate filtration') tly spectra., P counting, ICP-AES

ultrafiltration t ') txy spectra., 13 counting, ICP-AES

filtrationt') ICP-MS

ultrafiltration" ICP-MS

Vessel Rinse (HN03 IM) aly spectra., P counting; ICP-AES

ICP-MS

Fuel Sample Holder Rinse (Milli-Q water) filtrationt' aty spectro., P counting, ICP-AES

filtratiot ICP-MS

Environmental Materials Rinse (HNO3 IM) filtration ) Wy spectra., counting, ICP-AES

filtration(') ICP-MS

Alkaline melting (for clay material only) cy spectra.. A counting, ICP-AES

ICP-MS
O: .45iIm filter. ""1: 10000 it

279



TABLE 6. Simfuel leaching test solution analysis samples and methods
Samples Treatments Analyses

Sampling I to 12 . filtration : pH ICP-MS

Filter Rinse 1 to 12 (HN 3 IM) ICP.MS

Final Supernatent Leachate Eh

filtrationm ICP-MS
;__ ___ __ ___ __ ___ __ __ _ ultrafiltrationr' ICP-M S

Vessel Rinse (HN0 3 IM) - ICP.MS

Fuel Sample Holder Rinse (Milli-Q water) filtrationv) ICP-MS

Environmental Materials Rinse (HN0 3 1M) filtration(7 ICP-MS

Alkaline melting (for clay material only) _ ICP-MS
: 0.4Sum filter.' ": 10000 Da

.i
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TABLE 7. Gravelines 3+2. preleaching,
cumulative fractions of. inventory released into aqueous solutions.

leachates:

Contact tie d), 1 5 8 7 14 13 22 21 49

CUMU12fiyc coaact tme (d) 1 6 -14 Z21, 35 - 48 70: 91 :140

'Sr VE-04 4.OE-04 6.SE-04 7.2E-04 8.JE-04 9.4E-04 i.JE.03 1.2E-03 1.3E-03

'WSb .7E-04 4J7E-0.4 <9,2E-04 <1.IE.03 <l.2E-03 1.3E-03 jcl.SE.03 *~<0&0.3 -cJ.E.03

- -vT~~~r . 1.11-04 1.11.04W LIE-04 1.11-4 .1E-&4 -U1214 1.21 1.JE.4 1.3E44

'S 4.2E..03 S.IE-03 -5.4E-03 5.6E-03 -S.9E-03' 6.OE-03 6.2E.03 6A4E-03 6,6E.03
Znr 211.04 2.1.4 21-04 =.21-0 21.0 2E14 2.21E0' 2.21.0 UE2-04

137 -~~~3-0 . 303. 67-03 7O-03. 7.E03 7E-03 7E-03 7E-03 SE-03

1'PU+"PU 5'S9E.06 6.8E.06 1.IE-0 I.E-05 I.9E-05 2.3E-05 2.8E-05 2.9E.05 4.IE-05
Lee.8-0 fLt-Cd - E2-06 Z.9E-0 '01-0 3.41-06 . .1-4 .71-0 5S4-06

UmPU+:"'Am .6:E-6 8.5E.06, 1.6 - 2A4E.05 2.9E-05. 3SE05 3.SE-05 3.9E.05 5,7E-05
7.E0 .11-07, 1.01.04 14.6 11- .70 11.06 1.10 2.14

2 -: - 1LIE-0S 2JIE-0S 4.2E-05 6.6E405 9.2E.05 '9.SE-05 L.OE-04 U.E04- 1.3E-04

en,,r 7.8-07 LIM.0 LV1910E 14-06 LI-0 LIM04 1710 1.7E-06 1.71-04 VE1-0

U 4.7E-05 1.3E-04 2J1E.04 *2.9E-04 .2.1 E.07 4.7E-04 -4.9E-04 5,4E-04 -5.9E-04
ermp L.4-0 2.91-06 3.91.06 4.91.06 -- Jal-06. AS1-0 6.9-04 7.11.0 7.106

Nd 2.6E-05 6.1 E-05 1.2E-04 IJ7E.04 .-S.8E-03 2.E.04 3.OE-04 <3,2E-04 -c3.GE.04
en~ 2.91-04 3.11.4 A91-04 1.1-0 1.-05 1.31-05 de lf dl

Tc ... .. ~~~.cS3E.04 .cl.OE-03 4JE.03 <c13E.03 -claS-03 <I.BE-03 <c2.lE-03 c2.3E-03 <4.4E-03

MO 1.9E-04 d.5E-04 <3.2E-04 .c3.7E.04 <4.5E.04' -C63E.04 e<9.6E-04 <1.IE-03 <U.E-03

zr ~ , 1.5E-05 2.SE-05_ 5.5E-05 -6AE-05 'I.5E-05 9.6E-05 4<1E-04 cl12E-04 <1A4E-04
iv, .10 20.4arl06 -38.4-4.10 .10 do do .d

di : defection Eimir 

�._ . I

. . I -.:

- 1 

. . - I � : '
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TABLE 8. Gravelines 3+2 spent fuel integral leaching experiments:
cumulative fraction of inventory released in aqueous phase of weekly samples.

Clay/Granitic Groundwater
SUmlinhn 1 2 3 4 5 6 7 a 9 10 11 12 Fual

r (days) 7 5 7 9 7 7 7 7 7 7 7 7 7

:kddvc 7 12 19 23 35 42 49 56 63 70 77 4 91
im= (days)

Samur 10.9 9.5 - 3 104 9.2 10 11.7 10.4 30.3 10.2 32.6 11.1
,ohn (ML 

'Sr 3.25-05 320 2.91.05 2.3-05 2.81.05 2.7&W Z75-05 2.5-5 2.850 2.95-0S 29505 3.050 350

Ir, 5.2-6 4.1"1- 31-06 2.6E-0 2.2-e , 2.0-1 1.E4-6 .S" 1,- 1.71-6 2.75 .7Z-06 ,-AS

"Cs 212504 2,31-04 2E-04 2I-04 2.213-04 21-04 2JB-04 24E44 2E5-04 25E44 26E-04 2,6E 25504

crvor 1.61- W.1-85 O1,-0 X4E1d 7E61* Y 4-0 V71-C 46-W A3S-06 631- ISc 5.-

"Cs 22E204 2.31-04 2.25-04 2.15-04 2I5-04 2.1544 2.604 24-04 250 2E-04 261-04 Z6E-04 25E-04

Error lc-S 151-OS 1.2145 1.01s v7z5 4,1-6 7,71r4-0 771- 7.,06 1.4E- 7.21- 47ce 6.3c0
3
0-% 4,1E-4 345.08 225-0 33E0 4,6E4S 45E-08 4.3S-06 4 443-06 4.S-06 5.-0 6.3E4- 6.1E8 S.7B-0

Ero 2J.1 LiffCft 471-0 ICMOt 1.5E-0 1.315 LC01t 9O.-09 11.00 LI16 1.4* I.11X e .t E
3
P+

24
Am 2.3Et 1,7-0S- 3.9509 9.709 IS-0S 1103 1,1 1.20 1. 0 1.3EO I- 1.50 1.75-0

'W 7.11-0 411-0 18.W .8C1-0 .9- 1.91-9 OE-09 t1.9-0 191-9 1.91* 2.1-0 2.15 2

"Cm <37E-09 d0-09 <40509 4I-09 43E-09 <S4-09 45-9 *:27E49 495-09 d.OE-09 3.2-09 4345-09 <3.59

E r- ..

do I.0E03 1.203 13-03 1.2E-03 1.1S03 3.203 1.2E03 1.25-3 1.2f03 1.2-03 1.3-03 1.3-03 13E-03

Errm I-4M 21z4 - O." 141-0 1.21-04 .IM-04 LIE- t.1 4.81 494-01 9.O-OS 90E*5 9)1-0 9.

31U 50-07 5.25W7 5.1-07 4.7E.07 655-07 &45-07 73-07 5.9-07 607 6.15-07 6.1E07 6.-07 I.0-6

rNr .I-0 4.71.0 31-0 3rS01 .3-Ct .61* 3.7*5 2.410 2.41* X 4t VW Z31* A6E*

Granite/Granitic Groundwater
sawlingt 1 2 3 4 5 6 7 1 9 10 1 12 FInal

ri (days) 7 5 7 9 . 7 7 7 7 7 7 7 7 7

Cumu1ative 7 12 19 23 35 42 49 56 63 70 77 34 91
tis (daly)

PSmlini 9.7 107 - 0.1 11.7 9.7 6.2 9,6 6.5 10.7 11t 12.5 13.5
(mL)

mSr 3,3E05 2.U;45 22B05 2.3E-05 2,4S05 2.3S05 2,21-05 2.3-5 245-05 2.4S05 2405 2,71}05 3.4S-05

'm =-2* 3.71-f 2.2C6 .o0*5 I.9 * .7Z*5 .5- 1.6-6 11 C 1. 1tt 2-

"cm 2.05-4 2.3S-04 258-44 2.B504 3.05-04 2.9E-04 2,6-04 2.9-04 3.E-04 3.25-04 345-04 33-04 3.2E-44

I'm 1,44S 1,3UIS tC4 1.2* 1.2-45 P.65 7J46 4E-46 V455 a441-0 441 74-06 44806

"Cs 2.0604 2.3S04 2.5;44 23-04 3.1S04 2.91S44 27E04 2.9E04 3.1-04 32EO4 3.504 34-04 3.3-04

~ 1.61*5 161-0J5 J1* 1.41*5 1.41f5 1.11*5 471-0 9.34 P.U5 9.5 t0S t7C46 ko015

'u t.30s6 6.2S0S 3.45O 360 30 3,9-0S 4,014S 4.25-06 4.3S08 4.50 4.7EO 6,1-08 7,9S-08

Em 4.21-0t 25t 1 ,- IJC5 1tC4 1 C4.11 .16 1 Li" tlC mt 1.1 *C4 1.1C4 1,4t 2.01-0

mPa+NI
5 Am IE0 1,44O 13SOS 13E-08 135-0 I-5-08 IEO8 lSSOS 1,9SO8 1.S08 1,S88 2.2S0 27E-08

,, 4.6 3,7-49J S.*9 X 31-0V 9 ZO1-09 VfE49 Lac-9 -0 X41-0 21409 t.9-0 2.59 1.419

,Cm 3.2-0 3.20 3.00S 2.7E 2.2o-08 2.603 3.0£03 32S-0 3.3-S 3,1EOS 2,908 3,3S0S 3.9WS

Erm LOI5 411-0 43-0 41-0 3.2-O 3.71-9 4.31*9 4349 J.31*9 3.6C49 3.210 3.71*9 4.41*

Uo 3,3B43 3.4E 03 3.5-03 -3.6-03 3.75-03 3,7-03 3.5-03 3.95-03 4.23 43S03 4.3E03 4,4S03 453

m 4-0W 60C-4 311*4c 4S.4 4-4 3.J-4 3E.44 3.31-4 3.AM 3.41-04 -1 311-04 291*4

U 1.2-06 11-S06 1.04-6 8.4&07 .0-E07 73-07 75507 7.8,07 7.7647 7.7E07 7.75-07 7.6-07 1,5B46

Erro .J1-07 1.047 7j4 4.81*5 4.21*5 J.81*5 J.t*5 3.L814 3.JC*5 3.7C*5 3,7C46 3.7-t 9.21*5

To be continued on next page...

282



; :( Vy

TABLE 8 (continuation). Gravelines 3+2 spent fuiel integral leaching experiments:
cumulative fraction of inventory released In aqueous phase of weekly
samples.

ClaylClayey Groundwater -

*Anpingn I ..2 3 4 S 6 7 a. 9 10 11 12 Final

rum (days) 5 7 9 7 7 7 7 7 7 7 7 7 7

.wnulazdve 5 12 21 28 35 42 49 56 63 70 77 84 91
inY (days)

;amliag 9 8. 2.9 9.6 9,8 13 113 8.9 9,8 12.9 10.7 .122
volur (L.)

'Sr 5,1.E5 3.9E-05 2.3E05 2.4 5 2,4E-05 2.5E45 2.5E45 2.6E45 2.7E05 2SE-05 2.9E05 2.9E-05 2.9E-05

fn, 8.2f06 3.1E- Z214E 2.1E06 2IE-06 ioi46 I.JE.06 OM ii.06 1.9E46 1.9t.06 1.9E06 1.9t46 1.91E6

UCs 13E.4 1.4E04 1.2E.04 1.3E4 13E-4 13E.04 1.4E-04 15E04 1.5-04 1.6E.04 1.7E-44 1,6E44 1.6E04

E"' 1.0145 42E-6 (0E.06 l.4106 4..6 *.5E46 - 4.2E46 4.11E.0 4.0E.06 4.E-06 41-fE0 J.7E.06 J.,06

"cs - 1.E44 -1.4E04 13E04 13E-04 13E-04 1.4t04 ,4E04 1.E-04 1.504 1.6E44 1.7E04 1.7-04 1,6-04

tr 1.2E40 9.4t06 7,0E-06 AJE406 3,6E45 5.2t06 4.9E06 *.t.06 4.6.06 4*.E06 4.7E-06 .JE06 4.0-06

2S"Pu 4.10E4 32E0S 2.0E.0S 2.1E4S 2,3ES 2.9E48 3IE- 3148 33E4 3M.08 3.7-0S 4.3E08 5,0E8

frrer 214-6 1.E 6.0E.09 6,1149 6,1C49 .7.8E49 9,109 ,7.9E09 6.7E.09 6.t49 6.9E09 8.4E49 J.OE4

iPu+i Amn 1.9E08 15E08 9.9E49 ILOE0S l.lE4S 3.IE.08 S 12.02 .2E.0 1.-08 . .2E0 1.4E08 - 1.4E408 1.4E4

1".. lt1t49 .8149 I.9t49 I.t09 I.7t49 1.7t49 1.6E49 .E09 1.4E.09 I.J409 .7-09 I,6t-09 1.6t49

C m 3.7E09 6,9E09 I.OE4S 8.2E09 5,3E09 6.2E09 7.0E-09 8.2E09 9.5E-09 9.1E09 8.6E09 .9E09 9.4E49

frror 1.2t49 1.9E09 27.E49 .7t49 40E.10 , J.7E10 9.3E10 1.I149 1.3109 .IE09 49t.10 9.1-10 9.2E-10

Mo 27E03 33E-03 3.E-03 4.5E43 5.403 5.7E03 6.0E03 6.4E43 6.6E-03 6.9E.03 7E4-03 7.6E03 7SE-03

fE 3.71-04 3.9E4 (1E-04 674 7.4E4 - 7E04 -41-04 59E - 3.71.04 .4 3.4E4 -3.21C4 3E4

MU 3.7E06 3.2E06 2546 1.7E06 1.6E46 1.6E46 1.7E06 1.9E06 2,0E46 2.2E06 2.1E06 1.9E.06 7.2E06

toroe 4.lt07 2,S47 t.t-07 971.0 - t3Ed 9Jt- 9.Sf-4 .J4- .o.07 .IE-7- 9.7- 9.J4d.. d.t07_ . ._ _ ...

Granite/Clayey Groundwater
mpling n- 1 2 3 4 5 6 7 8 9 10 11 12 Final

Isme(days) 7 5 7 9 7 7 Notdowe 14 7 7 * 7 7 7

Cumulative - 7 -12 -19 - 2 35 -.. 42 S6 63 70... 77 84 91
m (days)

afpling - 11.9 20.8 113 9,3 10.6 S.9 14.6 9.9 10,4 13.5 12.
olu (ml..)

Sr 5.6E-06 7E06 7.706 I.S2-06 9.6E06 ;105 Nd 1..0 1.1E405 3205 I.E-05 1.6E05 1,6E.05

tE 49E-07 49t07 4L107 4S1-07 8f-7 46f-07 7.847 7.64.07 46E07 t.C-07 t.E47 .2.07

sc , 6.925 9.5E.0 Y-4 1.3E04 1.4E144 1.6E04 tNd 1.7E-04 2.0E-04 2.IE04 2.2E-04 2.3E04 2.4E04

irr 491-06 .E-06 (406 (a46 3.16 l.t-6 d. d3.06 d,3-J6 (206 I.81-06 AJE&

"Cs 6.SE45 9.5E45 12E44 1,E44 1,4E04 1.6E44 Nd 1.SE-04 2.0-04 2.E-04 2.3E04 2.4E04 Z4E04

E,;' 3.SE06 6.5E-06 .4106 7.E6 6.41C06 d7t46 7.01-6 74E- 6 7,JE6 7.31-6 6.9E-06 64O5

^P'u - 4.1E4S 35E-08 2.4E-08 2.E-0 2.72-0S 2.9E- Nd 3.0E4S 33E-08 3.4E-0 3.6ES0 6.9E4-8 .IE-07

fr .1JE10 l.40E48 7J.-09 7.49 7.2t49 7.3149 7.Jt49 .4t49 7.1t49 7.109 - 2,1tt 6EOS

Puss 'An 8.29 9,i E49 I. E48 .S.68 1,S E 4S Nd IE-08 2.0E- 21E-08 2.2E08 '3.3E48 5.0E8

I've Vt49 2,4 2.,C09 151-0 2.E49 3.1t-49 3.049 2JE4.79 2.6149 2.6t49 .7149 .1E09 9. CE-09

Cm 3.7E.09 42E49 4.4E49 7.6 E.09 I.IES 13E4- Nd 1.508 1.7E4S -I IE4- I.8 -8 32E08 4.8-08

I've 1.2E49 1.149 9.JE-10 1.7E49 2,3t4S Z df49 VE 2,71449 32t49 9 . 1- 3.t49 9.4E.

M 3.9E03 4.E-03 5.6E03 6.0E03 63E43 ' 6.8E43 Nd 6.9E03 7.5E-03 7.9E-03 8.3E03 . 9.0E03 9.7E-03

!E,, &7-4 4 JE4 8.4E4 7t8t4 7.2t-04 7.lt4 -8.61 64$ 6.414 3.0 6.Jf. d0t4 7.CE -d

$U , 0 3246 1,E846_ 1.7E46 1.4E06 15-06 - 1.6E46 ad 1.4E46 1.4-06 1.4E46 ,4E-06 -. 13E46 5.1E-06

I'e 2.0t407 1.6-7 1.2E47 42E46. 8.2t.d 42E-06 .9E 6 7.06 6.6E46 - 6 6.6E.06 4d.6E0 - 42.07
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TABLE 9. Gravelines 3+2 spent fuel integral leaching experiments:
fission products and actinide concentrations (molrl) in weekly samples in the
different media

ClaylGranitic Groundwater
Samping 1 2 3 4 5 6 7 8 9 10 i1 12 1FM

ime (days) 7 S 7 9 7 7 7 7 7 7 7 7 7

Cumutdve 7 12 19 28 35 42 49 56 63 70 77 u 91
time (days)

'r 4.6E-0

Sr 36-09

13CS 5.211-10

Cs 3,26-0
Effer A9509

2.4E.09

4.41-09

SE-Jo
3.3E-10

us81-os
- 4.lf-0

1,4-09

2.6-09

1,9E.10

2.0E310

4.4E-t

216f-

1U 2. E86 0

'"m m . 2.85-09

cm <3.66-t4

1,6-08

1.6E-08

1.6-0

3,6-312

7.6E-12

llt.12

<t2E.15

<7.3E-15

1.01E06

Loc-07

8.l10 7.3-10

I5E-09 1.3-09

2.2.10 205.10

1.6E-10 1.46-10

3.4E4-S 3.0-08

2.1r- . .85-09

3.3E-0 5,149 4.4-09

3.3E-08 5.2E-09 45-09

2J59 5.25.10 44510

6.76132 3,6E-12

1.4E-1 2 7.6E-12

AV9-12 .85-12

d.2E-1S 4.2-15

7.3F-15 <73-15

5.7E-10

I.OE49

JC10

1.2E10

2.6-0S

145-9

2.06-31I

2.1 6-11

1.15-11

4.26-15

c7.3E-15

2OE-07

LOC-Ol

63E-10

l.E-09

1.7I0

3.56-II

,3E-09

S.0 510

2.7-09 3.1E-08

2SE-09 3.2E-

718E.10 3.25-0

3.6E- 2

7.6E-I2

J.lC12

<8.2E15

<7.3E15

2.0E-07

LO-1

I

3,26-3

Z.5E-II

/if-it

4.1211,1S

.c7.3613

3E-07

5.11

Mo 1.36-0

£.m 1.15-0

4,1E07

A15E-8

2,0-07

2.01

Granite/Granitic Groundwater
Samplings no 3 2 3 4 S 6 7 8 9 10 2I 12 Final

nme(days) 7 5 7 9 7 7 7 7 7 7 7 7 7

Cuanuatve I 12 19 28 35 42 49 36 63 70 77 4 91
dime (days)

'Sr 4,7E-09

Sr t,.4EO9

"'ci 4,761.

Cs 1.OE47
EICm 6-M

2NU

U
Ehn

"'Pu 3.6E-I I

Pu 7.66 I I

tffw 2.85.11

U40Cm 3.6E,13

Cm 3.2M-3
6' 4.JE'14

Mo 3.7E346

, 2.7f-07

1,6E49

2.9-09

4.4E-10

4.16-10

9.0E8

5,4S09

6.0-0t 2.0E-01

6.310 2.OE-08

, M . 2 , 7M

.c3AFf12

4.61-12

I&8512 

2.,1-3

.ItE-13

2.5-

I.I3-09

2,0E-09

3.IM0I

3.5&10

7.8-08t

4.7E-09

5.56-30

9.816-30
25.510

1.66-0

3.56-01

LIM-0

5.4E-09

5E4-09

J.4E 30

6.86-O

lam-0

3.218.30
2.0E-10

4-M5011

2.71-091

7.013-09

7.31-09

7.1610

.3-12

4.61-12

3.85.12

1.3-3

9.76-34

2.95-14

3.416.06

'.4f-07

4.0E,10

i.210

l.l110

1.9E 10

4a2-08

2.59-00

4,4E09

4,4-09

4.4&.0

3.46-09

2.6E-09

7,E-IO
7.&E.11

1.6E49

2OE4-9 5.E49

OE-09 5.2E-08

2J10 l2E

I.5E-I

3.06- i I

1.55.1

IIE

9.7E-14

Zv5CI4

7.26E-

7.25.0

I
3.6E-12

7.6E-12

3.8'12

4.7,14

4.1-314

1,2C14

1.7E-06

1E75-?

3.6E-12

7.6E-12

1lC 12

I.3-13

9.76-14

195.14

I.OE06

1V.07

3.66-312

7.6F,12

2.85-1?

2.3E-14

2.3F-14

&2E.13

3.0606

1.054?
, .

To be continued on next page...
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TABLE 9 (continuation). Gravelines 3+2 spent fuel integral leaching experiments:
fission products and actinide concentrations (mol.14) In weekly samples In
the different media

-=- .. CiyICJaiey Groundwater
-

SampingnD I - 2 3 4 5 6 7 8 9 10 11 12 Fial

rime (days) 5 7 9 7 7 7 7. 7 , 7 7 7 7 7

Cumstlativ. 5 12 21 28 35 42 49 56 63 70 77 U 91
dm (days)

'Sr . 7.3E09

Sr 1.3E4

iWr - 2CO

"'Cs - 3.E-10

Cs .I 7.6t-O

1nn, 4.61.09

13-09

2.3E-09

J.31.10

1,E-10

4,1E0t

1.0E-09 7,1E-10

1,tE09 13E-09

28.10 1.9E 10

1.3E-10 , 1OE10

3,0E4-8 2.3E08

1.149 1.4-09

1.2E-08

1.2E-08

.2109

mu 2.22.07

1,tE-07

z"W 1..01

22E48

2.E-08

2.1-09

6.3E-10 6.3E.10 4.2tE

-1,I9 EE.09 1.6E0

1.7E-to 1.7t.10 13t 1

8,8E-11 S3E-11 3.7E I

1.9E4t I0 .E -09 St4

1.2t409 1j1E-W *.Jf-l

21E08 3.3E08 l.lE-10 3.6E.07

2.1E08 3.3E8 8.2E-10 3.7247

2.1-09 * 3.31.49 V2-11 3,7E1W

3.6E-12 3,6E-12 73E-2

7.6E-12- 7,6E-12 1SE-11

3.51.12 3.5112 7.61.12

4,0E-14 1,SE-14 1.6E-14

3,5E-14 13E-14 1.E-14

2.1E.14 4.0E.15 ('1-15

2.5E06 2E-06 1,7E-06

2..07 U-07 7.07

I-P. cL.SE1 I

Pu c3.tE-1I

'wtr tVc.11
2
44
cm <4.1E-14

Cm C3.6E-14

Irw IJC 14

Mo 3.1E46

E,, V,1c47

d,6E-12

<7.6E-12

3.51.12

9.6E-14

83-14

24.14

3.2E-06

J.2t47

<3.6E-12

47A6E-12

3.5.12

1,5E.14

13E-14

.E.13

3.8E-06

J3.8-07

6,7E-12

1.4E- 1

6.91-12

2.3E.14

2.1E-14

6.2-1

2.9E-06

2.9107

Granite/Clayey Groundwater
SamplingD I 2 3 4 5 6 7 a 9 10 I1 12 Fal

Tme (days) 5 7 9 7 7 7 14 7 7 7 7

Cumubtive 5 12 21 2S 35 42 56 63 70 77 4 91
time (days)

'Sr 7.9E-10 75E-10 7.1E-10 ed 53E-10 7,4E.10 6.3E10

Sr 1.4E09 13E-09 1.3E09 9.5E-10 1.3E-09 .IE-09

Cnr 7 It-10 2.0c10 L9C-10 l.4-10 2.0c-10 L7t.10

'lcs 1.6E10 2.1E-10 1.7E 10 ed l.tE-10 1.7E-10 1.2E-l0

Cs 3.6E48 4.50 3.7E-O 4.0E48 3.S2-8 2,6E4S

E~r 2.1E-09 27t-09 2.2t49 2.4E09 2.1-09 106.09

93E08 3.2E48 3,E0 nd 13E08 6.1E-09 ItE-10 2,5E-07

U -9.4S.0 3.3E08 3.E-08 1.4E08 6.1E-09 IE-10 2,6E07

Irr 9.4149 34-09 l.lt49 1.41-09 61.10 -t11 2.6t

v'Pu LSE.11 3.6E-12 3.6E-12 2d 3.6E-12 3.6E.12 3.0E-11

Pu 3,E-11 7.6E 12 7.6E-12 7.6E.12 7,6E12 63E11

Erne L.91I 81-12 .Jt-12 3.S.12 JA.8-12 J.2t-11

'"Cm *.IE-14 3,1E-14 832.14 gid 9.6E-14 7.0E-14 33E-13

Cm 3.6E-14 2.E14 7.6E14 .2E.14 6.2E-14 2.9E-13

er .l-14 £4.13 2Jt-14 2.6t4 9tJ14 C7-14

Mo *.406 43E-06 3.4E6 ad 2.7E-06 2.5E46 2E-06

CEr 4.4-07 4,.-07 3.41.07 2.717 2.3J107 28Ee7
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TABLE 10.
Distribution
form

SIMFUEL integral leaching experiments
(%6 of elements in solution, in colloid (2 nm < 0 < 0,45 pm) or dissolved

Ctzy/Ql I Grcttdntr I Cltolaayq I G-WdCey
Groandwater Gmmlnwatnr Groundwater Grundwatw_

Dissolved
fr

colloid Dissolved
form

coUdd Dissolved
form

colkd Dissolved coI_ oid
form

St 15 as Is 85 16 84 12 88
AW N Is 84 Id 84 la a3 13 87
_a 13 87 13 87 is 83 11 89

Mo 39 61 15 85 16 84 12 88
uiw) 43 57 1d U 17 8 Ij 57

*3 a5 13 *7 14 ad 11 9

Ba 19 81 31 69 16 84 3 97
21 79 3 65 17 . 97

MAT*_" 17 83 28 72 14 84 3 97

U 11 89 14 86 19 81 12 88
Ukam_" 2 1I,. as 21 79 1i 87
_____ 20 80 12 so 17 u 1 89

I
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TABLE 11. SIMFUEL . . integral leaching expeiments
Cumulative fraction of inventory released in the aqueous phase of weekly samples.

Clay/Granitic Groundwater
Sampling n 1 2 3 4 5 6 7 8 9 10 11 12 Final

imc(days) , 7 9 7- 7 , 7 ;7 7 77 7 7 7
Cumulative nme.(days) 5 12 21 28 35 42 49 56 63 70 77 84 91
Samplingvolume(mL) 8.6 8.6 9,4 10.2 10.8 11.3 10.5 10.8 11.3 11 11.6 11.8
Sr 8.9E-2 1,IE1- 1.4E-1 1.4E-1 1.6E-1 1,E-I 1,9E-1 2.1E-1 2.2E-1 2.4E-1 2.5E.1 2.7E-1 2.7E-1

tnmf 3.31. 5.91-3 (1.3 5.7C-J 5914 5.81- 3.31-3 60t-J 3J.51- 5.31- 5.61. .1tJ 5.21.

Mo 1.4E-3 1AE-3 1.6E-3 2.OE-3 2,OE-3 2.IE-3 2.2E-3 2.3E-3 2.4E-3 2.4E-3 2.4E-3 2.4E-3 23E-3
1,,.' 8.E-3 7Jt-1 7.1t5 (4E. 7.2- 61-3 6J1-5 3.7.3 J6tJ 4.9t-3 4.E-3 4.Jt3 4.IE

Ba 8.2E-3 9.IE-3 IIE-2 1.IE-2 1,4E-2 15E-2 1.7E-2 1.9E-2 2,IE-2 23E-2 2.4E-2 2.7E-2 3.5E-2
tmr 4.9t-4 4.7t4 5.31E4 43.4 3I4 501.4 5.3.4 5.ltJ E.61 60t-4 S.7-4 I4 9.7E.4

GranitelGranitic Groundwater
Sampling 1 2 3 4 5 6 7 8 9 10 I1 12 Final
Time (days) 7 7 5 7 9 . 7 .7 7 7 7 7 7 7
Cumulatve time (days) 7 14 19 26 - 35 42 49 56 63 70 77 S4 91
Samplingvolume(mL) 10.1 10.5 9.8 10.3 9.6 13.3 12.4 10 .7 I0,7 11.8 11.8 11.3

Sr 9,4E-3 9.8E-3 1,IE-2 2.IE-2 2.5E-2 23E-2 2.E-2 2.9E-2 2.5E-2 3.1E-2 2.8E-2 2.8E-2 3.OE-2
Emwr 5.61.4 4.9E-4 4.71.4 tJE4 L.013 7.41-4 3.41-4 8.J3-4 3.j34 7.7E-4 .6-4 XJ 4 3-4

Mo 6.0E-3 6.8E-3 7.3E-3 7.6E-3 7.8E-3 8.OE-3 S.8E-3 9.1E-3 9.5E-3 9.6E-3 I.OE-2 1.OE-2 I.OE-2
En 3.6E4 3JJ-4 J./J-4 ZJ-4 Z34 ZJt4 2.3E4 Z2t4 2.1t4 2.0t4 20E4 2.04 18E4

Ba 5,4E-3 7.4E-3 6.7E-3 8.1E-3 9.0E-3 9.SE-3 1,2E-2 1.IE-2 1,4E-2 1,4E-2 1.7E-2 1.5E-2 1.8E-2
tmor II. 32tJ Clayl ye G roEu 3.1 nd w.at r.7CJ J.9tJ JJtJ *.Jt IVtz J.7tZ

* ~~Clag/Clayey Groundwater 
Sampling n 1 2 3 4 5 6 7 8 9 10 I1 12 Final
Time (days) . 7 . 7 7 5 7 , 9 , 7 7 7 7. 7 7 7
Cumulatve time (days) 7 14 21 26 33 42 49 56 63 70 77 u 84 91
Samplingvolume (mL) 9.7 8.3 9.7 4.8 8.2 6.1 9.7 10.6 10 9.8 10.8 11.4
Sr 6.IE-2 6,9E-2 7,0E-2 7.SE-2 75E-2 7.9E-2 S.OE-2 8.5E-2 9.OE-2 9,3E-2 9.6E-2 9.9E-2 I.OE-I

5.71-i 3J-J .l-J 29EJ 6.3 2.1-i 2.41J 231J 2.31.3 z2.2J 21r 2.01-3 ZO-3

Mo 2.9E-3 3,9E-3 3.OE-3 3.5E-3 3.0E-3 3.IE-3 3.0E-3 2.9E-3 3.1E-3 3.1E.3 3.2E-3 3.2E-3 33E-3
Ini, 1.714 2.014 .21.4 1J.J34 9J3-3 9.0-3. 7.&E.5, 2t.3 7.4 6.81.3 6.813 61.3 631-3

Ba 4.2E-3 6.0E-3 7,1.E-3 7.8E-3 85E-3 9.7E-3 lIE-2 1.2E-2 1.3E.2 1.5E-2 1,6E-2 1.7E-2 22E-2
Zfwr 23.4 5.2z4 34$ i214 3.J14 3.JZ4 JW.814 J.14 AVE14 4.2.4. JZ-4 4.41.4 61JE4

Granite/Clayey Groundwater
SamplingU 1 2 3 4 5 6 7 8 9 10 11 12 Final
rime (days) 7 7 7 5 7 9 7 7 7 7 7 7 7
Cumulative fm (days) 7 14 21 26 33 42 49 56 63 70 77 84 91
Samplng volume (MlL) 9.9 10.7 9.9 112 10.7 7.9 10.2 10,4 9.1 10.1 10.5 10.5
Sr 7.6E-3 6.4E-3 6.5E-3 6.3E-3 6.7E-3 6.9E.3 6.8E-3 7.05.3 7.3E-3 7.5E.3 7.7E-3 8.0E-3 9.5E-3

tnwEt *.6tJ 3IJ 6E- 12tJ4 2ItJ4 lIt. 1.7tJ 1.7tJ 1.7tJ 17tJ dt 1.6c It- 21tJ4

Mo 1.3E-2 1,4E-2 1,4E-2 1,6E-2 1.7E-2 1.SE-2 1.9E-2 2.0E-2 2.1E-2 2,1E.2 2.2E-2 2.3E.2 2.4E-2
Inw 7.314 7.1.4 6014 .8t.4 j.614 35E.4 .21.4 5.01.4 4.81-4 4.814 431.4 4.3.4 4.41.4

Ba 1.2E-3 2.3E-3 2.6E-3 33E-3 4,4E-3 4.3E-3 5.2E-3 5.2E-3 6.4E-3 78E.3 7,7E.3 7,8E-3 1,8E-2
EmW 7.31-i 121.4 1.2-4 l.4E4 1.J.4 l14 .7IJ-4 1.31-4 1.9E.4 2.44 2.0.4 l.84 734
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TABLE 12. Simfuel leach rates published in the literature
Sinmuel Panike Mod Leeaching T(C) Leachant pH Pat Cubates Other Leaching Rdecie
Compo Size duation _ (mo ) Rate

simon (days) (mgf 2 j-
(at%)

3 pellet sequential -270 25 Allard 8S2 Under 2.0 10 valeur Brunmo 
air aL

3 pellet ntic -167 25 GroundWater 7.5 0.97 atm 2,75104 moyenne

6 pct sequential -270 25 Allard S2 Under 2.0 I 0,008
air

6 pellet static -167 25 GroundWater 7.5 0.97 gm 2.75 10"

3 pellet flow 25 Allard .2 Under 2,010 0.80
air

3 pelt flow 25 Alard 82 Under 2,010 1.35
air

6 pellet flow 25 Allard 3.2 Under 20 10'3 0.61
air

3 pelwt flow 25 GroundWater 7.5 0.97 am 2,7S 1' 0,84

6 pellet flow 25 GroundWater 7.5 0,97 atm 2,75 10' 1.58

6 pellet flow 25 GroundWater 7.5 0.97atm 27510' 1.25

6 pellet sequential 300 30 Allard 82 < I ppm 2,010' 0,08* OUila

6 pellet sequential 300 30 Allard 8.2 < I ppm 2,010 J FI, 0,040

6 Umins quasi 77 90 Granitic GW 8.1 AzfH2/C 1.6103 Clay/Sand 0.04 Our work
50- static O rnixte + Fe

250 pm

6 Grains quasi 77 90 GraniticGW 8.1 ArfHfPC 1,6103 Granite+Fe 0,01 mean
50- statc 2 ppren

250 pAm

6 Grains quasi 77 90 Claycy GW 8.8 Ar1YvC 1.4 102 Clay/Sand 0,01 leaching
50- static 02 ie+ R rats

250Wpm

6 Grains quasi 77 90 Clayy GW 8S ArIHdC 1.4101 Granite+ Fc 0.0I*
50- tatic

250pm
determinedfrom a grphc reading wry low correlatio (3=0,45)

I
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TABLE 13. Gravelines 3+2 spent fuei (60 GWd/4M) activity and. mass inventories
catculated byCESAR code after2797 days of cooling (01/01/1997).

Actiiides F ssion Prducts

Element Isotpc | Specific I Specific | Specific Mass Elemect Isotope oSpcific Specific Mass
Activity AAttivity | WL)

I . OW - _I - - (5 ) . I W.. :' -

RI
'I
lb
TI
II
Pa
Pa
U
U
U
U
U
U
U
NP
Np
Np
Pu
Pu
Pu
Pu
Pu
Pu
Pu
Am

Am
Am
Cm
Cm
Cm
Cm
Cm
Cm
Cm
Ilk
cf
cr
Cf
cr

244

228

229

230

232

231

233

232

233

234

235

236

237

238

237

238

239

236

238

239

240

241
242

244
241

.242m

243

242 -

243

244

245

246

247

248
249

249

250

251

252

.4

Z663E+03
2.665E+03,
3,452E492
4,850E+00
8,204E-06.
1,709E+O0
0.OOOE00
3.084E+03,
1.420E+O0
4,S0E+04
3,970E+02
1,472E+04

0.OOOE+00
1.126E+04
234SE+04
0,OOOE+00

OOOOE+O0
8.924E+03
3,365E+08
1372E437
2.741E+07
1.258E+05
1,930E+05
3.1OSE-02
S.566E+07-
2.182E+03

-2.750E+06
4329E+05
2.245E+06
4585E+08
9.773E+04
3.294E+04
2.109E41
1.639E+O0
2,469E62
5317E+Oi
1.622E+02
1,712E+00
7.793E+01

.,

2.34E+04

1.26E+05

2.1 8E+03
2.735E+06

5.13E+09

4,59E+05

4,509E 07

S,787E-05
4386E06
6,494E-03
2,022E03
9.702E04
3.053E-05
3.895E-03
3.978E.03
2,10E+02
4.965E+03
6303E+03
4.171E05

9,093E+05
S,990E+02

2.277507
3.204E.04
4.539E.04
53 14E+02
6,045E+03
3A252E+03
1.347E+03
1,367E+03
4,736E-02

6.758E+02
1.277E.00
3.73SE+02
3533E-03
1320E+00
1.532E+02
1.545E+01
2.886E+00
6,143E-02
1.180E-02
6,413E 07
3,509E-04
4.009E-05
.2,917E-05
3.929E-06

Sc

Rb
Sr
Sr
Sr
Sr
Y.

Y
Zr
Zr.
Nb
Mo
Mo
Mo
Mo
Mo
Tc
Ru
Ru
.Rb
Pd
Ag
Cd
Cr - --
In

-Sn

Sn
Sn
Sn
Sb
Sb
Sb
Te
Tc

Te
I i
Cs'
Cs

Cs
Cc
Pr
Pm
Pm
Sm
Eu
Eu
Eu
Tb

79.
85
87
86
8
89
90
90
91
93
95
95 -

95
96
97
98
100
99
103
106

-106
107
1orn
113
113m
1i5
121
12 a
123
126
124
125
126
123
127
127m
129
134
135

137
144'
144
147
148m
151
152
154
155
160

2.157E+04
3.~4775.08
1364E+OO

O.OOOE+OO
3.800E409
3.801E+09
1.566E-04

1184.E+05
4.115E-03

-9.132E03

9.124E+05
O.OOOE+OO

1.513E+08
1.513E+08
8.826E+03
2.521E.06
1,596E-09-

1,697E+06
4,459E-07
9.884E+05
2.853E+0S
1,651E+OI
4.486E404
0.0005.00
6.486E+07
4,486E404
1,035E-07

1,003E0O1
2.457E-OI

2.122E+03
9.940E08
3.042E+04

6.017E+09
4,460E+07
4.460E+07
9,18SE+08
O.OOOE+eOO
1.993E+07
7,85E+05
3.466E+08
3.066E+08
1366E-04

8,372E+OO
2,395E+01
4.307E+02
8.802E-01

6.012E+02
0,000E5.00
7.530E+02
1,888E-01
1.726E-13
1,273E03
5,177E-12
6,312E-12
1340E+03
1.260E+02
1.469E+03
1.554E+03
I.759E+03
1.455E+03

1.233E+00
1,145E-06

4,643E+02
I ,434E-02

-1.2685-01'
1,973E41l
1938E+00
2,7915-05
6.409E-01
5,431E-8

43a73E+01
0.OOOE+0O
1,698E+00
1,451E-05
9,624E-03
I,027E-10
2.933E-08
3249E+02
2.076E+01
,7.141E+02

1,877E+03
3.787E-01
1.595E-05

2,678E+01
0.0005+00

-2.047E+01
1.20SE-01

3.551E+01
1,782E+01
3,270E-13

3,965+01

- .
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TABLE 14.. Gravelines 3+2 spent fuel (60 GWd/tHM) activity. and mass inventories
calculated by CESAR for'exploitation of preleaching test results (cf. 'grey cells'data)

TABLE 15. Mass inventory of Simfuel (6 at%)
Elements of Simulated . Specific chemical composition (g/lOOgu)

addition elements As fabricated Measured

._________________ m ean value

Ba Ba 0,24 0.02 0,225 0,015

Ce Ce, Pu 1,46± 002 1,660 0,080

LA LA, Am, Cm 0,25: 0,02 0,270 0,020

Mo Mo 0,47 : 0,02 0.460 0,070

Sr Sr 0,10± 0,02 0,965 0,015

Y Y 0,06:± 0,02 0,280 0,020

Zr Zr 0,48± 0,02 ND. ND.

Rh Rh 0,06 ± 0,02 0,530 0,060

Pd Pd 0,24 t 0,02 0,095 0,005

Ru Ru, Tc 0,44 t 0,02 0,064 0,009

Nd Nd, Pr. Pm, Sm 0,83 ± 0,02 0,540 0,040

',
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TABLE 16. Gravelines 3+2 pre'leaching. Ieacliates analysis results
Conauettme(days) I 5 S .... 7 14 13 22 21 49

Cumulaiveconact .1 6 14 21 35 48 70 91 140
time (days)

Leachant Volume 93.8 89.0 91.3 SS.5 68.0 101.3 97.8 100.9 90.1
(mL)

Remaining Leaceh 7.3 6.4 14.9 7S8 123 8.0 14.4 13.1 0.0
Volume (mL)

-0Sr .7 - ;: .- ActiAt~y (B. L)

'Sr - - 1,07E405 620E404 1,JOE+05 4.69E+04 8.75E+04 3.62E+04 6,60E+04 3,55E+04 6.30E04

' - <5.42E+03 <1,76E403 <5,12E+02 1,42E+03 1.IIE+03 1.26E+03 i.55E+03 1.17E+03 < 8.90E402

UWCs - S.17E+05 1,56E405 5.12E+04 4,02E+04 4.80E+04 2.01E+04- 2,52E+04 1.93E404 3.92E+04

MC 3,36E406 930E405 3,09E+05 2.57E405 3,07E+05 130E405 1.58E+05 1.22E+05 2.57E+05

V'Pu+1 0Pu 2.50E+01 6.00E+00 1.70E+01 3.00E401 1.70E+01 2.00E+01 2.00E401 6,00E+00 5.70E401

'Cm n s .35E+02 5.65E+02 1OSE+03 1I5E+03 1.90E+03 5.48E+02 2.14E+02 2,18E402 I18E403

n? +lAm 2,92E+02 1.00E02 3.21E+02 4.60E+02 3.22E+02 303E+02 1,48E+02 4.60E+01 8.34E402

lementary Concentradons (mg1L)

UI 4.51 8.42 8.3 10.57 17.85 6,41 2.77 4.51 5.12

Nd' 0.02 0.03 0.05 -= 005 0.09 .0,03' <0,02 0,02 0,03

Tc - < 008. <0.08 0.02 0.03 . 0.05 . US 0,03 < 0.02

Mo 0,12 <0,05 <0.05 <0,05 0.07 0.12 . 0,21 0.1 <0.05

Zr 0.01. 0.01 0.02 0.01 0.02 0.01 <0.01 <0.01 <0.01

TABLE 17. Gravelines 3+2: spent fuel integral leaching
fiftered and ultrafitered supematant solution analysis results -

experiments.

Medlum C aaylGraltic GrsniteGranitie CISyICaSyCY GraltrOayey
Groundwter Groundwater Groundwater - Groundwater 

Supenatant filtered :ttrfitered filtered . iuttrafitersd filtered- ultrafitered -filtered .. . ltrafitered
Treabneot

Acvity (BfmWL)
SSr - 295 257.5 336 339 224 271.5 296 2S8
lCo < 0.8. <0.9 <1.3 <:U < 0.8 <0.9 <1,6 <1.1
Ru . <35,5 <34.5 <24 - <48.5 <36 <35.5 <124 <125

n'Sb -<16- <16 35: 43 : 18 25 <30 <30
240 242 473 484 : 235 245 764 790

7CS 1850 170 70 0 1780 :1810 5890 5990
'4 Ce *<15 <15 <21 <21 <15 <15 <27 <27

N~~~u ' ~~~<4 .<4 -<6 .. 6 - <4 "<4 <8 < s
.Am <30 c 30 <42 - <42. <30 <29 <53 <53

0.006 0.012 0.024 - 0.018 0.012 0.006 0,05. 0,006
'AU- in 0.031 0.02 . 0,07 0.24 0.018 0.024 0.21 0.12

"Cm 0.006 <0,006 0.08 0.006 0.012 <0,006 0.24' 0,018
Ekentay Conctradon (mgIL)

Mo <0.02 <0,02 0.07 0.07 0.17 0.17 0.27 0.28
Tc <0.02' < 0.02 < 0.02 < 0.02 < 0.02 -< 0.02 . < 0.02, < 0.02
Zr . 0.02 <0.01 <0.01 " <0.01 <0.01 <0.01 <0,01 <0.01
U . <0.08 <0.08 <0.08 <0.08 <0.08 -0.09 0.08 0.08
Nd < 0,02 < 0,02 < 0.02 < 0,02 < 0.02 < 0.02 < 0.02 < 0.02

isotope Cowentration SIL) - -
"sr ; 154 163 182 179 100 119 555 754
"Ta 1ci < <1 <1" < I - c<'I - <1 
Z"N c 35< I < I2 < 
JXU 3,7 3,9 6,1 S,9 42,9 40.2 30.3 29,8

'6Pu zI ' zI <I zI ~~ ~ ~~ ~ ~~ ~ ~~~~~< <1 <I < I
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TABLE 18. Gravelines 3+2 spent fuel integral leaching experiments:
weekly samples analysis results. -

To be cAmded on noa pe ..

I
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TABLE 18 (continuation). Gravellnes 3+2 spent fuel Integral leaching experiments:
weekly samples analysis results. - -

Clay/Clayey Groundwater
8 9 10 11 12 Fkino
7 7 7 . 7 7 - 7
66 - 63 . 70 . 7. 8 _ B4 .. 91

8.9 9.8 17.9 107 1Z2
'. I 

224
,C0.B

< 36.0sa

235
1780
<15

<30
0.012

0012

.17

-c 0.02
'Caol

199

<1
85.8me

GraniteClaycy Groundwater -

Samplft n' . 2 '3 4 5 6 7 8 9._ 10 1 1 12 fktoJ
Time (days) 6 7 9 .7 7 7 14 7 7 7 7 7
Cumulative ~5 -12 21 2835 42 56 63 70 77 84 91
dime (days) --

Sampling 11.9 10. 11.3 9.3' AU0.6>89 Not :146 -9.9 10.---1.5 )Z2.- 
Voiwne Rml. 'dons

AcdftYt(BgqnL)
t ~~~r ~371.5~ .361- 350.5a4341.75: 333 31 . .. :270 249 .298.75 348.5 322.25 296

CO) c251 23 Z 7cO c.0 'j~-423 "-4Z c3.0 Z.c. <. <2. Z I 1.6
10,P, <104.0 c:Il 11 &0 c 109 < 1020Og 18'I0 1008< IM <0 c99.0 :<') c62.
'2'Sb241 .152: 63 cM .47 4 .cd7 .C48 -c48 4. c4 -*c47 c.39 c30

"'Cs 0518 1320 1.l208 1,loo0 1107.5!1 11A.5, 116 1130 110D~..93 764
WCS ~ 7220 am3 9gm 62 7700 880$'240 840 80 799M 93 59

"4ce cAAA6 c9*-.4 cd4'`-A5(.6 4A6 4c5~ ---<36 <27
< 12 ~-.?.13 < 13 ij-fk13 12 .~12- Y~13l <c1 ~13 < c12 d1 -c8

3"'Am <S~~9 c96 -. f91 -c 6 ~.'87 ~ '88. cli `C88 I 5 < 70 c,53
VP jc .03 0.01 0..5 . .- 005 L0..5 Q 006 '0028 US0

mpU.,lut~in C006 0.a8 D .07 -,.6 069 ~ZL5- '086 0.1 001 01 --'E 01305 CL021

- ~0.03~00.265~ 0023i P.0043i- 0.O063 WAM05. L0.088- 0.070 ~A0W05 0.051 . .1455' 0.240
Elementarri Conentfion (mflL)

Mo Q 043 -.Q425. 042 ~~.35 0 .U3 3 C0 . 3 1 3
L .- 0.27- 0.26 ~0,25 0.24 .U.3 27

Tc - c0.04 -10.3OM c Q02 002; < 0.02 -C002' - - k 0C2,' <02 Jc002- < .02 tk002 -c0.02
Zr ~~~c0.02 ~'~~0.02 c0.01~r~~QO1~ cO.01 01. -0%0¾ I" Q~0.1 001 ~CLOI1 <C001

U _Q.3.cOlY008 0' c0,0 .QOB -- .00~00~.8~.8~.8 00
Nd -'-'CX.2'00~c.24c.2 002 ;.'c0.02a. --< !i4-002~ <C002 ..c.02' <0.02 'c.0C2 '<O.0

isotope Coxcenbct on (puelL) -.. 
~~1A 25.:.~~K~108 84 .- '.6 47 23~ 6 -29 ,;-jJ7 49 1110

~~LJ :~I.295 222 nO 7 .7.5 7.4 6;-f .2 ,..3' -1.4 I~ ci 6
""Pu ~ .6~c1: c1~%:c ~ ciP~c~1': ci ~~c c1 *c0

[3 WO i a -
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TABLE 18. Gravelines 3+2 spent fuel integral leaching experiments:
flternnsing solution analysis results

Clay/Granitic Groundwater
Samp&Se 1 2 3, 4 5 6 7 S 9 10 II 12
Tu (days) 7 5 7 9 7 7 7 7 7 7 7 7
Ceamiadvedim 7 12 19 28 35 42 49 56 63 70 77 M4
(days)- 

AavO(BoIU 
'OSI. U < 4.3 r 4. 3.4~ , 20 0.96 0,i3 025 0 7,0 .7 0.72
Mc~b -I60 7 C0.5 -co 'F-- - C A 1 

08'.S 03c0.8 1.0-.10 cIM - 3.0 .
'2SB z < 16.0 2.4cM 2.9 <02 2.4 < 3.0 <.2 Ij5 - 1<7 ;2.0

WC*' ~~~~263Li5.7 .3 S 3d23. 43 55 203 03
"'ICa 1860 ti 29.. 23 4 ~ 2~S~ 31 qt19.S5 sF 

WC* < 12S01 3.9 Zs8 <.2 2.3 <281 2.8AN 2 .c2.8 --C24~ .Czo-~1
"'Em' ~~~~~.o ~~~~ os '-~~~~ ~~~ os 0.t~~- 0..8 .f-08 '0.7 0

'Am c290 9J3 .4,9 ;:c.4. c9 S <9 c5.8 < 5c,3 <5 c5,0 o
0,028 *0.O1IJ 0O01 0.027 ;:o0o01 0.01 <.O09i cOOD7 0.007. 07 0.007

"mP.+.Am 0.82 i 0.02 0,033 .026 0,019 g' 0 ,0 2 0,027 0.024 0.021 0.026
'"Cm 2,3S ;.cl~i.5 .cQ.037 6.ssc0,'00714 cO,037 ^'<.k07 -0,01 ' 051.. 0.02 4;.,017, 0013 0009

El-a. -y C- atm (op)LJ
Me 005"" - -- -c-0. <0m -3 o SQ cO.02 'Coin 0,0 ,02
Te <0,02 . c002 0.0 2O.SZ <0.02 -0 _ cO.02 ;;CP.<2 c 0,02
zr c oo . 4.,. oo ICOA < 511o,01 o0,ol- _ '-4 01 < 001 t 0 '< 001 e<oi', < o o0 9i
u Coo 4.coi I DID6Fo. <OA ' * 08 *<= <0 .08
Nd .02 -2'C0J <om2 ;3*,<411.02 2.0I02 <om '0.02 cO. 0.02 < o.02 kco.02

3~r p~e~l,6i 2.216 3.24 .'2 1.54 @?42 - 3.32 k IJ4e 2.36 1.7- 1.21

o~~~~~~( %''1 ii t'~' ci ci <i ::i.1 (2 Xr

Sazqa I 2 3 4 5 6 7 - 10 11 2
Tne dys) 7 5 7 9 7 7 7 7 7 7 7 7

;wdnu 7 12 19 2S 35 42 49 56 63 70 77 34
(days)

AWYO tfl0$ML
"St 26 At , is .2S1 i031 4t9. I 7.5 ,3428 61 t,3 16-6.
WCo <4t OA <85- 0.9 j.;1c0,9., -<9 L0A5J . ! 0 <Ll fic 105. 1. Oc0.95-
'b 22.0 t,^c15.2S <13.3 ,5 c.<ii; <17.0 .Io.c2 * .5 < 27.5 .c21.25. (15,0 -.: (8.75
"'Sb <5.0 <.0 9 6 1

0 <O7.50, <7D 6,00 <50< 130 i 1000o 7.0 '4.00
"'Ci 126 S37~ 5 0 *06 59 24 . 174 50 *; -12,0
m1CI 126' 4.3.5 353 0.1 406 'i9f 176 '13 1260 V494.5 ;

-4,0 v- .c 2-. 1 -Is - r $ -..1'. .0 ;J!44.00

M&<LO~ .'<1 (21, * c2,2 ( <1 3 <5 O . 20 .a
C tao -;u c5.0 < 15..0 < t4 < 7 <1200 < 13.0 U-c,47.50

; 0406 ..0130t= OO8g o oDos00 C.07 I0.5. O4S , 0.02 .0S
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TABLE 19 (continuation). Gravelines 3+2 spent fuel Integral leaching experiments:
filter rinsing solution analysis results
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TABLE 20. Gravelines 3+2. spent fuel tests: solution aalysis results for material
rinse, alkaline melting, pot inse and sample-holder inse

I ClaylGranitic Groundwater - Granite/Granitic Groundwater
-

Material Alkaline Pot Rinse Sample-
Rinse M ling' I I holder Rinse

Material Alkaline Pot Rinse Sample.
Rinse MIetingl I I holder Rinse

*__ _ _ _ _ _ A a_______ (Bq/m L) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __iviry _

"Sr 15200 95 1095 - 8 -6700 131.5 45

lCo <3,0 <03 < 1.4 <OS <3 <0,6 c0,8

'RU < 126.5 <4,S5 51.5 < 13 < III < 17.5 < 16

wSb <57 < 23 <24 < 65 <52 34 26

"'Cs 3020 11 - 496 31 24W 57 42

tnGCS - - 23000 89 3790 231 18800 431 310

,"Cc -69 <23 <23 <6 <48 <8 <7
"U 602 <0.7 52 <1.6 96 <4 2.3

1"'Arn <110 <4.7 <44 <12 95 -<15 <13

4.7 2.5 14 0.006 - - 3.6 0.5 <0,006

anpU+"',Azn 215 2.6 82 0,011 54 9.4 0,88

'"Cm 912 0.16 79 0.017 99 1 5 2.8

E_ ementary Concentration (mg/LI

Mo . -<0.2 <0.1 - 0.05 0.02 <0.15 0.06 < 002

T --- _ C ~ < 0.02 <0.03 _-- <0.02 < 0.02 <0.02 < 002 < 0,02

Zr <0.10 - 0.012 ' - 0.02 :<001 <0,1 ., 0.011 -<0,01
U ' <~~~~0.25 <OS ..0 05 0.08 <0,5< ,5 00

Nd 135 < 0.03 0.1 < 0.02 135 < 0.02 < 0.02

._________ ._______ ._ Isotope Concentration (uAL) 

USr , 5220 19.58 748 14.58 2740 . 1312 36.8

,.T. -- ''10 - '- 10 -- ' <10 cl I < 10 < '' 1- ''° - -'

mNp <10 <10 <10 ;-<1 <101 <10 < I

2NU 2940 27.4 452 0.994 880 458 21.8

"'PU <10 <10 <10 <1 < 10_ <10 <I
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ClaylClayey Groundwater GranitelClayey Groundwater
Clay/Clayey Gudwater Granite/Clayey Groundwater

Materig I Alne Pot Rinse Swple-
Rinse MewnilI bolder Rinse

Mutrial I Alkahoe I Pot Rinse Sample-
Rinse Meltingt" bolder Rinse

Activity (BqL)
'Sr 11250 3.5 58 38.5 7300 96.5 33.5

OCO c2,5 <0.4 <0.8 <0.7 <2.3 <0.8 <I
"'Ru < 101 <2Z4 < 16 < 13 < 113.5 < 20 < 14
U'Sb <47 < 1 14 20 <53 50 61
Its 2060 1 42 26 2580 66 31
UICS 15600 9 308 194 19500 496 232
,"Ce <45 1 <7 <6 <50 c9 <6
MEu 363 <0.3 <2 <1.5 130 <3 < 1.7
aIAm <90 <2.1 < 13 <11 <98 < 17 < 12

2"13R0PU 4.9 0.09 0.25 0.01 13 0,14 0,023

nPU+4 '3 Am 83 0.26 2.9 0.09 138 3.1 0.14
3
1

CM 524 0.05 3.0 0.14 133 7.4 0.017

Eleentary Concentratenn (mg/L)

Mo < 0,02 <0.1 0.06 0.05 0.05 79 0.02
Tc < 0.02 < 0,03 < 0,02 < 0,02 < 0,02 < 0,02 < 0.02
Zr <0.01 0,014 <0.01 < 0,01 < 0.01 0,02 < 001
U -c<0.25 < ,08 0.14 <0.08 <0.25 I 0S <0.08
Nd <0.1 < 0.03 < 0.02 < 0.02 <0.1 0.02 < 0.02

Isotope Concentration (pg/L_)

SUr 6140 7.16 45.8 21.6 2320 147.6 19,06
<1O .10 610 <I <10 <10 I

Np I 10 <10 <10 < <10 I 8101 7.I

2XU 2500 < 10 155 31,6 9540 S 10 7,08
NIPa ''°0 <'° <'°0 <'I <' I <o I < I

(it. onlfor clay
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TABLE 21 SIMFUEL integral leaching experiments: filtered and ultrafiltered
supematant solution analysis results

Medium Clay/Granltc GranleGrarntic ClaY/Chy GranitelClay
Groundwater Groundwater Groundwater Groundwater

Supm -an fld uInfifnd filteed - uletafilend filered -| uflited fild altrafibeied

Sr 1612 238 139 20 592 96 70 8.5

y <2 <2 <2 <2 <2 <2 <2 <2

Zr <2 <2 <2 <2 <2 <2 -<2 <2

Mo 23,4 9.2 153 23 53 8.2 572 68

Ru <2 <2 <2 c2 <2 <2 <2 <2

Rh <2 <2 <2 <2 <2 <2 <2 <2

Pd <2 <2 <2 <2 <2 <2 <2 <2

Ba 936 . 176 298 93 616 97 772 24

La <2 <2 <2 <2 <2 <2 <2 <2

Ce 2,2 <2. 3.4 <2 <2 <2 <2 <2

Nd 2.7 <2 2.6 <2 <2 <2 <2 <2

U 32 28 2728 ------ 370 . 58 .10,9 152 18

.
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TABLE 22. SIMFUEL integral leaching experiments:weekly sample analysis results.
I Clay/Granitic Groundwater

Sampliingn 1 2 3 4 5 6 7 8 9 10 II 12 Fina
Tim (days) 5 7 9 7 7 7 7 7 7 7 7 7 7
CQzlaIve 5 12 21 28 35 42 49 56 63 70 77 84 91
fime (days)
Sampling 8.6 8.6 9.4 10.2 10,8 11.3 10.5 10.8 11.3 11,1 11.6 11.8
Volume (mL) -

I s t p C a c n r i o ( p t Z j

'Sr 2384 2636 2828 2440 2464 2372 2132 2336 2056 2012 1988 1880 1612
WY <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"Zr <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"MO 174 147 141 165 136 110 105 91 86 62 46 37 23
wRu <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
0R1h <2 <2 C2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2

'"6Pd 2.2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'1Ba 512 480 532 444 500 476 496 504 504 544 496 528 936

'"LA <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"Ce <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 2.2
'*Nd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 2.7
MIU 25 <2 <2 7.7 <2 <2 <2 <2 <2 <2 <2 <2 32

Granite/Granltic Groundwater
Samplingn 1 2 3 4 5 6 7 8 9 10 11 12 Rioal
1ie(days) 7 7 5 7 9 7 7 7 7 7 7 7 7

Cmmiative 7 14 19 26 35 42 49 56 63 70 77 84 91
timc (days)
Sampling 10,1 10.5 9.8 10.3 9.6 13.3 12.4 10.7 10.7 1.8 11.8 113
volure (mL)

ISO" Coneraz- (pUA)

uSr 252 214 198 420 448 301 177 343 161 287 150 118 139
WY <2 <2 <2 <2- <2 <2 <2 <2 <2 <2 <2 <2 <2
"zr <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2

"MO 744 692 604 520 436 384 376 316 299 252 244 238 153
m'Ru <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'"Rh <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
KgPd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2

8Ba 337 390 268 *301 298 m 343 234 363 27 386 190 298
'13a * <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'"Cce <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 3.4
'I"M <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 2.6
=U <2 <2 <2 <2 46 <2 <2 <2 <2 <2 <2 <2 2728

I 
To be continued on next page...
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TABLE 22 (continuaon). SIMFUEL Integral leaching experiments:
weekly sample analysis results. --

Clay/Clayey Groundwater
Sampling a' I 2 3 4 5 6 7 8 9 10 11 12 Final
Time(days) 7 7 -7 5 7*- -9 -7_ 7 7 7 7 7 7
Cumulative 7 -14 21 -- 26 33 '-42 49 56 63 70 77 84 -91
ime (days)

Sampling 9.7 83 9.7 4.8 8.2 6.1 9,7 10.6 10 9.8 10.8 11.4
volume (mL) -

Isotope Concentraion fJug/L)
"Sr 1652 1528 1312 1196 1072 1016 912- 868. 816 748 680 612 592
nY <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
11°Zr <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"Mo 357 408 235 244 - 162' 145 113 90 '. 95 72 .- 71 59 53
"'Ru <2 <2 <2 <2 <2 <2 <2 <2 <2 <2'. <2 <2 <2
mRh <2 <2 <2 <2 <2 <2 <2 <2 <2 <2. <2 <2 <2
mPd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Ins, 264 326 334 314 330 349 372 362. 373 396 379 404 616.
"LLA ,<2 <2 <2 <2 <2 <2 <2' <2 <2 <2 <2 <2 <2
'4Ce <2 <2 <2 <2. 52 .<2 <2 <2 <2 <2 <2 <2 <2
"Nd. <2: <2 <2 2 '<2--<2 *<2 <2- <2 <2 -<2 -<2 <2
2MU - <2' <2- <2 <2 <2 <2 <2 <2' <2' <2 <2 <2 58

- - _. . , ,,Grunlte/Clayey Groundwater

Samplingn I 2- 3 4 5 6 7' 8.. 9 10 - 11 12 Final
rine (days) 7 7 7 5 7 9 7 7 7 7'- 7 7 7

Cumuative 7 14 21 26 33 42- 49- 56 63 70 77 84 91
time (days) ' , i
Sampling 9.9 10.7 9.9 11.2 10.7 7.9. 10.2 10.4 9.1 . 1 10.5 10.5
volume (mL) ' ; - ,.

Isotope Concentrntion p54) -

"Sr --- 204- 132 105 -81: 74 63 49 44 44 42 39 37 70

'<2 <2 . <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
w~r - <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 .<2 <2

"MO 1544 1404 1152 1088 1008 964 868 820 744 712 636 616 572
"'Ru . <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'3Rh <2 <2 <2 <2 <2 <2 '<2 '<2 ---<2 <2 -<2 - <2 -<2
"'Pd <2 <2 <2 <2 <2 <2 <2. <2 <2 <2 <2 <2 <2
'sB - - .. 8 127 120 142 176 131 169 134 180 232 2S4 150 772

MLa <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"WCe <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'Nd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
M"u <2 5.2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 152
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TABLE 23. SIMFUEL integral leaching experiments: filter rinsing solution analysis
results

Clay/Granitic Groundwater
Sampulingn I 2 3 4 5 6 7 8 9 10 11 12
Tume (aysl * 5 7 9 7 ' 7 7. 7 7 7 7 7 7
Cdaive time(days) S 12 21 28 35 42 49 56 63 70 77 84
Sapfg voum (mL) 8.6 8,6 9.4 10.2 10.8 11.3 1 10.8 11.3 11.1 11.6 1 1.8

Isotope Concentadm (pYvJ
'Sr 80,4 27,4 11.3 12.8 8.8 14.1 8.0 20.8 15.6 16.1 1,0 32,4
my 6.7 <2 <2 <2 <2 <2 <2 <2 <2 2.9 <2 3.6
7Izr <2 <2 <2 <2 <2 <2 <2 <2 <2 5,4 <2 2.2
"Mo 6 7 4 6 3 5 5 5 6 2 5 6
"'Ru <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Hoh <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'IPd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'ABa 155.6 22.3 19.6 14,0 11.7 22.9 29.2 32,8 49.2 72S 43.2 115.2
"'La 17.4 <2 <2 <2 <2 <2 <2 2.6 <2 4.8 4.8 6.8
8Ce 34.9. <2 <2 <2 <2 <2 <2 5.0 2.2 8.7 10.2 14.5
"*Nd 20.8 < 2 < 2 < 2 <2 < 2 <2 4.9 2.4 4.8 4.6 8,8
mU 58.4- IS3 <2 S4,8 <2 <2 7.5 68.8 <2. <2 <2 <2

Granite/Granitic Groundwater
Sumplingn 1 2 3 4 5 6 7 8 9 10 11 12
Tmne(days) 7 7 5 7 9 7 7 .7 7 7 7 7
Cumula tidme(days) 7 14 19 26 35 42 49 56 63 70 77 84
Sampling volumc (mL) 10.1 10.5 9.8 103 9.6 133 12.4 10.7 10.7 1 1.8 I 1.8 113

Lsope Cccerawo (IULI

"Sr 47.2 17.9 11.1 37.6 24.2 24.6 13.5 43.2 10.5 130.0- 9.6 S,3
nY 4.6 <2 <2 2.6 <2 <2 <2 4.7 <2 13.0 <2 <2
IO& <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 .2
"Mo 183 21.2 15.7 12.1 10.4 14.7 10.4 10,4 7.0 10,3 13.4 12.1

'Ru. <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'0Rh <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2

t Pd <2. <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"'Ba , 85.2 40.4 28.4 57.6 41.2 26,0 298,4 89.2 26.0 148,S 35.2 59.6
'La 4.9 <2 <2 2.4 <2 <2 <2 5,3 <2 20,0 <2 <2
"'Ce 10.4 2.S <2 4.9 33 2.5 <2 11.0 <2 41.2 <2 3.1
"'Nd 6,3 2.6 <2 2.6 3.1 <2 <2 6.4 <2 23.7 <2 <2
Mu <2 <2 <2 <2 <2 <2 <2 133.2 <2 32.1 <2 <2

To be continued on next page...
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P~~~~~~~~~~~~~~.-~~~~~~~~~~~~ ~ -A

TABLE 23 (continuation).-SIMFUEL Integral leaching experiments: . - .
-filter rinsing solution analysis results - -- -

*~~~-.- ---..-, .

- -- - - I - Clay/Clayey Groundwater --- .
Samplingn I 2 3 4 5 *6 7 8 9 10 11 12
Timc (days) 7 7 7 5 7 9 ,7' 7 7 7 7 7
Cumulaive time (days) 7 14 21 26 33 42 49 56 63 70 77 84
Sampling volume (mL) 9.7 83 9.7 4.8 8.2 6.1 9.7 10.6 10 9.8 10.8 11.4

Isotope Con centration (uL) 
'Sr 106,4 9,2 6.6 8.8 17.9 65 9.0 6.5 5.8 8.4 10.4 6.0
"Y 2.5 <2 <2 <2 <2 <2 <2 <2 <2 <2 -2 <2
°nZr -. <2 <2 < 2 <2 <2 < 2 '<2 <2 <2 <2 <2 <2
"Mo 23 4.8 4.8 6.0 6.3 5.2 3.8 43 98 73 7.0 4.8

<2 <2 <2 <2 <2 2.2 <2 <2 <2 <2 <2 <2
'Rb; <2 <2 .<2 <2 .2 <2 <2 <2 <2 <2 <2 <2

"$Pd ' ' - <2 <2 <2 <2 --<2 -<2 <2- <2- <2 <2 <2 <2

mBa - -42,8 7.08 11.3 13.8. .13.1 .7A 28,4 _ 20.9 105 114 17.0 27.9

'L~a 5.0 _ S ' '2' <2 <2 <2 <2 <2 <2 <2 ;<2 <2
'ACe' ' "' '- '9.3 <2 <2 .-e2 <2 <2 <2<-2 <2 <2 <2 <2
'-Nd- -- 6,0 _<2 <2 '<2 <2 !<2. <2 <2 '<2 <2 <2 <2

<2 <2 <2 7,2 <2' <i <2 5.8 <2 <2 <2 <2

Granite/Clayey Groundwater
Sampling n 1 2 3 4 S. 6 7 8 9 10 11 12
Tme (days) 7 7 7 5 7. .9 7 7 7 7 7 7
Cumulative time (days) 7 14 21 26 33 42 . 49 56 63 70 77 84
Samping volume (mL) 9.9 10.7 99 - -11.2 10.7 7.9 10.2 10.4 9.1 10.1 ' -10.5 10.5

Isotope Concentration (p/L).
"iSt , 11.2 113 5.8 . 7.2 99.- 53 5.3 7.6 , 5.5 11.2' 3.8 3.2

WY ' <2 <2 <2 <2 *<2 <2 -.<2 <2 .<2 <2 <2 <2
"lZr <2 <2 <2 <2 2 <2 <2 <2 <2 <2 <2 <2
"Mo 31.2 38.0 24,2 36.9- 16.6 - 21.6 17.0 15.9 -17.7 14.5- 27.2 20.0
"'Ru <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
0'Rh <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
maPd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"'Ba 6.7 13.3 7.1 7.8 12.1 6.5 8.6 7.5 6.8 31.8 20.9 35.7
1"La <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
"Ce <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
'ENd <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
mU <2 <2 <2 <2 58.8 <2 <2 <2 <2 <2 <2 <2
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TABLE 24. SIMFUEL integral leaching experiments: solution analysis results for
material rinse, alkaline melting, pot rinse and sample-holder rinse

C aylGranitic Groundwa er GranitelGranitic Groundwater
Materal AlkEne Pot Rinse Sample- Material Alkaline Pot Rinse Sample-

Rinse Melting! bolder Rinse Rinse Melting" _ holder Rinse

"Sr 7600 6.68 132.6 19,1 1960 17.6 4,4
"y SS8 4,0S 13.8 <1 4140 61 cI
Wzg 42,9 19.86 6.36 <I 134 18.0 <I

"Mo <25 14.3 12.22 1.602 150 125 39.4
"'Ru <25 C I C I c I <50 C I < I
101th <c25 C I C cI < 50 c Ic I

hPd <25 < 5i <1 <50 <1 cI
'"Ba 14500 14,44 189,2 17,5 2800 12.4 11.7
"'La 2635 3,26 27,2 < I 1910 31 < I
'Ce 5400 6.68 55.8 < 5080 78.2 < I
'Nd 284S 2,8S 29,2 c I 3040 41.4 < 

2NU 2085 6.36 86 C I 19400 1026 183

Clay/Clayey Groundwater Granite/Clayey Groundwater
Material Alkaline Pot Rinse| Sample Material I Alhlne T Pot Rinse | Sample-

Rin Melting!" _ bolder Rinu Rinse Meldng _ _ I holder Rinse
"Sr S660 4,6 340 4535 3200 42 3900
WY 820 4,2 59 2785 9050 91,2 2755
"Zr <50 20.6 7 3530 c 250 304 18150
"Mo 'c50 3.9 - 59,1 2575 515 454 3385
'"Rn < 50 C I < I 262.5 < 250 < I 266
"Rh c50 c II 148.5 < 250 < I 15S
"Pd <50 c II 950 <250 < 1 520
"Ba It500 - 222 1152 18800 2170 62.8 15900

ola 2230 32 161.6 11500 3580 48,8 12350
"4Ce 4510 6.1 324 79050 10050 121.2 84950
"'Nd 2460 2,8 167.8 43300 6150 64,2 46700
MU 1030 2,S 122.2 92500 51000 918 72500

;
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ELEMENT CONCENTRATION IN SOLUTION MEASURED BY ICP-MS IN THE
DIFFERENT SAMPLES (TABLES 1-6).
Tab. 1: Composition of the samples obtained from the experment with a MOX fuel
with a bum-up of 12 GWdtU. Concentrations are given in ng/mL of the element.

I day 8 days 4S days 135 days 315 days

Se 0.65 3.68 8.93

Rb 189.82 504.48 1432.42 1317.30 888.90

Sr 15.66 23.10 62.79 61.90 57.81

Y 0.49 2.61 0.97 0.78

Zr 8.76 29.63

Mo 30.18 162.57 29.86

Tc 0.24 - 0.49

Ru 0.81 0.64 1.35

Rh

Pd 1.01 25.26 4.05

Pd 1.38

Ag 7.10 7.84 104.31 20.73

Cd 122.50 191.21 28.18 20.23 9.35

Sn 1.82 6.53 6.09

Sb 3.71 15.63 9.00

Sn 1.08 3.98 7.70 8.38 1.92

1 6.57 40.93 35.62 1589.12 96.62

Te 1.61 3.24 15.29 2.23

Cs 12335 30690 84543 83188 32207

Ba 446.37 1601.58 5010.13 6319.76 3136.14

La 6.95 2.09 5.85 4.89

Ce 0.18 3.52 13.87 5.94

Pr 0.10 0.69 5.85 1.37

Nd 2.39 1.42 41.87

Pm 0.15 1.16 2.92 3.91

Sm 2.61 8.27 9.33 17.41 24.43

Eu 0.23 0.54 1.81 7.90 2.60

Gd 0.77 3.38

Np 0.93 0.51

U 188.45 188.35 252.82 102.75 75.44

Pu 1.53 25.56 26.63 47.80

Am 0.13 13.82 4.20

Cm 2.01

.1

1i
;

T
k
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Tab. 2: Composition ofthe samples obtained from the experiment with a MOX fuel
with a bum-uD of 20 GWd/tU. Concentrations are aiven i nqamL of the element.

1 day 8 days 45 days. 135 days 315 days

Se , 4.17

Rb 903.66 916.58.- 1053.66 284.84, 140.60

Sr - 97.27 - 99.13 59.26 20.97

Y 4.22 - 10.32 2.08 -- 13.81 14.63

Zr - 2263.70 -,

Mo 5682.04 --46.54 55.23 -

Tc 4.22 -

Ru - 2.88 0.56

Rh=,

Pd . 7.66 1.33.

Pd 2.80 0.65

Ag 14.12 - 45.36 _ 33.65

Cd 1586.69 1829.56-- 1457.57 1215.35 251.50

Sn - 40.73_ --- 18.49 1.85

Sb , . 13.83 2.33

Sn - . 1.21 1.56

I 104.27 117.93 - 91.33 1769A2 145.00

Te - 15.89 - 6.62 . 0.53

Cs 7238927 102156.9 - 110284.9 25530.99 .3792.70

Ba 7319.69 -- .16556.52 - 16681.41... 7329.65 , 1329A9,,

La 25.34 - 109.15- 30.15 175.54 ,82.51'

Ce 129.99 - 422.46 359A5 710.17 ,316.40

Pr 30.03 54.84 30.70 115.38 76.47

Nd 67.64 18156 81.41 . 338.81 196.97

Pm, .8.91 - - 24.98. 16.13 51.78 , 26.48

Sm 41.89 - 77.57 -102.22 237.74 142.69

;Eu 9A3 - 6.63 15.98,- , 9.93'

Gd 0.74 12.83- 6.56 20.19 12.28

Np - 2.08 , , OA7 - 1.05

U ,320.11 172.91 307.53 80.40 -,198.30

Pu 143.64 930.80 . 918.10 560.13 158.90

Am ---,43.68 147.27 96.27 224.20 24851

Cm 1.3 -- 1.00. 0.26 6.83 4.68
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Tab. 3: Composition of the samples obtained from the experiment with a MOX fuel
with a bum-up of 25 GWdAU. Concentrations are given in ng/mL of the element.

1 day 8 days 45 days 135 days 315 days

Se 3.64 2.85

Rb 230.89 866.88 975.37 351.22 254.92

Sr 43.35 73.85 91.36 30.88 33.37

Y 0.71 0.55 2.58 0.30

Zr 12.30 7.45

Mo 142.58 22.53 27.41

Tc 1.03

Ru 7.19

Rh 0.47

Pd 1.22 10.71 10.86

Pd 1027

Ag 2.60 7.73 34.05 15.35

Cd 150.82 1019.28 370.80 245.59 174.07

Sn 25.83

Sb 1.11 8.28 14.70 0.82

Sn 1.74 6.35 9.01 1.93

I -146.03 - 294.13 185.23 3978.64 208.48

Te 3.30 - 0.70 0.43

Cs 29239 97448 104206 35688 12127

Ba 1940 7757 10016 5321 1924

La 4.01 - 1.10 8.78 20.95. 1.64

Ce - 4.03 19.90 115.66 96A1 11.69

Pr 5.52 13.43 8.90. 1.16

Nd- 7.96 - 5.08 60.21 20.89 2.75.

Pm 0.47 0.55 3.62 6.81 0.26

Sm 46.12 23.38 7.66

Eu 6.39 5.38 6.06 1.77

Gd 1.63 0.82 0.35

Np -0.21

U - 261.27 .66.16 227.03 71.00 .26.93

Pu 14.62 12.67 - 658.67 141.74 22.10

Am - 3.84 6.98 59.85 22.22 5.53

Cm 0.78 1.26 0.06

'I_ I

- i

308



Tab. 4: Composition of the samples obtained from the experiment with a U0 2 fuel
with a bum-up of 30 GWdAU. Concentrations are given in nglmL of the element.

I day 8 days 45 days 135 days 315 days

Se 0.47

Rb 30.07 14.44 56.32 28.99 27.02

Sr 10.08 3.06 32.24 9.82 24.32

Y 0.15 0.07 0.03 0.07

Zr 12.95 2.55 2.08 0.61

Mo 31.32 9.67 4A3 2A5

Tc 1.88 0.35 1.84

Ru 2.15 0.20 0.72 0.08

Rh 1.14 0.01 0.05

Pd 0.37 0.40 0.19

Pd 0.84 0.14 0.73 0.25

Ag 36 26 115 7 16

Cd 7.09 2.35 5A7 1.29 1.58

Sn 1.58 0.70 0.65 6.37 2.53

Sb 6.26 5.07 8.50 7.03 4.09

Sn 0.04 0.13 0.42 0.15

l 1.70 0.59 1.60 101.07 7.38

Te 0.32 0.06 0.30 0.62

Cs 1410 791 2918 1423 785

Ba 131 52 . - 289 87 592

La 0.21 0.08 0.14 0.82

Ce 2.02 0.88 1.62 3A9 1.44

Pr 0.49 0.25 0.54 2.04 0.21

Nd 1.56 0.72 2.22 4.34 0.95

Pm 0.20 0.10 0.10 0.51 0.11

Sm 0.63 0.35 0.23 3.79 0.25

Eu 0.07 0.03 0.39 0.31

Gd 0.06 0.03 0.67 0.10

Np 0.94 0.50 ; 1.72 - 0.13

,U 403.52 120.18 287.78 31.34 .32.70

Pu _2.09 0.96 2. 41 4.51 '4.00

Am 0.38 0.30 0.21 3.73 1.27

Cm 0.02 0.01 052 0.07
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Tab. 5: Composition of the samples obtained from the experiment. with a U02 fuel
with a bum-up of 50 GWd/U. Concentrations are given in ng/mL of the element.

day 8days| 45days 135days- 315days

Se 0.45 3.97

Rb 84.08 74.66 89.96 77.95 81.8

Sr 12.59 6.15 26.17 27.69 39.92

Y 0.32 0.16 0.15 0.39

Zr 38.09 4.80 2.03 2.35

Mo 66.02 16.60 23.61

Tc 2.76 0.48 0.72

Ru 3.57 1.12 0.72 0.27

Rh 0.76 0.11 0.28 - 0.51

Pd 1.90 4.33 0.23

Pd 0.68 0.17 0.32 0.23

Ag 8.96 5.77 2.60 12.46 10.3

Cd 14.32 0.68 0.79 3.89 0.62

Sn 3.09 6.06 3.44

Sb 31.44 - 15.84 28.23 19.17 5.68

Sn OA5 1.88

1 3.02 6.37 18.65 521.84 14.47

Te 0.60 0.59 0.33 0.66

Cs 6145.60 5817.58 6831.08 6707.36 325350

Ba 245.17 136.04 302.07 381.02 637

La 0.56 0.13 1.55

Ce 1.89 1.25 1.60 2.87 2.54

Pr 1.07 0.40 0.64 0.68

Nd 2.95 1.00 2.36 10.94 2.46

Pm 0.46 0.27 0.10 0.31

Sm 1.83 1.77 7.48 0.33

Ea 0.09 0.16 0.59

Gd 0.19 0.20

Np 1.48 OA6- 0.67 0.59

U 801.36 142.34 515.05 88.18 103.38

Pu 3.03 1.34 1.53 7.12 7.36

Am - 0.22 0.08 0.03 0.31

Cm 0.01 0.04 0.13 0.16

'I
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Tab. 6: Composition of the samples obtained from the experiment with a U02 fuel
with a bum-up of 50 GWdAU and two -series of defects. Concentrations are given in
ng/mL of the element.

1 day 8 days 45 days 135 days 315 days

se 0.02 -0.06

Rb 16.36 28.75 35.42 272.42 159.9

Sr 14.69 4.17 ,44.24 47.34 67.07

Y 0.11 0.22 0.86 0.27

Zr 8.06 5.40 3.31 0.51

Mo 29.70 24.55 17.38 48.26 ,18.5

Tc 2.85 2.47 5.29 2.82

Ru 0.45 0.19 , 0.81

Rh 0.34 0.12 1.13 -

Pd 1.10 0.12 4.35 5.83 0.32

Pd -1;31 - 0.08'- 2.80 , - 0.22

Ag 6.84 8.56 26.19 . 7.19 19.2

Cd 19.12 2.63 4.30 2.62 3.74

Sn ,.1.48 2.36 1.91

Sb 9.96 5.18 * 13.26 9.68 0.94

Sn 0.03 3.80

1 0.56 0.80 136.02 *10.97

Te 0.07 0.25 OAI 2.33 1.51

Cs 675 1867 2286 18362 7940

Ba 61.91 58.37 345.99 113420 1429

La - 1.78 1.96

Ce 0.36 1.10 3.47 3.61

Pr 0.15 0.34 1.56 . . , --0.41

Nd 0.47 1.52 5.53 ' 2.76 1.76

Pm 0.05 0.13 0.61 0.36

Sm 0.16 0.35- 2.23 5.03 2.95

Eu 0.02 0.07 0.34 0.62 1.36

Gd b 0.17 -

Np 0.36 0.58, 2.65 1.68 0.69

U 173.04 443.22 1 866.80 845.30 149.88

Pu 0.59 0.85 0.96 0.45 1.58

Am 0.03. .0.04 , 0.26

Cm -0.01 0.51
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Potentiostatic measurements on U02 (FIGURES 1-4)
. . . . . .~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 1: Potentiostatic polarisation curves obtained from unirradiated U0 2 in air
saturated 95% saturated NaCl solution (T= 22°C, C(02) = 7.4 ppm, initial pH 7.1,
tpol = 10 min, A,( = 0.478 cm2, d., = 1.5 mm).
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Fig. 2: Potentiostatic polarisation'curves obtained from unirradiated U0 2 in Nrpurged
synthetic groundwater (T=23°C, p(0 2)<1mbar, initial pH8.4, tpol=10min,
AO = 0.478 c, d=-_ 1 mm).
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Fig. 3: Potentiostatic'polarisation curves obtained from unirradiated UO2 in Nz-purged
synthetic groundwater (T ='60°C, p(02) < 1 mbar, initial pH 7.4, tpol = 20 min,
Aew = 0.478 cmn2, dw- = 0.9 mm).
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Fig. 4: Potentiostatic polarisation curves obtained from unirradiated U02 in Nrpurged
synthetic groundwater (T= 600C, p(02) <1 mbar, initial pH 7.7, tpol= 60 min,
Ae, = 0.478 cm2, d0, _ 1 mm).
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Fig. 5: Open circuit potential:, of
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Fig.. 13: Open circuit potential of used
U02 fuel B4 (bum-up: 53.1 GWd/) and
related temperature, in 95% saturated
NaCI solution ("Em = 190 mVsHE,
T: 22 - 28°C, C(02) < 2 ppm, initial
pH 7.2)tmeIh
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.0 to 1 T: 22 - 280C, C(02) < 2 ppm, initial
pH 7.2)
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Tab. 7: ORIGEN calculation of U0 2 fuel composition (bum-up 31.5 GWdit)
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Tab. 8: ORIGEN calculation of U0 2 fuel composition (bum-up 45.7 GWd/).
FUM PV W 4 Si;i U47 Gc"Z I 3 GdF

c~b~d c c1AW _ .S
ma t d a d co &O

El I E2 1 E Cw2 el3 Ewl I
8c E1oQIE 3 _ o 0 

82 Kr I = 43 142 Ft 4.sE.04
e3 f I = "=A44s St s.78E*04

1 Kr = . 5
Kr Fb = 16,92 1 S433

e6 Kr I 237.7 O .E4
1 3154 4 

s r 43 .3

_ s1 z _s4 612 S20
9 Z 7s4 1.01 E4 

.92 2r I _ e 63 d1 Ora-
Zr I I 921.9 57 iR W

I~~~~~~ O Sb I6.124 Sn _ 131o 12 To
12 S T I I on .-
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1lOt nu I 1 1072 Pr: 56 
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m F*1 I -i s8 Pm 9 50E-W
129 gC P20sd 4512 _ 711E-w
105 IX 3294
108 Fd I 1. Gd 2:5-X
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ae XPo I I2e 9U -w 942E41

110 Cd 17 1 7 nss 10.7 -0
¶ Cd I37.O
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153 Eu 102S
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2 __ 3I1 

216 Ud anU2 40 t
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i'39 SI 473 _
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1Z _ _ 7 55 d-X0.5lllliii
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Tab. 9 ORIGEN calculatioh of U02 fuel composition (buimu3. GWdtJ.

chIidatd exOCiled :
Maw t d oa of#o d Owtvt ofe of

noe Et WM F2i bdye I E

1E4 IE-3 - IE.2 1E-1

content of element / gigs.

319



Tab. 10: ORIGEN calculation of MOX composition (21.1 GWd/U)

Ul v O C witd d I4 d ed

E F IE2 E

of ofi I = tO tes4
82 set Kr 143 0.34 2.1 .S04

Kr I 1 3&9 y 43E-~~~~1 04I
iS 0_ 7 .eoE3

a i o 6 016 se4
esr _PI .4 9 7 E4
C1Z 203 Ar

3 Z4 I _ 39 s E4
94 Zr _ _I357Al I 1 2E

12 M O I _ 436 3735 _

se MO I _ sot.4 se 9 O4

T _ S27.7 La 0E4T
iOD Ma Ru I I 4 12eX 1.35E43

P

103 Rh I _ 7 PM IE~

4 u Pd I 4W 4e 74 4
145 d4

146 Nd Fb 32.3 Laa

107 PT _ _ 329 9 _
l08 d _ I_ 2J7.1_* 64

66_Z2 l39 I 1114 . d 1 17.31 1 1.

11 W 00 41 o sr

C.r~
Prn

SM

Gd

U
Pu
Am
CM I

16-6 1-3 16-4 I6-3 I6-2 16E-1 1IEO
Contelt of e tem I #f.

320



Appendix 7: Original test data-obtained by:-
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FIRST TEST SERIES
TABLE 1: Uranium concentrations of the media in the test containers during the washing
steps

medhzm Mat date washhg date( couto aunadated san k nr U cow U c MI U total U
sa lgf date) Un duratio (ug1) (mo) /m~day washed

. ~~~~~~~~~~~(days) (days) OfflPd
RIC 97-03-26 97-03-28 2 2 RCV7032D-IU2tv/1 15700 6.6E-0 3.3E-05 628
RIC 97.03-26 97-04-01 4 6 RE970320-IiU2/v2 2220 93-06 23E-06 717
RK 97-03-26 97-04-04 3 9 RC970320-11U2tv/3 559 23e-06 7.sE-07 739
RIC 97-03-26 97407 3 12 RXC970320-11U2v14 200 8,4e-07 2,8E-07 747
RIC 97-03-26 9744-II 4 16 RC970320-IIU2fvIS 144 6,1e-07 1.5 -7 753
RIC 9743-26 97404-14 3 19 R1c970320-11J2Jv/6 86 3.6 7 1.2E-07 756
RIC 97-03-26 97-04-21 7 26 RE970320-t2/vn 70 3 OE47 4 2E 08 759
RIC 97-03-26 9744-28 7 33 RC97032-IJ2Iv/S 70 _3OE47 J12Es 762
RE 97-03-26 97-05-13 15 48 RIC-l/t2/v/9 151 63e-07 4 FS 768
RIC 97-03-26 97-05-21 8 56 R1-IlU2/vll0 104 I4E7 5,5E08 772
RIC 9743-26 97-05-28 7 .63 R-1/J21v11 91 3 E7 ssE-08 776
RIC 97-03-26 9706-04 7 70 Rr-1I/v12 91 * 8E-07 5,sE-08 779
RE 97-03-26 97-06-13 9 79 Rrl-1fU2N/13 117 ,9E07 5.5E-8 784
RE 97-03-26 97-06-20 7 86 RPDmU2fvn4 91.1 3.1E7 5.58-08 788
RIC 9743-26 97-06-20 7 86 RiC-2/I2rv/14 102 43E-07 6.18-0

SCW 97-03-26 97-03-28 2 2 SCW970226 IU2/vIl 19700 s3-0 4.1 -05 783
SCW 97-03-26 97-041 4 6 ScW70226-1/u2fv/2 3600 1.5E-05 3.8-06 932
SCW 97-03-26 9704-04 3 9 SCW970226-11U2tv/3 1200 5.OE-06 1.7E-06 980
SCW 9743-26 97-04-07 3 1 2 SCW970226-1iU2/v/4 703 3.0e-06 9.8E-07 1008
SCW 9743-26 97-04-11 4 16 SCW970226-1Iu2v/5 731 3,1E-06 7.78-07 1037
SCW 97-03-26 97-04-14 3 19 SCW970226-IWv/6 548 23E-06 7.7E-07 1059
SCW 97-03-26 97-421 7 26 SCW9702264lw2ivn 239 1,OE-V6 1,4E07 1069
SCW 97-03-26 97-04-28 7 33 SCW970226-.1A2tv/S 239 LOE-06 1,4EI7 1078
SCW 97-03-26 9745-13 15 48 SCW-t/U2tv/9 513 2.2-06 1.48-07 1099
SCW 97-03-26 97-05-21 8 56 SCW-IA2iv/1o 152 6,4E-07 8.OE-08 1105
SCW 97-03-26 97-05-28 7 63- SCW-V1U2/htl 133 5,6E-07 8.OE-08 1110
SCW 9703-26 97-06-04 7 70 SCW-1/12tv/12 133 s 6E47 8,OE-08 1116
SCW 9743-26 97-06-13 9 79 SCW-1I2v/13 171 7,2E47 8OE-L 1123
SCW 97-03-26 97-06-20 7 86 sCW-1AJ21vj4 133 5.6E-07 3,OE-0 1128
SCW 97-03-26 97-06-20 7 86 SCW2/U21v/14 192 8.18-07 1.2-07

SCWHA 9703-26 97-03-28 2 2 SCWHA970304-1/Ur2v/l 17200 72B-05 3.68-05 68
SCWHA 97.03-26 974-01 4 6 SCWHA97o3o4-IlU2/v/2 3220 1,48-5 3,4E-06 817
SCWHA 97-03-26 97-0404 . 3 9 SCWHA970304-1/U2Iv/3 948 4,OB-06 138-06 855
SCWHA 97-03-26 97-04-07 3 12 SCWHA97O3O4- IU2v/4 541 238-06 7,68-07 876
SCWHA 9743-26 9744-11 4 16 SCWHA970304.1/U4 v/5 376 1,6B-06 3.98-07 891
SCWHA 9743-26 9744-14 3 19 SCWHA970304-1U2Jv/6 138 5.8B-07 1.98-07 397
SCWHA 97-03-26 97-04-21 7 26 SCWHA-1/U2/5/v 207 8.7E-07 1.28-07 905
SCWHA 97-03-26 - 97-04-2S 7 33 SCW A970327-1AJv/8 92 39E07 5,5E-08 909
SCWHA 97-03-26 97-05-13 15 48 SCWHA-11121v9 197 83B-07 5.58-08 917
SCWHA 9743-26 97-05-21 8 56 SCWHA-1U2/v/10 99 ,2E07 s.2E08 921
SCWHA 97-03-26 97.05-28 7 63 SCWHA-IIU2Jv/1 J 87 37E47 5.2E-08 924
SCWHA 97-03-26 97-06-04 7 70 SCWHA-IAJ2fv/12 87 I37E47 592Es s28

SCWHA 97-03-26 9746-13 9 79 SCWHA-12jtv/113 112 4, 5.2E-O 932
SCWHA 97-03-26 97-06-20 7 86 SCWHAlI/U2/v/14 86.9 3,78-07 5,2E-0s 936
SCWHA 97-03-26 97-06-20 7 86 SCWHA-2/u2Jv/14 211 8,9E97 238-08

SCWHA\C 97-03-21 9743-25 4 4 SCWHANC702101/Jnv1 1830 7.78-06 1.9-06 73
SCWHAC 97-03-21 9743-28 3 7 SCWHANCO210-1/M2v2 1280 5.4E-06 1.SE-06 124
SCWHAC 97-03-21 97-04-01 4 11 SCWHAC7MO210-owU2/vn 1060 4.5E-06 1.18-06 167
SCWHA\C 97-03-21 9744-04 3 14 SCWHA\C970210-W2tv/4 811 3.48-06 IIE-06 199
SCWHA\C 97-03-21 97-04-07 3 17 SCWHAC970210-11U21v/5 680 2.9E-06 9.58-07 226
SCWHAC 97-03-21 97-04-09 2 19 SCWHANC970210-1U2v/6 525 2.2E-06 IIE-06 247
SCWHANC 97-03-21 97-04-11 2 21 SCWHANC90210-I21v7 447 1.9E-06 9.4-07 265
SCWHAfC 9740-21 974-14 3 24 SCWHAM7o210-1MU2v/8 461 I.98-06 6.58-07 284
SCWHA\C 97-03-21 9744-21 7 31 SCWHAENM2101iU2v/9 240 IOE-06 1 4EQ 7 293
SCWHA\C 97-03-21 97-04-28 7 38 SCWHA\C97021011UA2v/1O 240 I ,OE-06 IE407 303
SCWHA\C 97-03-21 97-05-13 15 53 SCWHA m-1IU2/v/1 1 514 2,2e-06 ME.07 324
SCWHA\C 9743-21 97-05-21 8 61 SCWHA\C-IU2/v/12 311 1,3E-06 1,6E-07 336
SCWHA\C 97-0}21 97-05-28 7 68 SCWHA C-lIU2/v/13 272 1,IE-06 1.6E-07 347

1SCWHA\C 97-03-21 97-06-03 6 74 SCWHA\C1U215/v114 233 9,8E-07 I.68-07 356
SCWHA\C 97-03-21 974-063 6 74 SCWHA\C-2/U2/5/v/14 248 1,O8-06 1.7E-07

The values in italic are interpolations of the measured values. The 95% probability interval is within 15%.

,1
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TABLE 2: Uranium concentration, pH, Eh of the media in the first test series (solubility
tests) _ . . . . . . . p

medium duraton Iltration sampl r U U pH sple r U U ((m pH. 
(days) _. . (-V

* RIC 3* YM30 RJC.1/U2/1 143 6.0E.08 .0 RIC-2nUVI 27.3 1,11E07 8.8 _

* RIC ID' YM30 RIC-IU22 23.1 1IE-07 9.0 RIC-2/U2/2 36.8 1.5E-07 9.1 _

RIC 45 YM30 RIC-.1U213 295 1.2E-06 9.1 .150 RlC-W2t3 56 2.4E-07 9.0 -140
RIC 45 YM100 RIC.-IIJ53 124 5.2E-07 9.1 -150 RIC.2/1J53 56.7 2.4E-07 9.0 .140
RIC 123 YM30 RIC.1IU24 3160 13E-05 9.8 267 RIC-W2W2/4 3010 1.3E-05 9.0 296
RIC 123 45p RIC-/U4514 4140 1,7E.0s 9.8 267 RIC-21U4514 4500 I,9E-05 9.0 296
RIC 139 YM30 RIC-11U25 = l 306 = -

RIC 168 YM30 RIC-IIU216 - 83 .71 , .

RIC ISO YM30 RIC.IU2fl 5997 2.5E-05 8.1 - _ .

SCW 3 YM30 SCW-1U21 49.7 2.1 E-07 8,6 SCW-WI 31.6 2.2E07 8.s
SCw I 0 YM30 SCW-2IU22 87.6 3.7E07 89 SCW2tU2f2 85.8 3,6E-07 9.2 
SCW 46 YM30 SCW-ltU2/3 151 6.3E-07 9.7 189 SCW-2/3 142 6.OE07 93 182
SCw 46 YM100 SCW.11U5/3 150 6.3E07 9.7 - 189 SCW-2U513 140 5.9E-07 9.8 182
SCW - 123 YM30 SCW-11U214 28400 12E.04 9.8 252 SCW-2tU214 18200 7.6E.05 9,7 287
SCW 123 45m SCW.11U45/4 27500 1.2E.04 9.8 252 SCW.21U4514 17400 7311.05 9$? 287
SCW 139 YM30 SCWI1U2/5 , 8.2 360 = . =
SCW .168 YM30 SCW-u2/6 8.3 -76
SCW 180 YM30 SCW.IU2/7 20700 ,7E-0 8.1 _ ___=____

SCWHA 3 YM30 SCWHA-IU2JI 19.2 8.1 E-8 88 SCWHA-211.211 39 I6E07 8.7 
SCWHA 10 YM30 SCWHA-I/U2t2 71.4 3,OE-07 9.0 SCWHA-2 f12 37.9 1.6E07 9.1
SCWHA 45 YM30 SCWHA-I/U2t3 96.3 4.OE07 8.9 .112 SCWHA-W2 3 114 4.sE-07 9.2 -119
SCWHA 45 YMIOO SCWHA-IU53 98.6 4.1E-07 8.9 -112 SCWHA-2J513 109 4.6E-07 *9.1 .119
SCWHA 123 YM30 SCWHA-1fUV4 1330 5.6E-06 8.9 246 SCWHA-21 4 3870 1,6E-05 9.8 217
SCWHA 123 45p SCWHA-V1U45/4 2430 I.OE-05 8.9 246 SCWHA-VU45/4 4710 2.OE-o5 9.8 217
SCWHA -139 *YM30 SCWHA11=24 8.2 308 _ _____

SCWHA 168 YM30 SCWHA-I/U2IS 8.2 -. 7 ..
SCWHA Iso YM30 SCWHA-11i12/6 1285 5,E45-06 S.2 ,r _

SCWHANC 2 YM30O SCWHIAMI~1 51.7 2.2E.Gr7 BA -106 SCWHA\C-21U2/ 80.1 3A4E.07 SA -80
SCWHA\C 10 YM30 SCWHAMC-IU2f2 132 5.sE.07 8.2 _ SCWHA\C-2/U2/2 146 6.1E07 8.4 ,
SCWHAC 32 YM30 SCWHA'C-lIU2( 112 7.6E.-071 2.5 _ SCWHA\C-2/U2/3 276 7A4E.07 8.6 _

SCWHAIC 32 YMIOO SCWHAC.I/uS/3 202 8.53E07 8.6 SCWHA\C-21l5/3 203 8.5E.07 8.6
SCWHA\C 358 vYM30 SCWHA\C.1IUJV4 18.5 7.815.071 8.6 * 74 SCWHMC24 149 6.sE-07 8.6 -83
SCWHA\C 139 YM30 SCWHANC-1IU2I5 717 3,OE06 7.7 278 SCWHA\C-2U2/5 880 3.7E.06 7.7 272

SCWHA\C 139 J 5p SCWHA\C- Lf45IS 2160 9.1E106 7.7 278 SCWHA\C-2J45/5 3280 1AE405 7.7 272

SCWHA\C 188 YM30 SCWHA\C-Inmv6 823 3.5E-06 7.74>8. 93
_ _ _ . _ _ _. 26 _

SCWHA\C 227 . 8.2 _ = =__

SCWHA\C 240 YM30 SCWHA\C-IIU2fl S00 3.4E.06 8.2 39 - - - =
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SECOND TEST SERIES
TABLE 3: :Predissolution results (container SCW-3)

TizrtTwsbngdaa amiat acoamlated fiample Or 1U onei (mAi) nal U iVdny-j Umza fpH hc
daft inx d1ga (dnas () I IUft- Iy Iwaihalt I m4W

SCW 98402-02 952-04 2 2 SCW -3U45vn 35500 1,495-04 7.46B-05 1420 8 0 192
SCW 98-02-02 982-06 2 4 SC-3f1J45J2 5020 2,1IE5 1.0545 1620 ,S 8.1 I 266
SCW' 9502-02 9542-09 3 7 SCW.314St3 2130 S.95 E46 2.906 1706 5.14 9
SCW t 98-02-02 91-02-13 4 11 SCW.-3/U45tv4 1310 5,50006 1.3SB-06 1753.4 8.14 206
SCW 950-02 9 S402.16 3 14 SCW-3 tU45 tS 30 3.364-06 1,124-06 1790,4 3.17 233

SC 95 9-022 9 20 4 1i - SCW.-3U45lv 77 325-06 3.12E-07 182132 8,13
SCW 9 24-02 95-02-23 3 21 SCW-3tU45n -450 1,9 46 630W-07 1339,32 3,16 269
SCW 9 S4-02 9842-2 't 4 25 SC-3/U45 tB 45 204E-06 5,09E-07 1358.72 3.14 134
SCW t 9-022 983-02 3 2 SCW.3 45h/l9 319 1 ,34 E406 447B7 1371.48 31 269
SCW 9 242 953-06 4 32 SCW -31U45 htv0 337 1,42-6 3.540-07 1-84.96 ,1 228
SCW 93--02 9-309 3 35 SCW-3tU45lvf 1 207 8,70G-07 2907 189324 3.2 276
SCW 98-02-02 9 3-13 4 - 39 SC-3U452 236 9.925-07 2,48E-07 1902.68 3.18 274

SCW 9-22 9S3-16 3 42 SCW-314S51v/13 167 7.020-0 234E-7 1909,36 3.19 99
SC t 9S94242 9843-19 3 45 SCW .3U45tl4 144 60SB7 2027 1915.12 3.2 2S7

SCW 98-0242 90 24 S 50 SC -3UUvItS 193 8,1 IE-07 1,62E-07 1922.84 3.15 266
SCW 98-02-02 9843-27 3 53 SCW-3U45J16 139 5.840-07 1.95E-07 1928.4 3.22 279
SCW 92.02 93-31 4 57 SC-3/1J4Sh7 151 6,34E-07 1,590 7 193444 3.15 293
S t 9S42-02 98404-03 3 60 SCW-3/U45vlB 129 5,421-07 1,310-07 1939.6 8.26 238

SCW 9842-02 98046 3 63 SCW-31W5v/v19 119 5.0o-07 1.67E-7 194436 8.17 256

SC s9-02-02 98-44-10 4 -67 scW-3fU4s/v 120 5,045-07 1.26E-07 1949,16 8,12 293

SC 94w2-02 9844-14 4 7 110 462B-07 1.16E-07 195356 8SJ 291

SCW 98-0242 95-04-20 6 7 Scw-3U4s/vi 144 60sa7 1.01-07 195932 -,19 245

SCW 9s22 9023 3 s0 SCW-345tvf23 91 8,2E-07 I 17E-07 196296 ,2 293

SCw 95-02-02 98-04-27 4 84 SCW.345/vf4 102 4,290E07 1.07E7 1967.04 8.17 261

SCW 9842-02 9-4-30 3 37 SCW-3/Ulvi2S 37 3.66-07 1.220-07 1970si2 3.2 259

SCW 9842-02 95-05.04 4 91 SCW-3/U45v/26 94 3.95-07 9*70-0 1974,28 3.16 301

SCW 95-022 s-05s08 4 .95 SCW-34svZ 97 346-07 9,140-08 1977.76 3.12 259

SCW 90242 95-05.11 3 95s ScW-3U4S12 73 3070-07 1I 02-7 I506 8.19 85

SC t 9s422 98-05-15 4 102 SCW3U4stv/29 84 3,53E-07 3*2E-05 1914,04 3.19 79

SCW 95-22 9s-520 5 107 SCW-345l130 90 3,780-07 76-0 1957.64 8.17 64

SCW ss-22 8-05-25 S 12 SCW-3/u4sA131 87 3660-07 73I- 1991.12 3,S 239

SCW ss42-42 93-05-2 3 11S SCW-Y3U45vt132 49 2.060-07 6.86B40 1993.08 3,17 207

SCW 9842-02 98-0- 5 120 SCW-34J45tvl33 67 2820-07 5.630-0 1995.76 8.22 223

SCW 98422 95-60 6 126 Sc-3U45tv/35 48 2,024-07 336E- 1997.68 3,2 246

SCw 95-02-02 9846-15 7 133 SCW-31u45/v37 53 223E-07 3.1MA0 1999.8 .11 235

SCw 98422 9s-c-22 7 140 SCW.3145v/3 94 3.95E-07 5.6400 2003,56 8,23 234

SCW 5-02-02 95406-26 4 144 SCW-3/U45/v39 8.27 224

SCw 98-02-02 9-06-29 7 147 SCW-31U4svt40 56 2.35E-07 3360-05 2005.8 8,25 235

SCW 98-0242 98-073 4 151 SCW-3fU4Sv/41 3.17 -

SCW 98-2-02 98-076 3 154 SCW-3/U45tlv42 45 190-07 6300-0 2007.6 8.12 -

SCw 98-0242 9-07-09 3 157 8SW3/U45lvl43 3.24 .

SCW 9802-02 91-05-4 26 183 SCW.3/U45/v44 15S 6,51 E-07 2-50- 20138 8.2 -

SCw 5-02-02 98-07 3 186 SCW-3fu45lv/45 8,22-

SCW 942-02 954-10 3 189 SCW-3tU45Iv/46 33 139-07 4.62E- 2015,12 8.24 -

SCw 98-02-02 98-0-13 3 192 SCW-3iU4siv/47 8.22 -

SCW 9842-02 95-05-17 4 196 SCW-3/U45/v/48 35 1,47E-7 3.680-0 2016,52 3.22 -

SCW 93-02-02 9-0521 4 200 SCW-M3AS /49 3.21 -

SCW 98-02-02 98482-28 7 207 SCW-3J4S/vl5o 43 1,8I -07 2WSE-0 2013.24 8.14 .
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TABLE4: Predissolution results (containerSCWHA-3) - ; _..
medium start Iwashlogdate contact laccumulated sampicnr U coneU concsmolUwdayt*total U pH jEbtmv

date ( sapinng time duration IIUgl) (mOv) olU day nsed 
I jdate) I(-1= .jd U ___ __ _J_

SCWHA 9-0202 9842404 2 2 ,. SCWHA-3fU45vI 33800 .42E44 7,1OE-05 1352 8,06 - 68
SCWHA 98-02-02 98-0206 2 4 SCWHA3fU45/v . 6280 2.64E-05 1.32E-OS 1603.2 8.09 266

SCWHA 98-0202 98-02-09 3 7 SCWHA-3fU45/v13 2370 9,96E-06 3.32E-06 1698 8.13 74

SCWHA 98-02-02 98-02-13 4 11 . SCWHA-3/U45/v4 , 1180 4,96E-06 124E06 17452 8.2 194

SCWHA 98-02-02 98.02-16 3 14 SCWHA-3/U45/v/5 765 3.21E06 1.07E-06 1775.8 8.15 230

SCWHA 98-02-02 98-02-20 4 IS SCWHA-3fU45iv/6 708 2.97E-06 7.44E-07 1804.12 8.12

SCWHA 92-02 98-02-23 3 21 SCWHA-3fU45/v/7. 413 1.74E.06 5,78E-07 182064 8.12 272

SCWHA 98S02-02 98-02-27 4 25 SCWHA-3fU45/v/8 406 1.71E-06 426E-07 1836.88 8.19 182

SCWHA 98-02-02 93-02 3 28 SCWHA-3/U45Y19. 258 1.08E-06 3.61E-07 1847.2 8.15 103

SCWHA 98-02-02 9803-06 4 32 SCWHA-3fU45/vll0 240 1.01E06 2.52E407 1856.8 S,2 229

SCWHA 98-02-02 98-03-09 3 35 SCWHA-3/U45/vtl 1 166 6,97E-07 232E47 1863.44 8.19 278

SCWHA 98-022 98-03-13 : 4 39 SCWHA-3fU45/v12 285 7.77E-07 I.94E-07 2870.84 8.17 276

SCWHA 98-02-02 98-03-16 3 42 SCWHA-3fU45/v13 122 5,13E-07 1.71E-07 1875.72 8.17 101

SCWHA 982-02 9803-19 3 45 SCWHA-3fU45/v/14 120 5.04E-07 1.68E-07 1880.52 8.19 255

SCWHA 982-02 98-03-24 5 50 SCWHA-3fU45/v/15 169 7.10E07 1.42E-07 188728 8.13 268

SCWHA 98-02-02 98-03-27 3 53 SCWHA-3/U45/16 123 5.17E-07 1.72E-07 i892.2 8.22 278

SCWHA 98-02-02 98-03-31 4 57 SCWHA-3fU45v/17 122 5.13E-07 I.28E-07 1897.08 8.14 292

SCWHA 98-0202 98-04-03 3 60 SCWHA-3fU45v/18 104 4.37E-07 I46E-07 1901.24 8.23 290

SCWHA 9802-02 98-0406 3 63 SCWHA-3/U45/v19 96 4.03E-07 1.34E-07 1905.08 8.16 258

SCWHA 98-022 98-0410 4 67 - SCWHA-3fU45/v2O, 107 4.5OE-07 1,12E-07 1909.36 8.11 289

SCWHA 98-02-02 98-04-14 4 71 SCWHA-3fU45V121 99 4.16E-07 1.04E-47 1913,32 8.18 289

SCWHA 98-02-02 98-04-20 6 77 SCWHA-3/U45/v/22 145 6,09E-07 1.02E-07 1919.12 8,17 238

SCWHA 984202 9804-23 3 . 80 SCWHA-3fU45/v/23 81 3.40E-07 1.13E-07 192236 8.24 292

SCWHA 98-022 98-04-27 4 84 SCWHA-3/U45/v/24 112 4,71E-07 1.1SE-07 - 1926.84 8.18 265

SCWHA 98-02-02 9-0430 3 87 SCWHA-3/145/v/25 83 3.49E-07 I.16E07 1930.16 8.19 260

SCWHA 982-02 98-05-04 4 91 SCWHA-3/U45/v/26 95 3.99E-07 998E48 1933.96 8.17 301

SCWHA 9-202 9845.08 4 95 SCWHA-3fU45/vI27 86 3,61E07 9.03E-4 1937.4 8.22 250

SCWHA 9S.0242 9845-11 3 98 . SCWHA-3fU45/vl28 67 2.82E-07 9.38E-4 i940.08 8.2 84
SCWHA 9802-02 98-05-15 4 102, SCWHA-31U45/vl29 79 332E-07 830E-8 194324 8.19 71

SCWHA 982-02 98.05-20 5 107 SCWHA.3fU45/v/30 102 429E-07 8.57E4S 1947.32 8.16 60

SCWHA 98-02-02 98-0-25 5 112 SCWHA-3fU45/v/31 08 4.54E-07 9.08E-08 1951.64 8.18 240

SCWHA 9842-02 98-05.28 3 115, SCWHA-3fU45/v/32 58 2.44E-07 8.12E-08 1953,96 83 205

SCWHA 98-0202 984602 S 120 SCWHA-3fU45Ivl33 81 3.40E-07 6.81E-4S 1957.2 8.17 229

SCWHA 98-02-02 98464-0 6 126 SCWHA-3iU45/vi35 50 2IOE-07 3.50E4S - 1959.2 8.2 240,

SCWHA 9842-02 9S46-15- 7 133 SCWHA-3U450v73 59 2.48E07 3.54E-08 1961.56 8.1 234

SCWHA 9842-02 9806-22 . 7 140 SCWHA-3fU45/vl38 94 3,95E-07 5.64E-08 196532 824 232,

SCWHA 98-022 9846-26 4 144 SCWHA-3/U45/V/39 8.27 251

SCWHA 9840242 9846-29 7 147 SCWHA.3fU45/V4 67 2.82E-07 4.02E-08 1968 8.24 237

SCWHA 98-02-02 98-07-03 4 151, SCWHA-3fU45/vl4 1 ; 8.18 

SCWHA 982-02 9S-07-06, 3 r 154 SCWHA-3/145/v/42 46 1.93E-07 6.44E-8 1969.84 8.08

SCWHA 9802-02 98-079 3 1 257 .SCWHA23/U45v/43 82 .

SCWHA 98-022 98-0-04. 26 183 SCWHA-3/U45/vi4i 169 ?OE-07 2.73E08 1976.6 822

SCWHA 9842402 9848-07 3 186 , SCWHA.31V4545 . . 8.16 .

SCWHA 980202 98S-10 3 189 SCWHA-3fU45/v/46 34 1,43E-47 4.76E48 1977.96 8.19

SCvVHA 98-0202 988-13 3 192 SCWHA-3/U45v/47 . 8.16

SCWHA 98-02-02 98-08-17 >4 196, SCWHA-3fU45/v/48 39 1,64E-07 4.10E4S -W 1979.52 8.18

SCWHA 9842-02 984821 4 200 SCWHA-3fV45/v/49 - ' 8.2

SCWHA 9802-02 98-08-28 7 207 SCWHA-3fU45fvf50 53 223E47 3,1SE-08 1981.64 815 .
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TABLE 5: Predissolution results (container RIC-3)
nwAhm. Stan U CODC U CODC (MOVI) mol U /Vday total U pH Eb(washing date oontact. sectumulated sarurle ar

date (a sampling time duration (P94) mol U /mVday wasw mv/
datt) (days) (days) Mpg)

RIC 98-02-02 98-02-04 2 2 RIC-3U45/v/l 36900 1,553-04 7.755-05 1476 8.1 200
RIC 98-02-02 98-0206 2 4 RIC-3/U4s/v/2 7620 3,2015-05 1.601-05 1780,8 8.07 254

RIC 98-022 98-02-09 3 7 RIC-3/U45/v/3 2130 8.95E-06 2.98E-06 1866 8.11 100
RIC 98-02-02 982-13 4 I I RIC-3/U45/v/4 1130 4,75E-06 1.191-06 1911.2 8.19 197
RIC 98-02.02 9802-16 3 14 RIC-3/U45v/5 564 2.37E-06 7,90-07 1933.76 8.17 234
RIC 98-0202 902-20 4 18 RIC-31U45/v/6 619 2,60E-06 6.505-07 1958.52 8,16

RIC 98-02-02 98-23 3 21 RIC-3IU45/v0 418 1,76E-06 5,853-07 1975,24 8.16 267

RIC 98-02-02 98-02-27 4 25 RIC-3/tJ45lv18 365 1,53E-06 3,835-07 1989,84 8.25 189

RIC 98-02-02 98-03-02 3 28 RIC-3/U4siv/9 236 9.92E-07 3.31 E-07 1999.28 8.16 279

RIC 98-02-02 98-03-06 4 32 RIC-31u4s/v/I0 265 1. I 106 2785-07' 2009.88 8.11 250
RIC 98-02-02 983-09 3 35 RIC-31U45/v/1i 180 7.565-07 2,525-07 2017.08 8.21 277

RIC 98-02-02 98-3-13 4 39 RIC-3fU4s5v/12 211 8.87E-07 2.225-07 2025.52 8.18 277

RIC 98-02-02 98-03-16 3 42 RIC-31U4s5v/13 133 5.59E-07 1.865-07 2030.84 818 101
RIC 98-02-02 98-03-19 3 45 RIC-3/U45/v/14 130 5,465-07 1.823-07 2036.04: 8.19 263

RC 98-02-02 98-03-24 5 50 RIC-31U45/Iv/5 206 8,66E-07 1.3E-07 204428 8.16 265
RIC 98-02-02 983-27 3 53 RIC-3/U45/vII6 135 5.67E-07 1.89E-07 2049.68 8.24 275

RIC 98-02-02 983-31 4 57 RIC-31U45Jv/17 169 7.10E-07 1,78E-07 2056,44 8,16 292
RIC 98-02-02 984-03 3 60 RIC-3U45v/18 144 6,05E-07 2.023-07 2062.2 8.21 288
RIC 98 202 9844-06 3 63 RIC-3/U45/v1I9 107 4,50E-07 1,505-07 2066,48 8,18 259

RIC 98-022 98-04-10 4 67 RIC-3U45v/20 121 5085-07 1.27E-07 2071.32 8.12 290

RIC 98-02-02 98-04-14 4 71 RIC-3/U4S/v/21 113 4.75E-07 1.195-07 2075.84 8.17 290

RIC 98-02-02 9-04-20 6 77 RIC-3/U45/v/22 133 5,59E-07 9.31E-08 2081.16 8.2 238

RIC 98-02-02 98-04-23 3 80 RIC-3u423 4 3,53E-07 1,18s-07 208452 8.24 292
RIC 98-02-02 98-04-27 4 84 RIC-3/U45/v/24 101 4245-07 1,063-07 2088,56 8,17 267

RC 9-2-02 98-04-30 3 87 RIC-3/U45v/25 79 3.32E-07 1.1 IE-07 2091.72 8,2 266

RIC 98-02-02 98-05-04 4 91 RIC-31U45v26 92 3.87E-7 9,66-08 2095,4 8,17 302

RIC 98-02-02 98-58 4 95 RIC-3/U45/vm 80 336-07 8.405-08 2098.6 8.11 256

RIC 98-02-02 98-05-11 3 98 RIC-3U45/v28 73 3073-07 1.023-07 2101,52 8,17 87

RIC 98-02-02 98-05-15 4 102 RIC-3/u45/v/9 73 3.074-07 7.67E8 2104,44 8.18 76
RIC 98-02-02 98-05-20 5 107 RIC-3/U45/v/30 83. 3.49E-07 6.974-08 2107.76 8.19 61

RIC 98-02-02 98-05-25 112 RIC-3/u45v/31 76 3.195-07 639E-08 2110,8 8.17 238
RIC 982-02 98-05-28 3 115 RIC-3/U45tv/32 47 1,97E-07 6,58-08 2112,68 8S2 203
RIC 98-02-02 98-06-02 1 20 RIC-3AU45Iv/33 64 2,69E-07 5385-08 2115,24 8,24 190

RIC: 98-02-02 98-06-08 6 126 RIC-3/U45/v/35 53 2.235-07 3.7 E-08 2117,36 8.17 250

RIC. 98-02-02 98-06-15 133 RIC-3U45/v37 40 1,68E-07 2.405-08 2118.96 8,12 227

RIC 98-02-02 98-06-22 7 140. RIC-31U45/0v8 8 3,40E-07 4.864-08 2122.2 8,24 221
RIC 98-02-02 98-02-26 4 . 144 RIC-3145/v/39 .22 208
RIC 982-02 98-06-29 3 147 RIC-31U4sv/40 46 1.93E-07 6.44E-08 2124,04 8.23 235
RIC 982-02 98-07-03 4 151 RIC-3U45/v/41 8.15 -

RIC 98-02-02 98-076 3 154 RIC-3/U45/v/42 36 1.51 E-07 5,04E-08 2125.48 8,17 -

RIC 98-0242 98-07-09 3.- 157 RIC-3/U45v/43 8.15 -

RIC 98-022 98s-04 26 183 RIC-3/U4s/v/44 161 6.76E-07 2,60E-08 2131.92 824 -

RIC 98-02-02 98-08-07 3 186 RIC-3/U4sivI4s 822 -

RIC 982-02 988-10 3 189' RIC-3/U45/v/46 25 105E-07 3,505-08 213292 8,24 -

RIC 982-02 98-08-13 3 192 RI-3/U45/v/47 824 -

RIC 98-0242 98-08-17 I 196 RIC-3/1U451448 29 1,225-07 3,055-08 2134.08 8,24 -

RIC 98-02-02 98-21 4, 200 RIC-3/U45/v/49 8,22 -

RIC 98-0242 98-0-28 7 207 RIC-3/U45/vSO 43 1.815-07 2,585-08 2135.8 8.18 -
I LJ .�
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TABLE 6: Predissolution resuits (container SCWHAIC-3). : , -_ 

medium start washing date contact acutnaated sample nr U conc U con< mo U May total U pH Eh(n
date _ ( s -ampling time duration. (pn) (moll) mot U /m~lday washed vI

date) ' (days) (days'. -, ofT() E)
SCWHA)C 9-06-19 98-6.22 3 3 SCWHAIC-3/U45/v/I 5580,00; 234E-05 7.82E-06 223 7.54 259

SCWHANC 9S46-19 9S46-26 4 7 _ _ - SCWHAC-31U45/vt2 177.00 7,44E-47 1.86E-07 230 7.71 247

SCWHiMC 9846-19 9-6-29 3 10 SCWHAC-3J45v/3 25.00 I.05E-07 3.50E-08 231 8.26 18

SCWHAIC 98-06-19 9847-03 4 14 SCWHAC-3/U45/y14 8.00 3;36E-08 8.40E-09 232 V 839 30

SCWHA\C 98-06.19 9807-06 3 17 SCWHA\C-3JU45/vI5 7A0 3,1 IE-08 1,04E-0 232 8.27 

SCWHA\C 9806-19 987-09 3 20 SCWHA\C-3/Ui5/'v6 13,00 5,46E-08 I.82E-08 232 8,l O

SCWHAT 98-06-19 98-084 26 46 SCWHA\C-3fU45tvf7 1200 ' 5,04E48 I.94E-09 233 8.09

SCWHAC 98-06-19 9848-07 3 49 SCWHRAC3/1U45/vf8 13,00 5,46E-08 1,82E-08 233 8.11 -

SCWHAC 98-06-19 98-8.10 3 53 SCWHA\C-3IU45Iv/9' 1 2,O 5,04E-08 1.68E-08 234 S,25 -

SCWHA\C 98-06-19 98-08-13 3 56 SCWHA\C-31U4S/vI0 60,00 2,52E-07 8,40E08 236 8.51 -

SCWHA\C 98-06-19 98-17 4 60 SCWHA\C-3U4S/v/l 1 68.00 2,86E-07 7.14E-08 239 8.20 -

SCWHAXC 98-06-19 98-08-21 4 63 SCWH.AC-3U4S/v1I2 4.00 1,68E08 4.20E-09 239 833 -

SCWHA\C 9806-19 98.09-21 31 94 SCWHA\C-3/U45Iv/13 3.99 1,6SE-08 SI41E-10 239 8.46 -

SCWHA\C 98-06-19 98-9-24 3 97 , SCWHA\C-3IU45/vI14 0,96 4,03E09 1.34E-09 239 8,16 -

SCWHA\C 98-06-19 98-09-29 5 102 SCWHA\C-3/U45/v15 6.30 2.65E-08 5.29E-09 240 - ,26 -

SCWHA\C 98-06-19 98-1002 3 105 SCWHA\C-3ItJ45hII6 6.10 2.56E08 8,54E-09 240 8.14 -

SCWHATC 98-06-19 98-100 3 1O SCWHA\C-3fU45/vyl7 3.20 1.34E-08 4.48E.09 240 8.18 -

SCWHATC 98-06-19 98.10-08 3 111 SCWHAX;3/J45/vl8 7,40 3.1 IE-48 1,04E-0S 240 8,50

SCWHA'C 9806-19 9S-10-13 5 116 SCWHAC.31J451v1I9 5.50 231E-08 4,62E-09 241 8.21 ;

SCWHAC 98-0619 98-10-16 3 119 SCWHA\C-3/U45v20 7.00 2.94E48 9.80E-09 241 8,11 I

SCWHAvC 9806-19 98-10-19 3, 122 SCWHA\C-3/U45v/l21 3.80 1.60E-4 5,32E-09 241 8,15

SCWHA\C 9806-19 98-10-23 4 126 SCWHA\C-3/U45/v2 3.70 1.55E08 3,89E-09 241 8.19
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TABLE 7: Uranium concentration, pH, Eh of the media i the second test series
(solubility tests) .

medium start date sampling leching sample U U conc (moUl) mol U total U pH Eh
date duration C. . conc I./m2 day washed off (mV/EDM

__(days) (IlJZ) (R)
RIC-3 98-08-28 9808-28 0 RIC-3/U2/5/0 4.40 1.85208 - 0,35 8.45 -188
RIC-3 98-08-28 98-08-31. 3 RIC-3/J2/5/3 40,00 168E47 5,601-08 1,78 8.50 -177

RIC-3 - 98-08-28 98-09.03 6 RIC-311J32/56 56.00 2.35P-07 3.922-08 2,42 8,43 -152
RIC-3 98-08-28 98-09-07 10 RIC-3/U25/10 70.20 2.95E-07 2,952-08 2,88 8,26 -159
RIC-3 98-08-28 98-09-10 13 RIC-3/U2/5/13 74,10 3,11 E-07 2,39E-08 3.03 8,26 -161
RIC-3 98-08-28 9809-22 25 RIC-3U12JS/25 26.80 1,13E-07 4.50E-09 1.14 8,25 -123
RIC-3 98.08-28 98-10-08 41 RIC-3U2/5141 12.40 5.212-08 1,27E-09 0.56 8.40 .246

RIC-3 98-08-28 98-11-10 74.. RIC-31U(2J5n4 3,27 1,372-08 1,8623-10 0,20
RIC-4 98-08-28 98-08-28 0 RIC-4IU2/s5O 5.00 2,102-08 - 0,40 8,31 -205
RIC-4 98-08-28 98-08-31 3 RIC-4/U2Js/3 45,00 1.891-07 6.302-08 2,00 8,6l -184
RIC-4 98-08-28 98-09-03 6 RIC-4fU2/5/6 51,00 2,142-07 3.57E-08 2,24 8.51 -160
RIC-4 98-08-28 98-09-07 10 RIC-41U215/10 60,10 2,53-07 2.53E-08 2,47 8,45 -171
RIC-4 98-08-28 98-09-10 13 RIC-41tU2J513 61.30 2,58-7 1.982-08 2,52 8.42 -175
RIC-4 98-08-28 98-09-22 25 RIC-411J2J5/25 17.90 7,52-08 3,01E-09 0.78 8.27 -140
RIC-4 98-08-28 98-10-08 41 RIC-41UV2/41 4.53 19012-08 4,64E- 0 0,25 8.18 -271
RIC-4 98-08-28 98- 11-0 74 RIC-4/U1214 4,15 1.742-08 2,362-10 0,23

CWHA-3 98-08-28 98-08-28 0 SCWHA-3/U2/510 2.90 1,2223-08 0,23 8.60 -184
CWHA-3 98-08-28 98-08-31 3 SCWHA-3U2/5/3 65.00 2,732-07 9,102-08 2,72 8.47 -182
CWHA-3 98-08-28 98-09-03 6 SCWHA-3/U2516 76.00 3,19-7 5,32E-08 3.16 8.31 -154
CWHA-3 98-08-28 98-09-07 10 SCWHA-3/U/5110 91,30 3,842-07 3.842-08 3,66 8,15 -159
CWHA-3 98-08-28 98-09-10 13 SCWHA-3/U25113 94,30 3.962-7 3.052-08 3,78 8.15 -162
CWHA-3 98-08-28 98-09-22 25 SCWHA-3/U2/5125 108.00 4.542-07 1,822-08 4.33 8,18 -137
CWHA-3 98-08-28 98-10-08 41 SCWHA-3/U2/S/41 112,00 4,71 E-07 1,1523-08 4,49 8,12 -166
CWHA-3 98-08-28 98-11-10 74 SCWHA-3/U2J5n4 134.00 5.63E-07 7,612-09 5,37
ZWHA-4 98-08-28 98-08-28 0 SCWHA-4/U25/0 2,60 1,092-08 - 0.21 8,58 -188
-WHA-4 98-08-28. 98-08-31 3 SCWHA-4/U2S/3 49.00 2.062-07 6,862-08 2,06 8,63 -176
-WHA-4 98-08-28 98-09-03 6 SCWHA4/U2/S/6 62,00 2,61E-07 4.342-08 2.58 8.50 -166
-WHA-4 98-08-28 98-09-07 10- SCWHA-4/U2J5110 75,50 3.17E-07 3,172-08 3.03 8.19 -165
-WHA4 98-08-28 98-09-10 13 SCWHA4/U2J5l3 80.80 3.392-7 2,612-08 3,24 8.23 -168

-WHA-4 98-08-28 98-09-22 25 SCWHA4/U25/25 95,30 4,00E-07 1,602-08 3.82 8,21 -144
-WHA-4 9808-28 98-10-08 41 SCWHA-41.1J2/541 102.00 4.292-07 1,052-08 4.09 8.34 -180
-WHA-4 98-08-28 98-11- 10 74 SCWHA-4dU2/5n4 104,00 4,37-07 5,91E-09 4,17 _

SCW-3 98-08-28 98-08-28 0 SCW-3u2/510 2.60 1,092-08 0.21 8,54 -188
SCW-3 98-08-28 98-08-31 3 SCW-3/U25/3 56.00 2.35E-07 7,84E-08 2.34 8.65 -177
SCW-3 98-08-28 98-09-03 6 SCW-3/u12/56 69.00 2,902-07 4,832-08 2,86 8,s4 -167
SCW-3 98-08-28 98-09-07 10 SCW-3Ut25/10 85,30 3,58E-07 3,582-08 3,42 8,36 -171
SCW-3 98-08-28 98-09-10 13 SCW-3U215/13 92.10 3,872-07 2.982-08 3,69 8,32 -173
SCW-3 98-08-28 98-09-22 25 SCW-3AU2/5/25 105,00 4.41E-07 1,76E-08 4,21 8,18 -137
3CW-3 98-08-28 98.10-08 41 SCW-31U21J541 107,00 4,50-7 1,102-08 .4,29 8,14 -172
3CW-3 98-08-28 98-11-10 74 SCW-3IU2I5n4 113.00 4,75-07 6,42E-09 4.53
3CW-4 98-08-28 98-08-28 0 SCW4U2/5/0 1.40 5,882-09 0,11 8,45 -180
iCW-4 98-08-28 98-08-31 3 SCW-4/U2/s/3 74,00 3,1 1 E-07 1,042-07 3,02 8,35 -171
3CW-4 98-08-28 989-03 6, SCW-4/U2/5/6 93,00 3.91 E-07 6,51 E-08 3.78 8,26 -157
XCW-4 98-08-28 98-9-07 10 SCW-4tU2J5/10 117,00 4.922-07 4,922-08 4,69 8.21 -171
3CW4 98-08-28 9809- 10 13 SCW-4U2/513 119.00 5,00E-07 3.852-08 4,77 8,17 -165
iCW-4 98-08-28 98-09-22 25 SCW-4/Usn/25 139,00 5,84E-07 2,342-08 5.57 8.22 -114
iCW4 98-08-28 98-10-08 41 SCW-4/U215/41 131,00 5,502-07 1,342-08 5,25 8,43 -184
'CW4 98-08-28 98-11-10 74 sCw-4U2JSn4 127,00 5,34-07 7,21 E-09 5,09

I

'I

l

328



a., *,, h

medium start date sampling leaching sample U U conc (moti) mol U total U pH Eh
date duration conc /mVday washed off (mVIEs

__________ ________ _________ (days) ( u(s! )_ )
SCWHAIC-3 98-10-23 98-10-23 0 SCWHAC9804IS/U2J1 8,02 3,37E-08 0.64 10,1 -420
SCWHANC-3 98-10-23 98-10-26 . SCWHAC-3/U2S1/3 114,00 4.79E-07 1,60E-07 4,88 10.3 .295
SCWHAC-3 9S-10-23 98-10-30 7 SCWHAC-31UVSn 264,00 I.IIE-06 1 8E-07 10.88 8.6 -251
SCWHA\C-3 98-10-23 98-10-30 1 1 SCWHA\C3tU215111 278 I.17E-06 .,.06E-07 I ,44 8.7 -211
SCWHATC-3 98-10-23 98-10-30 17 SCWHA\C-3=UV5117 284 ,19E-06 7,02E-07 i.68 8.8 -223
SCWHA\C-3 98-10-23 98-11-23 31 SCWHA\C-3/U2J5/31 353,00 I.48E-06 4.78E-08 14.44 7.9 -196
SCWHA\C-4 98-10-23 98-10-23 0 SCWHA\C9804151U21 8,02 3,37E-08 0.64 10.1 *421
SCWHA\C-4 98-10-23 98-10-26 3 SCWHA\C-4/U2/5I3 84,40 3,55E-07 L18E-07 3,70 10.2 -291
SCWHA\C-4 98-10-23 98-10-30 7 SCWIHiA\C-4/U2J5n 306,00 1,29E-46 I,84E-07 1256 8,6 -246
SCWHA\C-4 98-10-23 98-11-03 II SCWHA\C-4/U25/11 308.00 1,29E-06 1,1 8E-07 12.64 8,80 .208
SCWHA\C-4 98-10-23 98-11-09 17 SCWHA\C-4)fJ2JS/17 290,00 1,22E-06 7,17E-08 11,92 8,8 -221
SCWHA\C-4 98-10-23 98-11-23 31 SCWHA\C-4/U2S/31 350,00 1,47E-06 4,74E-08 14,32 7.9 -189

iVr

-

V-

I,.L

._
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Appendix 8: Symbols used by FUB and
original test data obtained by - -
FUB
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EXPLICATION OF SYMBOLS USED:
b reciprocal slope of Inj=f(E) curve
F Faraday constant
AGX standard free activation enthalpy

jo t .change current density
j, partial anodic current density
ik partial cathodic current density
k° maximum velocity constant of anodic process
a° maximum velocity constant of cathodic process

ka velocity constant of anodic process

kk velocity constant of cathodic process

k constant
k- proportional factor

k constant
R general gas constant
T Kelvin temperature
z amount of electrochemical valence
a transfer coefficient
rtd moles of reduced species per unit area
r.. moles of oxidised species per unit area
tID overvoltage of transfer raction
WPMe inner potential of metal
Ap~o Galvani voltage
APB Galvani voltage of reference electrode
Are' Galvani voltage at equilibrium
(h inner potential of solution
SO,, Oxidised form of the relevant species
S,,d reduced form of the relevant species
n number of electrons exchanged in the redox process
a (Sred) activity of the reduced form at equilibrium (rational scale)

a(Sox) activity of the oxidised form at equilibrium (rational scale)

a(e). activity of the electrons at equilibrium (rational scale)
K thermodynamical equilibrium constant

du chemical potential of species i in phase I

Jut! chemical potential of species i in phase 11

,ua electrochemical potential of species i in phase I

pfu electrochemical potential of species i in phase 11
z, number of electrical unit charges of species i
(P Galvani potential of phase I
pV' Galvani potential of phase II
a transfer factor
E. Ew Potential, applied
Est electrode potential at equilibrium
E.O~r free corrosion potential (rest potential)
m stoechiometrical factor of H' activity or slope of Inj = f(E) curve
EMT~r diffusion potential
EK.Mtk contact potential
lo current amplitude in EIS
4) phase shift in EIS
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Z impedance
Ra polarization resistance
Rb,,,k resistance of bulk electrode

Rax ohm's resistance
Cd, double layer capacitance
Cbk capacitance of bulk electrode
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TABLE 1 Corrosion on T799.8Pd and Zrcaloy-4 at applied potential in sat. NaCI

Potential
(mV)

-1500
-1200
-1100
-1000
-900
-600
-300
-100

0
300
600
900

Zircaloy-4
(25°C)
Rate (jim/a)

*0.08
0.1
1.32
0.12
0.05
0.146
0.14
0.4
5.1

17533
74467
117450

Ti99.8Pd
(25C)
Rate (pm/a)

Zitzrloy-4
(55'C)
Rate (pmfa)

Ti99.8Pd
(550 C)
Rate (im/a)

-1000
-500
-250

0
500

0.6
2.8
5.3
0.5
0.8

-1500
-1300
-1100
-900
-600
-300

0
150
300
600

0.25495
8.57469
0.19841
0.134415
0.012895
0.03955
0.046
1275

60766
211715

-1000
-500
-250

0
500

1.4
2
1.1
0.6
1.4

I
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TABLE 2 Original
(FIGURE L.6-31)

data for relation between -applied potential versus corrosion rate

incorr. val. KMnO4 K2Cr207 otential, correct.
._________ : ~pplied val.

'Jm2d *m 2d m2d V SHE _m
2d

? _ _ _ _ _ -__ _ _ _ _ _ _ 1800 ,
1300

) _ _ _ _ _ _ _ _ _ _ _ _ _ _ 800
300

) _ _ ,_ _ _ 200
1 _ _ _ _ 300

) 4~~~~~~~~~~00
_ _ _ _ _ _ _ _ ~~~ ~ ~ ~~00_ __

.8615 ^ 600° _ _'

640 _
._ _ 652

660
680
682

11.0061 _00
________~~ ._____v__743 _____

720
__________~~ ~ ___________ 7 40 _____ : ___

743 -
760 _

l___ ;__ ____ 780 .
31.446 I

15830
_____ ____ _50

14.0244 900
910

_ 50 -
100.6272 _ 1000
9.0549 ; 1100 _

i36.7901 1200
160.3746 1300
Z42.1342 1400
Z51.568 _ 1500
388.3581 1600
361.629 1 _ ________ 1700
526.7205 1800
476.4069 . 1900
597.474 2000
597A74 2100
732.6918 200

62153 19
58.64679 649
.383538 590

756
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l____ _ ___ __ _ 87.4 734 l l
7________ 298.7 700 _ l
________ _ 736.9 658

___________ ~1433 __ __ _

._________ l____ _ i1280 _

.____ _ _ L _ _ 7'87 _

_ _ _ _ _ _ _ 00 _ _ _ _ _

_ _ _ _ _ _ _ 00 _ _ _

______ 4___ 00 ____ ____

781 1.5
7182 2.1

__________ _____ 71 5100.6
_ _ _ _ _ _ _ _ _ _ _ _ ~~~~ ~~~~59 . _ _ _ .
___________ ________ ~~~67 _ _ _ _ 136.8
__________ _______ ~~ ~ ~~91 __ _ _ 60.4

_________ _______ ~~~~~91 I__ __ 4 .
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 7 1 1.6

792 88.4
.________ - _ _ 809 061.6

813 026.7
__________ _______ 851 76A

841 97.5
897 97.5
9___ __ ____ ___ ___ _ 44 732.7

I

344



IJ ! i _ 

TABLE2 Original data for relation between corrosion potential versus corrosion rate
(calibration curve) (FIGURE 1.6-32) - ;

at m og cor.rate og cor.rate og.cor.rate

Redox sys. E2; El
37 Chlorine: 1.7847025 _

20 Bromine: 2.6589409
34 KMnO: 2.8844284
43 K2Cr2 : 2.953179
77 0.8955129

5 1.6437009
74 2.0027229
08 BPWpH3,air -1.39794
45 BPWpH9,air: -1.886057
39.1 1.64365 -
50.7 _ ______= 1.9001486

.7 _2.0548428

9.8 2.0339864
200 1 _ 3.564474
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TABLE 3 Original data for relation between corrosion potential versus corrosion rate
in presence and absence of carbonate ("calibration curve") (FIGURE 1.6-36)

Pot mV(SHE) og. cor. rate 0g. cor. rate
. ithO.lMCarb. ith O.OlM Carb.

349 0575009
397 .0641929
436 .7757927
458 1.2887387
467 1.5820591
497 1.6935022
511 1.8266378
526 1.9536324
544 2.0262749
554 2.1403975
555 2.2188812
470 0.3241861
490 D .6252161
504 0.9262461

19 _____________ 1.2784286
534 1.3655787
548 1.4703141
563 1.5794586
582 1.6464054
602 _ 1.7865841
649 1.6666087
63 1.7043973
87 1.8427
32 1.8427
42 2.0231561
62 2.2326711

TABLE 3 Original data for relation between corrosion potential versus corrosion rate
("calibration curve") at various temperatures (FIGURE 1.6-37)

at. mV log cor. rate a
S HE) ___ _ c
70 _ 2.37478
19.9 -1.89766
69.9 -1.63442
19 -0.6266
68 -0.31409
09.5 0.421096
24.6 1.05254
34 _ _ 1.321135
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Appendix 9: Details of radiolysis modilling-
data used by STUDSVIK
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TABLE 1 Rate constants, dn3 mor s in deionized water (EU 18)

NO REACTION RATE CONSTANT

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

'19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

OH
OH
OH
OH
OH
OH
OH
OH
OH
OH
0-
E-
E-
E-
E-
E-
E-
E-

E-
EH
H
H
H
H
H

H02
H02
H02
H+
H+
H202
H+
H20
02-
U02
U02
U02
U02
U03R
U03B
U03H
U03H
UO3H
U03H
U03H
U03
U03
U03-
U03H
U03
U03
02
H2
H202
H202
0
U03
U02
U03H
U02
U02D

+H2 -H
+H202 = H02
+02- = 02
+H02 - H20
+OH = H202
+OH- a H20
+H02- a H02
+H =1H20
+E- = OH-
+0- 1H02-
+H20 = OH
+02 = 02-
+H202 = OH
+02- = H02-
+H+ =1H
+H20 =1H
+H02- = 0-
+E- =H2
+H02 w H02-
+H =H2
+H02 = H202
+H202 a H20
+OH- = E-
+02 =1H02
+02- * H02-
+H =1H2
+02- m 02
+H02 1H202

= H+
+02- = H02
+H02- - H202

= H+
+OH- = H20

a H+
+02- = H02-
+OH = U03H
+H202 a U03H
+H02 = U03H
+02- = U03H
+U03H a U03
+OH = U03
+E- = U02
+H202 - U03
+02- = U03
+02- = U02
+H02 = U03
+E- = U03H
+02- = U03-
+H20 - U03H
+H =1U02
+H = U03H
+H02 = U03H

= 02D
= H2D

+H20
4H20
+OH-
+02

+0-
+OH-

+OH-

+OH-
+OH-

+OH-
+OH-
+OH-

+OH-

-H20

+OH-

-H20

+OH
+H20

+HO2-
+02
+02-

+HO2-

+OH-
+02

XC 1)-
XC 2)=
KC 3)=
XC 4)-
X( 5)=
X( 6)=
X( 7)-
X 8)=
X( 9)=
R( 10) 
X( 11)=
X( 12)=
R( 13)3
XC 14)=
XC 15)=
X 16)3
XK 17)=
XK 18)
Xi 19)-
X( 20)=
X( 21)-
X( 22)-
X( 23)=
X( 24)=
X( 25)-
XC 26)=
X( 27)=
XC 283=
R( 29)=
XC 30)=
X( 31)=
RX 32)3=
KX 333=
Xl 34)a
K( 35)=
K( 36 =
XC 37)-
XC 38)-
XC 39)=
XC 40)a
XC 41)=
XC 42)-
XC 43)3
Kt 44)=
KC 45)s
KX 46)=
KC 47)-
X 48)=
KX 49)=
XC 50)=
XC 51)=
X 52)=
Kl 53)=
X 54)=
XC 55)=
XC 56)3
XC 57)=
XC 58)=
XC 593=
XC 60)-
XC 61)=
XK 62)=

3.400E+07 *
2.700E+07 *
1.000E+10 *
7.100E+09 *
5.500E+09 *
1.200E+10 *
7.500E+09 *

7.0001+09 *

3.100E+10 *
1.800E+10 *
1.700E+06 *
1.900E+10 *
1.100E+10 *
1.300E+10 *
2.300E+10 *
1.900E+01 *
3.500E+09 *
5.500E+09 *
2.000E+10 *
2.500E+10 *
2.OOOE+10 *
9.000E+07 *
2.200E+07 *
2.100E+10 *
2.000E+10 *
7.800E+09 *

9.600E+07 *

8.400E+05 *

8.000E+05 *

5.000E+10 -
2.000E+10
3.560E-02
1.430E+11
2.599E-05 *
1.800E+09 * H+
4.000E+08 *
2.000E-02 -
2.000E+08 *
2.000E+08 *
3.0001+00 *
8.000E+08 *
5.000E+08 *
2.000E-02 *
2.000E+08 *
4.000E+08 *
4.000E+08 *
5.000E+07 *
4.000E+06 *
1.000E+01 *
4.500E+06 *
4.500E+05 *
4.000E+06 *
4.000E-03 *
1.000E-02 *

3.000E-03 ^
1.000E-03 *

1.000E+09 a

4.000E-05 *

1.000E-04 *

1.000E-04 *
7.000E-02 
7.000E-09 *

+OH
+H202
+HO2-
+U02
+H20
+OH-
+H20
+H02-
+OH-
+H202
+OH-
+02
+OH-
+H20

-H20
-H20
+H20

+OH

+02

-H20

+02

+0

+02
+02

= H202D
= H20
= 02
= U03D
= U03H
= U03
= U02D
= U02

+0

+HO2
+HO2

-H20
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TABLE 2 Rate constants in 5 m NaCl solutions, dmn3 mor' s ' (EU 129)
NO REACTION . RATE CONSTANT -

1 OH
2 OH
3 OH
4 OH
5 OH
6 OH
7 OH
8 OH
9 OH
10 OH
11 0-
12 E-
13 E-
14 E-
15 E-
16 E-
17 E-
18 E-
19 E-
20 E-
21 H
22 H
23 H
24 H
25 H
26 H
27 H02
28 H02
29 H02
30 H+
31 H+
32 H202
33 H+
34 H20
35 02-
36 U02
37 U02
38 U02
39 U02
40 U02
41 U02
42 U03H
43 U03H
44 U03H
45 U03H
46 U03H
47 U03H
48 U03H
49 U03H
50 U03H
51 U03
52 U03
53 U03-
54 U03H
55 U03

+H2 = +H20
+H202 1H02 +H120
+02- = 02 +OH-
+H02 1H20 +02
+OH =H202
+OH- H20 +0-
+H02- =H02 +OH-
+H =1120
+E- = OH-
+0- = H02-
+H20 = OH +OH-
+02 *02-
+H202 = OH +OH-
+02- = H02- -+OH-
+H+ H
+H20 - H +OH-
+H02- 0 0- .+OH-
+E-. =112 +OH-
+H02 H H02- -

+H =1H2 4OH-
+H02 * H202
+H202 H 120 *.:+OH
+OH- = E- .+H20

+02 *H02
+02- R H02-
+H aR2 .
+02- * 02 +H02-
+H02 1H202 +02

= H+ +02-
+02- - 1102
+H02- = H202

= H+ +H02-;
+OH- 1H20 :. s-

=1H+* +OH-
+02- 1H02- .+02
+OH =U03H1
+CL2- = U03H +HCL
+HCLO a U03H +CL
+H202 - U03H. +OH
+H02 = U03H +H202
+02- = U03H-:.*102-
+U03H1 U03 +U02
+OH - U03 .1+H20
+CL2- U U03 +HCL..
+HCLO U03 r- +CL- 
+E- - U02 .+OH-
+H202 * U03 -+R20
+02- U03 . H02-
+02- U02 +-OH-
+H02 U U03 +202
+E- U03H : +OH- .
+02- U U03-: .4._+02
+H20 U U03H '+OH-
+H = U02 ".+H20
+H *U03H!?'- ' 

-H20-

+OH-- .

-H20 -

-H.

CL- -1120

-20
-l

-+
-H20

+CL-

icc

ic(
ic(

ic
ic(
icc
icc
icc
icc
icc
icc
icC
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icC
ic
icc

icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc
icc

13=2}r
23=
3)=
43=
5)-
6)=
'7)=
83=
9) C

10)=
11=)

123=
13)
143=
15)=
16)
17)3
18)=
19)3
203=
21)3
22)3
23)3
24)=
251=
26)a
27)-
28)-
29)3-
30)=
31)-
32) -
33)=
34)3
35)=
36) 
37)=
38) 
393=
40)=
413r
42)=
43)
44)=
45).
463=
47)-
48)-
49)=
50) =
511=
523=
533=
543=
55)=

3.400E+07 *

2.700E+07
1.OOOE+10
7.100E+09 *

5.SOOE+09 *

1.200E+10
7.500E+09 *
7.000OE+09
3.100E+10 *

1.800E+10 *

1.700E+06
1.900E+10 *

1.100E+10
1.300E+10
2.300E+10 *
1.900E+01 *
3.500E+09 *
5.500E+09 
2.000E+10 *
2.500E+10 *
2.000E1+10 *
9.OOOE+07 *
2.200E+07
2.100E+10
2.OOOE+10
7.800E+09
9.600E+07
8.400E+05
8.000E+05 *

5.000E+10
2.000E+l0
3.560E-02 *

1.430E11
2.599E-05
1.800E+09 *-H+
4.000E+08
4.000E+08 *
4.000E-03 *
2.OOOE-02
2.000E+08
2.000E+08
3.000E+O0*0
8.000E+08
8.000E+08
4.000E-03'*
5.000E+08 -
2.000E-02
2.000E+08'*
4.OOOE+08*
4.000E+08
5. OOOE+07 *

4.000E+06
1.OOOE+ .01
4.500E+06-*-
4.500E+.05 

-

z ...

. . ..

... ... . .

.. . .

. . ..

.

I 
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TABLE 2. CONMNUED

NO REACTION RATE CONSTANT

56 U03 +HO2 = U03H +02 KC 56): 4.000E+06 '
57 02 = 02D KC 57): 4.000E-03 '
58 H2 = H2D XK 58)= 1.000E-02 -
59 H202 = H202D R( 59)= 3.OOOE-03 -
60 H202 = H20 +0 K( 60)= 1.OOOE-03 '
61 0 +0 = 02 X( 61)= 1.000E+09 *
62 U03 = U03D KC 62)= 4.000E-05 *

63 U02 +02 = UO3H +HO2 -H20 X( 63)= 1.000E-04 *

64 U03H +02 = U03 +HO2 K( 64)= 1.OOOE-04 *
65 U02 = UO2D X( 65)= 7.000E-02 '
66 U02D = U02 K( 66)= 7.000E-08 *
67 OH +CL- = CLOH- R( 67)= 4.300E+09 *
68 OH +HCLO = CLO .+H20 K( 68)= 9.000E+09 *
69 OH +HCLO2 = CLO2 +H20 Rl 69)= 6.300E+09 *
70 E- +CL = CL- +H20 KC 70)= 1.000E+10 *

71 E- +CL2- = CL- +CL- +H20 X 71)= 1.OOOE+10 *

72 E- +CLOH- = CL- +OH- +H20 Rl 72)= 1.OOOE+10 *
73 E- +HCLO = CLOH- KC 73)= 7.200E+09 *
74 E- +CL2 = CL2- KC 74)= 1.OOOE+10 *

75 E- +CL3- - CL2- +CL- Rl 75)= 1.OOOE+10 -
76 E- +HCLO2 = CLO +OH- Rl 76)= 2.500E+09 *
77 E- +HCLO3 = CLO2 +OH- KC 77)= 4.000E+04 *

78 H +CL = CL- +H+ K 78)= 1.000E+10 *

79 H +CL2- = CL- +CL- +H+ Rl 79)= 8.000E+09 *

80 H +CLOH- = CL- +H20 XK 80): 1.000E+10 *
81 H +CL2 = CL2- +H+ Kl 81)= 7.000E+09 -
82 H +HCLO = CLOH- +H+ Rl 82)= 2.000E+09 '
83 H +CL3- = CL2- +CL- +H+ X 83): 1.000E+10
84 H02 +CL2- = CL- +HCL +02 RX 84): 4.OOOE+09 '
85 HCL = CL- +H+ Rl 85)= 5.000E+05 *
86 H02 +CL2 = CL2- +H+ +02 Rl 86): 1.OOOE+09 -
87 H02 +CL3- = CL2- +HCL +02 Rl 87): 1.OOOE+09 '
88 02- +CL2- = CL- +CL-. +02 Xl 88): 1.200E+10 -
89 02- +HCLO = CLOH- +02 Xl 89)= 7.500E+06 *

90 H202 +CL2- = HCL +HCL - +02- Xl 90): 1.400E+05 *
91 H202 +CL2 = H02 +CL2- +H+ XC 91)= 1.900E+02 *
92 H202 +HCLO = HCL. +H20 +02 XC 92): 1.700E+05 *

93 OH- +CL2- CLOH-: +CL- XC 93): 7.300E+06 *

94 OH- +CL2 = HCLO +CL- KX 94): 2.160E+08 *

95 H+ +CLOH- = CL :+H20 X 95): 2.100E+10 -
96 H20 +CL202 = HCLO +HCLO2 XC 96): 5.000E+02 *
97 H20 +CL202 = 02 +HCLO +HCL XC 97): 1.000E+02 *

98 H20 +CL2O = HCLO +HCLO X 98)= 1.000E+02 -
99 H20 +CL204 = HCLO2 +HCLO3 Xl 99): 5.000E+02 *

100 H20 +CL204 = HCLO +HCL +04 X100)= 1.000E+02 *

101 04 = 02 +02 XC101)= 1.000E+05 *
102 CL- +CL = CL2- K(102)- 2.100E+10 *

103 CL- +CLOH- = CL2- +OH- Rl103)= 9.000E+04 *

104 CL- +HCLO = CL2 +OH- K(104)= 1.000E-04 * -
105 CL- +CL2 = CL3- KC105)= 1.000E+04 *
106 CLOH- = OH +CL- X1106)= 6.100E+09 *
107 CL2- = CL - +CL- ;X107)= 1.100E+05 -
108 CL2- +CL2- = CL3- +CL- XC108)= 7.OOOE.09 *
109 CL3- = CL2 +CL- X109)= 5.000E+04 *
110 CLO +CLO = CL202 --- XC110)z 1.500E+10 *
111 CLO2 +CLO2 = CL204 Xc1ii): 1.0001E05 *
112 CL202 +HCLO2 = HCLO3 +CL20 XC112)= 1.000E05 -
113 HCLO = CLO- +H+ XC113)= 1.000E+02
114 H+ +CLO- = HCLO XC114)= 1.000E+10
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TABLE 3 G-Values

a . ,y Phasel I ,y
Norrnal corrected*

OH
E-
H

H202
H+
OH-
HO2

-H2 0

0.24
0.06
0.21
1.3
0.985
0.06
0
0.22
2.71

2.67
2.66
0.55
0.45
0.72
2.76
0.1
0
6.87

2.31
2.28
0.50
0.57
0.76
2.36
0.08
0.03
7.72

3.85
3.19
0.60
0.52
0.29
3.29
0.10
0
7.72

.

Corrected for scavenging in spur and direct effect in S m NaCI solution

TABLE 4 G-values proposed by Kelm and Bohnert for strong saft solutions

Species
-

H1 02
H2
H
e

OH
OH-
H4

Cl'
Cl:-
H2 0
ClOH'
Cl;

P. -y
(from ref 4.5)
0.11:
0.63 

-0.85 -
3.35
031
1.58
0.00
-9.86
4.93

- -5.46 - -

0.00
0.00

-

a - . . Mixed ratiation. ,
14.7% a. 85.3% P, y

0.23 0.128
I.52 - 0.761
026. 0.762
0.06 2.866
0.0' 6 2.866
2.08 - 1.654
0.00 0.000

-3.76 -8963
0.00 4.205
-3.31 . -5.144.
0.55 0.081
1.07 0.157

HOI 0.00 0.05 0.007

351



TABLE 5 Rates for generation of radiolysis gases and fuel alteration during spent
fuel dissolution. Summary of experimental results from Granbow et al (96GRA/LOI,
95LO1/GRA)

Sample Solution Gas generation rate Fuel alteration rate HP/FA
10 mole g* ed 10'9 mol U02 g 1-d'

H2 02

Pellet DIW 1.2 0.9 6.43.0
Pellet NaCl" 1.9 0.8 2.0 15'
Powder NaCI 2.6 ? 23 2.4
Pellet NaCVFex 10.5 c0.1 0.05 u.a

* Hydrogen production/fuel alteration
* 95 % saturated
x iron powder

TABLE 6 Additional G-values because of diffusion (molecules/i1O eV)

Calc no Phase No AC in 100 d G (to be used in next phase)
02 D H2 D H2 02 D 02 H2 H2 02

EU11 1 1.44E-3* 1.34 0.47 1.01 E-5 9.5E-3 3.3E-3
EU12 2 6.13E-1 1 4.03E-3 4.066E-6 6.8E-6 4.5E-5 4.5E-8.
EU18 1 6.1E-4 1.31 0.172 4.3E-6 9.2E-3 1.21E-3
EU19 2 4.7E-11 4.6E-3 4.OE-6 5.2E-13 5.1E-5 4.4E-8
EU21 2 4.6E-3 5.1 E-5

1 .

' read as 1.44-10-3
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TABLE 7 Calculation of radiolysis caused by a fuel pellet in deionized water.

Calc no Concentrations after 200 d
Phase

H2 H202 02 H2D 02 D rU0 1 D
EUII I 3.9E-6 4.2E-6 1.00E-8 1.73 Original kD used
EU12 2 1.09E-5 3.2E-8 3.1E-13
EU13 2 120E-5 1.03E-5 1.60E-5 G(H2D) removed
EU14 2 1.00E-5 6.2E-6 9.5E-6 - All G(D) removed
EUIS 1 2.3E-3 7.6E-8 2.6E-12 2.3E-3. no diffusion
EU16 I 7.7E-6 8.6E-6 2.7E-8 2.66 02D, H202 D removed

- kH2D50%
EU17 1 1.52E-5 8.5E-6 2.6E-8 2.62 02D, H22D removed

kH 2D 25%
EUIS 1 152E-5 6.6E-6 1.79E-8 2.6 1.23E-3 2.274 All kD 25%
EU19 2 1.25E-5 3.IE-8 2.3E-13
EU20 3 1.84E-6 9.9E-7 1.43E-6 1.20E-4 5.9E-S No diffusion from phase

EU21 2 1.24E-5 3.1E-8 2.3E-13 02D, H2 02D. removed
EU22 3 1.79E-6 9.4E-7 1.35E-6 1.17E-4 5.6E-5 Phase 3 incl diff of H2
EU23 3 6.7X10-6 I.9E-5 3.OE-5 4.4E-4 1.24E-3 EU20 but (02D)o=

1.037F3 - -
EU24 3 2.5E-6 l.9E-6 2.9E-6 1.62E-4 I.18E-4 - EU20 but O2D104

mi/rin.
EU25 3 4.5E-6 8.2E-6 1.28E-5 3.E-4 5.3E-4 EU20 but 02D 103

, mallmin
EU26 I 3.5E-5 8.1E-5 8.2E-6 6.1 0.56 0.82 EU18 but 9520 Gylh a
EU27 1 1.2E-5 4.3E-6 3.5E-9 2.1 2.4E-4 1.84 EU26 but 9520 Gy/hP

* kD = rate constant for diffrusion
: :
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TABLE 8 Calculation of radiolysis effects caused by a fuel pellet in a 5 m NaCI solution. pH8. Dose rate 9520 Gy/h (mixed
radiation)

Concentrations at 200 d, mol-cm 3 Conc at Corr rate pig.cm 2.d Comments
400 d

EU no 11202 02 11C0 UOH C1O UOD UOD 0.200 d 0-400 d
83 1.8E-6 1.2E-9 -0 1.0E-4 3.4E-3 2.36 4.73 9.6 9.6 Corr scavenging in spur
84 1.6E-6 I.OE-9 -0 I.OE4 3.42-3 2.37 4.75 9.6 9.6 Corr scavenging + direct effect
124 1.6E-6 I.OE-9 4.2E-9 1.OE-4 3.4E-3 2.37 4.75 9.6 9.6 G-values from EU84 mechanism from EU123
125 1.IE-6 6.5E-9 3.1E-5 I.IE-4 5.1E-3 3.53 7.07 - 14.3 14.3 Kelm's.G-values, mech. From EU123
129 I.IE-6 6.5E-9 3.1E-5 I.IE-4 5.1E-3 3.53 7.07 14.3 14.3 As EU125, but k34=k45 43-3 (was IE-2)
130 2.8E-8 1.62-5 0.29 4.1E-5 7.8E-4 0.53 1.08 2.1 2.2 As EU129. but k,,=k44=IE4 (RE wCli)
131 7.9E-7 4.0E-6 4.0E4 1.2E-4 4.3E-3 3.02 6.00 12.2 12.2 As EU129. but k37=k,=IE6 (RE w Cli)
132 3.0E-8 1.5E-5 0.22 5.6E-5 1.4E-4 0.93 1.9 3.8 3.8 AsEUI29, but k37=k44=IE5 (RE wCl)
133 1.4E-7 9.1E-6 1.0E-2 9.7E-5 3.4E-3 2.32 4.63 9.4 9.4 As EU129. but k37=k 44=5E (RE w Cli)
134 5.2E-8 1.2E-5 6.6E-2 8.3E-5 2.7E-3 1.85 3.69 7.5 7.5 As EU 129, but k, 4=k=3E5 (RE w C2)

Re 37 and 44 arc reactions of U-spccies with Cl 2

TABLE 9 Corrosion rates of UO2 in deionized water and in 5 m NaCI solutions.

Time, d AC(UO3D) Corrosion rate
mol.dm-3 ug cm 2 d

Deionized water, calc. no 18 K2
0-200 2.28 9.6
513-1604 12.44 9.6
5 m NaCI solution. Calc no 129 K9
0-200 3.53 14.3
514-1697 20.9 14.3

.o .--..# 
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FIRST TEST SERIES
TABLE I: Uranium concentrations of the media in the test containers during the washing
steps

start datt washlag date C. ,0act accmulated ample nr 1 came U DCC U totl U
unq2I)ng date) tim duratW (Pg/I) (Mal) Inidy washe

,(das) (das) off(Po
RIC 97-03-26 97-03-28 2 2 RIC970320-1lU2vtl 15700 6.6E-05 33-05 628

RIC 9743-26 974.1 4 6 RlC970320-1/U2tv2 2220 93-06 23E06 717
RIC 9703-26 97404-04 3 9 RC970320-1l/U2v3 559 234-06 7.84-07 739
RIC 97-03-26 97-04-07 3 12 RlC970320-11U2v4 200 8,4E-07 2.84-07 747
RIC 9703-26 97-04-1 4 16 REC970320-1U2/v/S 144 6,18-07 1.5E-07 753
RIC 9743-26 97-04-14 3 1R9 C970320-lU2v/6 86 36E-07 12E-07 756
RIC 97-03-26 97-04-21 7 26 REC970320-llU12vn 70 3OE7 4.2E-08 759
REC 97-03-26 97-04-28 7 33 RIC70320-/U2/8 70 3E 07 4,2E-08 762
RIC 97-03-26 9705-13 15 48 RJCllU2/v19 151 6.34-07 4,2E4S 768
RIC 97-03-26 97-05-21 8 56 RIC- lU21v/1O 104 4,4E-07 5,5E-08 772
RIC 97-03-26 97-05-28 7 63 - RJC-1U2/v/1 1 91 3,8E7 5SE4S 776
REC 97-03-26 97-06-04 7 70 RIC-llU2v/12 91 3,8E47 55 E.8 779
RIC 97-03-26 97-06-13 9 79 RlC-lU2v/13 117 4,9E-07 5,5E-08 784
RIC 97-03-26 97-06-20 7 86 R-II)Uv/4 91.1 3,8E-07 5.5E-08 788
RIC 97-03-26 97-06-20 7 86 RC-2/U2tv/14 102 43E07 61E-08

SCW 97-03-26 97-03-28 2 2 SCW970226-11U2v/i 19700 83-05 4.1E-05 788
SCW 97-03-26 97-04-01 4 6 SCW970226-lU2/v/2 3600 1.5E-05 38E-06 932
SCW 97-03-26 97-04-04 3 9 SCW970226-1LU2/v/3 1200 5,0E-06 1.7E-06 980
SCW 9743-26 97-04-07 3 12 SCW970226-lU2v/4 703 3,0E-06 9,8E-07 1008
SCW 97-03-26 97-04-11 4 16 SCW970226-IU2/v/5 731 3.1-06 7.74-07 1037 -
SCW 9703-26 97-04-14 3 19 SCW970226-IU21v6 548 2.3E-06 7.74-07 1059
SCW 97-03-26 9744-21 7 26 SCW970226-lJ2v7 239 IOE46 IE47 1069
SCW 97-03-26 97-04-28 7 33 SCW970226-11U2/vl 239 OE45 I 1078
SCW 97-03-26 97-05-13 15 48 SCW-1fIJ21v19 513 2.24-06 1I,4E-7 1099
SCW 97-03-26 9745-21 8 56 SCW-U2/vIIO 152 6,4E-07 8.OE-08 1105
SCW 97-03-26 9705-28 7 63 SCW-I/U21vMl 1 J33 5,6E-07 8,OE-08 1110
SCW 9703-26 97-06-04 7 70 SCW.llJ21v/12 133 6E47 8,0E48 1116
SCW 97-03-26 97-06-13 9 79 SCW-1ll/v113 171 7,2E-07 8,0E4S 1123
SCW 97-03-26 97-06-20 7 86 SCW-llU21vl14 133 5hE407 8S 1128
SCW 97-03-26 97-06-20 7 86 SCW-2&U2JvIl4 192 8,E-07 1 27

SCWHA 97-03-26 97-03-28 2 2 SCWHA970304-l/U2v/1 17200 7.245 3,6E5 688
SCWHA 9703-26 97-04-01 4 6 SCWHA970304-IlU2iv/2 3220 1,4E-45 3,4E6 817
SCWHA 97-03-26 97-04-04 3 9 SCWHA970304-1/U21v/3 948 4,0E-06 13-06 855
SCWHA 97-03-26 97-04-07 3 12 SCWHA970304-11UJ/v14 541 238-06 7.6-07 876
SCWHA 97-03-26 97-04-11 4 16 SCWHA970304-1/U2/v/5 376 1.64-06 39-07 891
SCWHA 97-03-26 97-04-14 3 19 SCWHA970304-IlU2/v/6 138 5,88-07 1.94-07 897
SCWHA 97-03-26 97-04-21 7 26 SCWHA-IlU219Sv 207 8.7E-7 1,2E-07 905
SCWHA 97-03-26 - 97-04-28 7 33 SCWHA970327-U2/v/8 92 3,9E47 5 ,SE-08 909
SCWHA 97.03-26 97-05-13 15 48 SCWHA-IlU2v/9 197 834-07 5.5-08 917
SCWHA 97-03-26 97-05-21 8 56 SCWHA-IU2hivIO 99 4,2E-07 S 2E- 921
SCWHA 97-03-26 97-05-28 7 63 SCWHAIlU2vfl 1 87 i7E47 5,2E-08 924
SCWHA 9743-26 97-06-04 7 70 SCWHA-IJ2/vl12 87 37E47 5,2E 08 928
SCWHA 97-03-26 97-06-13 9 79 SCWHA-1/U2Jv/13 112 4,7E-07 5,2E-0 932
SCWHA 9743-26 9746-20 7 86 SCWHA-1/U21v114 86.9 3.7-07 52E08 936
SCWHA 97-03-26 9706-20 7 86 SCWHA-21U2114 211 8.94-07 23-08

SCWHAC 97-03-21 97-03-25 4 4 SCWHAM70l20- 1lU2fvI 1830 77E-06 1.9E-06 73
SCWHAvC 97-03-21 97-03-28 3 7 SCWHXA972IlO-IU2Jvf2 1280 5.4E6 I.SE-06 124
SCWHA\C 97-03-21 974401 4 11 SCWHA970210-1UVv/3 1060 4.5E-06 1,1E-06 167
SCWHA\C 97-03-21 97404-04 3 14 SCWHAC97020-1/J21v/4 811 3.4E-06 1.,-06 199
SCWHAC 97-03-21 97-04-07 3 17 SCWHA970210-1IU2/vv5 680 2.98-06 9.58-07 226
SCWHA\C 97-03-21 97-04-09 2 19 SCWHAC9702i 0-lIl2tv/6 525 22-06 1.11E-06 247
SCWHAC 97-03-21 9744-11 2 21 SCWHA\C97o210-Iw2vvn 447 1.9-06 9.4-07 265
SCWHA\C 97-03-21 97-04-14 3 24 SCWHA97 020-1/U21v18 461 I9E-06 651-07 284
SCWHAvC 97-03-21 97-04-21 7 31 SCWHAC970210-1lU2/v19 240 1,OE46 1,4E-07 293
SCWHAC 9743-21 97-04-28 7 38 SCWHA%972l0-1lU2ivl10 240 1,OE-06 1E-07 303
SCWHA\C 97-03-21 9705-13 15 53 SCWHA\C-IU2IvI11 514 2.2-06 1,4E-07 324
SCWHAvC 9743-21 97-05-21 8 61 SCWHAC-W2/vt12 311 1.3E406 1,6E-07 336
SCWHAV I 9-e3-21 97-05-28 7 68 SCWHRAC-lU2/v/13 272 1 1IE-0 I.E477 347

SCWHAC 19703-2 _-603 6 1 74 1
SCWHA\C 197-03-21 97-06-03 6 | 74 |

:-I/U2/5/1/4 J 233 | 9II EL17I 1.68-07 [ 3
:-2/l5/v/14 J 248 1 I.OE-06 1.78-07 I

The values in italic are intepolations of the measured values. The 9)% probability interval is within 15b.
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Appendix 7: Original test data obtained by -N
SCK.CEN
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Tab. 10: ORIGEN calculation of MOX composition (21.1 GWdU)
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Tab. 9: ORIGEN calculation of UO2 fuel composition (bum-up 53.1 GWd/).
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Tab. 8: ORIGEN calculation of U02 fuel compositon (bum-up 45.7 GWd4).
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Tab. 7: ORIGEN calculation of U02 fuel composition (bum-up 31.5 GWd/t)
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The objective of this project was the source term-quantification for spent fuel performance
assessment in granite, clay and salt formations. Four materials (U02, Simfuel, U02-burnup
50 MWd/kgU and spent MOX fuel) were studied under a variety of conditions.

MOX fuel shows significantly higher release rates for Pu and other radionuclides than UOX
fuel. The general reaction mechanism of the spent UOX fuel matrix dissolution was found
to be similar in various geological formations. Differences in UOX spent fuel corrosion
rates were explained by the effect of. groundwater constituents on solubility, surface
complex formation and electrochemical corrosion potentials. Key parameters were
radiation field, redox conditions and'carbonate concentrations. Salinity and humic acid
concentrations were less significant. In the presence of repository rock and iron (container
material), spent fuel matrix dissolution rates are as similar as in their absence, but the
environmental materials retained up to 99 % of the total released radioactivity. Partial
pressures of hydrogen (from container corrosion) of 2.7 bar were observed to reduce
spent fuel corrosion rates by a factor of 500. Coprecipitation was found to be an important
retention mechanism for actinides.

Model development (electrochemical,.geochemical, solid solution, reaction path, surface
complexation and radiolysis) and modelling results of various aspects (rates, solution
concentrations, reaction products, corrosion potentials, pH, etc.) of the spent fuel
dissolution process were confirmed experimentally.

For spent fuel, corrosion rates are expected to remain lower than 10-6lyear. Due to
uncertainties in the prediction of the temporal evolution of radiolysis effects on surface
oxidation potentials, it is not yet possible to describe the transition from radiolytically
dominated anaerobic to reducing environments in a realistic manner. It is recommended
to treat grain boundary inventories as part of the instant release term in a source term.
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