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Preface
In preparation for coming site investigations, SKB has carried out an assessment of the
post closure safety for repositories with spent nuclear fuel in deep granite formations.
The results of the project are documented as a series of reports under the title "SR 97"
(SKB 1999a, 1999b, 1999c, 1999d). The present review addresses spent fuel related
issues in these reports in relation to the overall objectives of SR 97. Other issues
(methods, scenario, canister corrosion, etc.) are addressed as far as spent fuel behavior
is concerned.

The long term safety of geological disposal of spent fuel is assessed in SR 97, as in any
other safety assessment, based on different types of models derived from experimental
or field observations, considering diverse theories, assumptions and hypotheses. The
present review attempts to evaluate whether the selected radionuclide release models for
spent fuel are sufficiently well founded on experimental observations and whether the
underlying theories, hypotheses and assumptions are sufficiently justified. A special
concern is the methodology for concluding from short term experimental observations
on the long term spent fuel performance. In certain cases alternative model and data
choices are reported in the literature. It is then evaluated whether the choice taken by
SKB is suitable for safety assessment. The encountered uncertainties in scenario,
models, and data are in most cases not only pertinent to the approach selected by SKB
but to many international projects on spent fuel performance assessment as well.

The review represents the view of the author, which is not necessarily identical to that
of SKI.

Summary
The solid waste form "spent fuel" constitutes both the dominant radionuclide source as
well as a first radionuclide retention barrier of a planned future high level nuclear waste
isolation systems in deep granite formations. In order to evaluate the performance of
spent fuel as part of the multibarrier containment system in a deep 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 time but as well on the
geochemical and hydraulic environment of the disposal location. The study SR 97
documents the large effort of SKB to assess the long-term performance of a repository
containing spent nuclear fuel. Scenario and consequence analyses are clearly described,
considering major physical and chemical interactions of the various components of the
multi-barrier isolation system. The approach attempts to assess both a realistic and a
pessimistic evolution scenario.



The present report attempts to evaluate whether this approach is thoroughly carried
through to assess the performance of spent nuclear fuel in a repository. Main issues are
radionuclide inventories and inventory distribution between structural parts of the fuel
assembly and the fuel matrix, potential fuel alteration prior to water access, as well as
models for fuel matrix dissolution and instant release fractions.

Uncertainties in radionuclide inventories are discussed and were found for many
radionuclides to be higher than assumed in SR 97. This is particularly true for Cl-36.
This nuclide is a potential key biosphere dose contributor in various international safety
assessments. Of particular importance are uncertainties related to the partition of
radionuclides between metallic parts of the fuel assembly and the fuel matrix, since
inventories of metallic parts are considered to be released instantaneously. Using C-14
as an example, it is shown that high uncertainties in release properties result from the
(uncertain) choices in this partitioning.

The analyses of the fuel performance in the case of groundwater access is in SR 97 is
based on the assumption that the fuel integrity and fuel oxidation states do not alter
prior to water access. No account is taken for potential fuel oxidation in a defected
canister during interim storage or disposal. Fuel oxidation at surface temperatures of
200-400°C during storage or disposal is expected to be fast. This process is known to
strongly alter fuel integrity.

Special attention is given to processes and models which describe spent fuel dissolution
and radionuclide release in the case of groundwater access to the fuel. Based on a
detailed discussion of the current state of knowledge of radiation assisted fuel
dissolution models it is concluded that the long term corrosion rates of the fuel matrix
used by SKB with a value of 10"8/year are overly optimistic. The proposed long-term
corrosion rate is considered to be independent on environmental parameters such as pH,
PCO2 or of fuel specific parameters such as burnup or surface area. As discussed in this
review, these assumptions are in conflict with experimental observations.

It is concluded that the SR 97 approach to the assessment for radionuclide release from
spent fuel assemblies is characterized by an optimistic view which is not necessarily
incorrect but which is not sustained by the base of current knowledge. A significant
drawback is that the source term is not quantified based on the experimental results of a
more than 20 year lasting spent fuel leaching program performed in the STUDSVIK
laboratory, but rather on theoretical concepts whose quantification is poorly
documented and on experimental data obtained from unirradiated UO2.



Basic fuel characteristics

Burnup

It is assumed that 38 GWd/tU BWR fuel data are more or less representative for the
large suite of fuels to be disposed off (the value of 38 MWd/tU used on Page 59 in SKB
1999a is to be considered as a typographic error). With the exception of MOX fuel, the
error associated is probably small, but this is not necessarily valid for all radionuclides,
particularly for activation products in the structural parts of fuel assemblies and for
higher actmides. SR 97 gives only the expected average burnup of the fuel, a probability
distribution function of burnup and linear power would be useful to assess uncertainties
in radionuclide inventories. This is particularly important for fission products and
actmides, whose formation requires capture of 2 or more neutrons (e.g. Cs-134, higher
actinides) for which the inventories are a non-linear function of burnup. It is well
understood that the average burnup covers all spatial longitudinal and axial variations of
burnup. Spatial variations of inventories at different locations are well known for many
radionuclides, however the approach SR 97 does not account for a detailed spatial
scenario of water access. The potential inventory based error associated to this approach
is probably lower than a factor of 2.

Radionuclide inventories

The total radionuclide inventories appear to be reasonable. The referenced report
(Hakanson 1999) is not yet published. However, there is no distinction made between
radionuclide inventories in cladding, in fuel matrix and in metal parts. All these
inventories appear to be summed up into an overall inventory.

Radionuclide inventories are calculated based on ORIGEN type calculations. This code
is validated with respect to major fission products like Cs-137 or Tc-99, as well as for
actinides and activation products, however for certain nuclides such as Cl-36 no
validation has yet been performed. This is very important as the model calculations of
the recent "Spent fuel disposal performance assessment, SPA" project (Baudoin 2000)
show Cl-36 to be the dominant dose contributors in many calculations. The quoted
uncertainties of 12% for fission products and 20% for actinides are probably realistic for
many but are not applicable to all long-lived nuclides. Uncertainties with respect to
inventories of Se-79 or of Sn-126 are as high as 600% and calculations for many other
radionuclides such as Pd-107 are not yet validated (Guenther, 1991). A large source of
uncertainties for inventories of activation products is the impurity levels in the base
materials such as Zircaloy, UO2, Hasteloy etc. This uncertainty could influence the
calculated inventories for example of Cl-36 by as much as an order of magnitude. In the
performance assessment SPA (Baudoin 2000), the variation of Cl-36 inventories in the
sum cladding and structural parts was as high as a factor of 10000 between the
assessments of the different project partners ENRESA, VTT, IPSN, GRS, NRG and
SCK.CEN. There is no documentation provided in SR 97 which shows how



uncertainties on Cl-36 inventories are considered. A value of 5.5-108 Bq/tU was used in
SR 97 for the inventory of the sum of fuel rod, cladding and structural parts, which is
among the lower values used in the SPA project ( 4108-3-109 Bq/tU, variation probably
governed by using either maximal allowed impurity levels in the fuel and on the other
hand more realistic average inventories of impurities) but no value for structural and
cladding parts is given. Instant release fractions of Cl-36 with and without metal parts
are equal (6%) indicating insignificant release from structural parts and cladding. Since
inventories of cladding and structural parts are considered to be dissolved
instantaneously, this would mean that the used inventories for Cl-36 in these metals are
extremely small. In the SPA project, the partners were divided in those who assumed
that only about 0.01% of the total Cl-36 inventory is in the metal parts and others that
considered values as high as 30%. If it were true that as much as 30% of the Cl-36
inventory was in the cladding, than the instant release fraction of Cl-36 in SR 97 would
augment by a factor of 6. A recent assessment of radionuclide inventories in the French
nuclear energy program indicates an inventory of 2.4 g Cl-36/tU (2.7iO9Bg/tU) where
about 91% of Cl-36 is in the fuel and 9 % is in structural parts (CNE 1998). Considering
this, it appears that the approach of SR 97 is rather optimistic and it is recommended to
use higher IRF values for Cl-36 of at least 15% (6% from fuel and 9% from structural
parts. It is further recommended to increase the uncertainties in the total Cl-36 inventory
to +700%. Using these values in a scenario with large initial canister defects, Cl-36
could become a dominant dose contributing nuclide.

Table 1: Comparison of typical nuclide inventories ofSR 97 (Bq/tU) with the range of
values used in the European project SPA (Baudoin 2000). SPA data are obtained by
various European waste management organizations with burnups between 36 and 55
GWd/tU, with activity values either after discharge or for decay times between 20 and
50 yrs. For comparison, inventories of metal parts and the fuel are added for the SPA
data as reported for SR 97

Nuclide SR97 SPA minimumSPA maximum
Se-79
Ni-59
C-14
Tc-99
Cs-137
Pd-107
Cl-36
Np-237
Pu-239

2.80E+09
8.80E+10

5.00E+10
5.70E+11

1.80E+15
4.90E+09

5.50E+08
1.50E+10

9.50E+12

1.60E+10
6,00E+10

2,00E+10
5,20E+11

1.00E+15
4,50E+09
4.00E+08
1,70E+10

1.30E+13

2.40E+10
3,00E+11

9,00E+10
7.00E+11

5,00E+15
7,30E+09
3,40E+09
2,30E+10

1.40E+13

A comparison of the used radionuclide inventory with those of the various partners in
the European SPA-project is given in the table above for the main nuclides. For many
radionuclides there is a close agreement, however, besides Cl-36 another radionuclide



showing large variations is Se-79. The lower Se-79 value at a given fission yield is
probably attributed to the larger half-life of about 1 million years used in SR 97,
whereas a value of only 64000 years is used in the SPA project (Baudoin 2000). The
6.4E+04 years value is based on the work of Parker (1949), but has been found to
contain an arithmetic error of a factor of 10 (O.W. Hermann, 1993) and should at least
be 6.4E+05 years, the recommended value of the ENDSF listing from Aug. 2000 is of
1.1 million years is based on the work of Jang et al. (1997) other currently reported
values are 0.48E+6 years and 1.13E+6 years. Hence the 1 million year value is more
close to the correct value, and the calculated lower activity of Se-79 in SR 97 is more
reasonable than the values used in the SPA project.

Inventories of non-radioactive fission products

It appears that non-radioactive fission products such as Xe or the rare earth elements are
generally ignored in the description of the fuel and in its interactions with its
environment. This has consequences with respect to pressure build-up, fuel
microstructure development and radionuclide retention. Rare earth elements provide for
example secondary phases that might retain large quantities of trivalent actinides.

Surface area

Fuel BET surface areas between 59 crrrVg and 121 cnf/g are reported in SKB 1999b
(The quoted particle sizes of 700-1700 mm and 900-1100 mm must be typographic
errors, with "um" being probably the correct value). Spent fuel surface areas are higher
than surface areas of unirradiated material, due to accumulation of fission products at
grain boundaries. This accumulation makes these grain boundaries more accessible to
water. This would mean that surface area is a function of burnup. Thus there is a non-
linear coupling between surface area dependent radionuclide release rates and burnup.
The report discusses various pros and cons of using BET surface areas. The
accessibility of the BET surface area to water has been questioned. Indeed, in the short
term of few minutes to hours of a BET sorption measurement it is not certain whether
water molecules can enter into all the grain boundaries as easy as inert gases, but it
appears reasonable to assume for relevant periods of years to thousands of years that
there is sufficient time for water molecules to access the BET surface area. It is not
stated which choice of surface area determination (geometric or BET) that is used in SR
97. The reason is probably that fuel surface area is not considered to be one of the major
variables in the fuel-cavity-subsystem of SR 97. Indeed, fuel matrix dissolution rates as
well as instant release fractions are described independent on surface area in fractional
units. However, surface area remains one of the hidden variables in the system because
surface area normalized data for the effect of H2O2 on unirradiated UO2 dissolution are
used to predict fuel dissolution rates. In case the BET surface area would have been
used, the rate would probably be 60 times higher than if the geometric surface area was
used.



Representation in SR 97 of heterogeneous radionuclide distribution

For the 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 UO2
fuel), irradiation history, linear power and burn-up.

SR 97 points to the increased microstructure and nuclide inventories at the pellet rim,
but no consequences are described on how these observations are used in radionuclide
release calculations. The highly burned fuel rim contains a few percent of the
radionuclide inventory. In SR 97 a very low fuel dissolution rate of 10~8/a is used. The
implicit assumption is that this rate is also applicable to the fuel rim, however, there is
no discussion at all whether this is reasonable or not. If the porosity is higher, also the
local surface area should be higher. This should result in an increase in corrosion rates,
and due to the higher radionuclide inventory it should even more result in higher than
average radionuclide release rates. Furthermore, higher inventories of alpha-emitters
should increase locally radiolytically enhanced fuel dissolution.

Radionuclides in the fuel-clad gap

There is a discussion of literature data on fission gas release, leading to the selection of
a reasonable value for gas release of 2% as a reference value, and for Cs release a value
of 2% as a pessimistic value. However, a clear analysis, of the expected distribution and
of the maximum values is missing. It is stated that the majority of the analyzed fuel has
a gas release of less than 5%, without saying whether the analysed fuel is representative
for the expected burn-up and linear power distribution. The data indicate that a
pessimistic value would lie higher than 5%.

It is confirmed in SR 97 that, in contrast to CANDU fuel, for LWR fuel no systematic
study exists on the relation between Cs and I segregation to the fuel clad gap and fission
gas release. The few data quoted indicate that Cs release to the fuel clad gap is similar
or even higher than gas release. It is therefore probably more coherent to assume that
the selected value of 2% for Cs release refers to a reasonable and not to a pessimistic
value. The pessimistic value could probably be as high as 5%.

Radionuclide accumulation at grain boundaries, segregation.

It is stated that aside from the e-Ru-phase the grain boundary inventory is within the
margin of error close to zero. Particularly, results from Scanning Auger Analyses of
L.Thomas (1988) are quoted to sustain this statement, showing no detectable Cs, Tc and
Sr. However the detection limit of this method is close to 1%, and the inventory of Cs
in the fuel is 0.4 wt%. Thus, even an accumulation of 2% of the inventory at the grain
boundary surface would not be detectable. Fuel powder leach data from the literature
indicate that Cs segregation to the grain boundary could amount to values higher than
1%. A reasonable value for Cs is probably close to 1%. In contrast, one can probably
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agree that grain boundary inventories of Sr are small. Grain boundary inventories are
also discussed in the instant release fractions below.

Long term property evolution of spent fuel in the canister

The properties of the spent fuel are considered in SR 97 to remain identical to its initial
state, even though the fuel might be exposed to temperatures close to 200-400 °C for
long time periods. Considering the fuel surface temperatures, they may be of equal
magnitude compared to those during reactor operation. If the fuel is exposed to such
temperatures for long periods, severe property modification cannot be ruled out. It is
stated that this is unimportant for post-closure safety because the integrity of the fuel is
not threatened. Hence, uncertainties in the initial state of fuel were not considered to be
essential enough to be handled in a separate scenario. This is a significant drawback of
the present study, considering that in other countries like in France (Poinssot et al.
1999) this is a major research issue. The present database is insufficient to allow
conclusion on fuel integrity for times much longer than typical interim storage periods.

It is stated in SR 97 that cladding defects are most likely local, and, due to hydride
formation, nonetheless, general cladding failure, though unlikely, cannot be ruled out
completely. In the canister defect scenario it is assumed that the cladding has failed
locally, but a global failure, with the fuel rod fallen to pieces, has not been considered.
For this reason, the radiolysis based fuel dissolution model appears to be based on a
hypothetical 100-um gap between the cladding and the fuel. In addition, criticality
calculations appear to be based on the actual geometry of the fuel. There is not only
hydride formation to be considered, but also long term irradiation assisted creeping of
the cladding due to internal overpressure (He, fission gases) of the fuel rod. This cannot
be quantified with the available knowledge, but it adds to the uncertainties of the
present approach. The full disintegration of the fuel should be evaluated in sensitivity
analyses.

The potential implications of the evolution in fuel structure are discussed in the section
on scenario development below.

Environmental conditions relevant to spent fuel
performance in a repository

Water composition / redox conditions

Most critical for spent fuel stability, in the presence of groundwater, is the redox state of
the water. Groundwater chemistry is not coupled directly into the model chain but is
used to determine solubilities of radionuclides and to select relevant property ranges. It
is generally assumed that the groundwaters are reducing. However, in the climate
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scenario, rather oxidizing environments may also be considered. If these conditions
cannot be ruled out, fuel corrosion under oxidizing conditions should be considered as a
separate scenario. This will lead to fuel dissolution rates >10~5/yr. Alternatively, a
statistical evaluation might be useful, showing that it is extremely unlikely to find
oxidizing conditions in deep Swedish groundwaters.

It is probably correct that water in the fuel cavities will initially be in the form of vapor.
However, if water activity of the vapor approaches unity, condensation might occur. In
the case of the canister defect scenario the ingress of groundwater and the subsequent
evaporation will lead to the deposition of soluble salts. The presence of these salts might
alter the corrosion behavior of metals and of the fuel.

Temperature

Initial fuel surface temperatures are expected to be somewhere between 200 and 400°C.
The duration of the high temperature regimes is not given. Uncertainties are considered
great. Consequences of high temperatures are particularly important in case of the
canister defect scenario, because this could lead to fast fuel oxidation (see below).

Radiation intensity

Since radiation level and dose ratio a/p/y are different under disposal conditions
compared to those in the laboratory the measured corrosion rates cannot be used directly
in performance assessment. The surface dose rate after 40 yrs has been estimated as 700
Gy/h, with contributions by beta radiation to about 15%. These values are more than a
factor of 10 lower than respective values calculated in a recent EU-project. Particularly,
the value for the beta dose rate appears to be very low. It shall be evaluated what is the
reason for these differences and a correct value shall be estimated. The contribution of
gamma dose appears to have been ignored.

Calculated dose rate in a container with 4 t of spent fuel (Hauser 1994) are shown in
Figure 1 comparing the dose rates for laboratory experiments with a full sized disposal
cask (German Pollux cask).
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Figure 1: Time dependence of dose rates from spent fuel in experiments (lg in 100 ml
solution) 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 jam from beneath the fuel surface. Comparison to hypothetical
irradiation of total water volume with irradiation of a volume given by the 40 jum
maximum pathway of alpha particles in water

Though the total dose rates expected under disposal conditions are much higher
(Figure 1) than in the experiment (both for a and for p,y) it should be kept in mind, that
only a small fraction of a-particles can escape the fuel (19% from 10 um escape depth)
and in the aqueous phase they can only penetrate to a depth of about 30-50 um. Conse-
quently the oc dose rate within this 30-50 um water layer is the same, both in the
experiment and under disposal conditions. After 40 yrs a value of about 400 Sv/h is
calculated, a similar order of magnitude as considered in SR 97. In contrast to alpha
dose rates, the 8- and y-rates are much higher than those in the experiments. The reason
is the high quantity of fuel in a disposal cask. Beta, gamma dose rates in a SR 97 cask
are expected to be about half those in Figure 1, due to the lower quantity of fuel.
Differences in SR 97 dose rates and those from the EU project are essentially based on
differences in the 6- and y-dose rates. Maybe these differences are associated to
different radiation attenuation in the canister (an iron insert is not present in the Pollux
cask).
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Gas composition

A water vapor content of about 50 g in a fuel canister is considered to result exclusively
from water trapped in the plenum of defected fuel rods. It is stated that about 500 of 1
Mio fuel rods are defective, i.e. 0.05%. Based on about 1100 fuel rods per canister one
may agree with the authors that there will be on average less than one defective fuel rod
in a given canister. However there will be also a non-negligible probability to find two
defective fuel rods in one canister, leading to the double water content in a pessimistic
case, which is higher than the maximum permissible water content. Loading strategies
of the canisters must therefore ensure that not more than one defective fuel rod is
disposed in a single canister. It cannot be excluded that during handling of the disposal
container, more than one fuel rod become defective, which will of course not increase
the water content.

Also surface sorbed water of at least some atomic layers must be considered.
Considering an overall cladding surface in a canister of about 140 m2, a 1 nm film of
surface sorbed water will correspond to 0.14 cm?. This can indeed be neglected as has
been done by SKB. However, there may also be hydrous corrosion products (crud)
present on the cladding surface which may release larger quantities of water.

Finally, in the case of defective canister scenario, one may consider a relative humidity
of 70% in 1 m3 void volume, which gives a quantity of 1.5 cm3 of water. Also this is
negligible with respect to 50 cm3.

For the case of water access to the inside of the canister it is stated in SR 97 that the
quantity of hydrogen gas produced by gamma radiolysis will be small in comparison to
hydrogen produced by corrosion of the canister. This may not be the case.
Experimentally in an EU project with high burnup fuel (50 MWd/kgU) (Grambow et al.
1997) a generation rate of 0.4ug H2/g fuel/d was observed, corresponding to 300 g Kfc/yr
for 2 tons of spent fuel. The assumed corrosion rate of the iron insert of 0.1 um/yr
produces on 50 rr? corroding surface about 1 g H/yr. If the iron corrosion rates are
really as low as assumed, gamma radiolysis could be a much more important source of
H2 than iron corrosion. It should be noted that in the same spent fuel experiment about
0.1 umol CVg fuel/d were formed, leading in the case of presence of sufficient water to
the annual formation of 60 mol O2/ tons fuel. If this oxygen is used mainly for oxic iron
corrosion as expected, the iron corrosion rate will be about 100 times higher than the
assumed 0.1 um/yr.

It is stated in SR 97 that with the small quantity of residual air in a canister only a few
mg of nitric acid will be formed by radiolysis. This is probably true for the base
scenario but not for the canister defect scenario. Here we need to assume that the inert
filling gas has escaped and the free volume of the canister of about 1 m3 is entirely filled
by air. Assuming that 50 g of residual water are in the canister, it could well be that 160
g of nitric acid are formed. The acid will probably react more rapidly with the iron
insert than with the spent fuel pellets, leading to a few um of general corrosion.
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It is incorrectly stated that Kr-85 is the main fission gas left at time of deposition. The
by far largest fission gas quantity results from non-radioactive Xe. There are about 16
kg of Xe to be expected per canister of which about 3% (500 g, 80 L) can be released
instantaneously. This will increase the internal pressure in a fuel rod by about 0.2 MPa.
This is probably of no safety hazard. Even if the whole 16 kg would be released in the
void space in the canister of about 1 m\ this will only augment the pressure by 0.27
MPa.

Spent fuel issues in the choice of scenario
Significant scenarios are formulated as a base for the evaluation of the potential
evolution of the safety of the repository system. The base scenario considers the
thermal, hydraulic and chemical evolution of the disposal system without canister
failure and without radionuclide release. Other scenarios are analysed as variations of
the base scenario. In the canister defect scenario, a certain quantity of defected canisters
is taken into consideration and radionuclide release is evaluated. Other conditions
remain the same as in the base scenario. In the base case of the climate scenario the
canister remains without failure, but variations of geochemical and hydraulic conditions
are considered. The effect of initial canister defects on the climate scenario is
considered as a special case. The largest effect of climate on calculated biosphere doses
was found for A-berg for interglacial periods, mainly resulting form the effect of
changing hydraulic and geochemical conditions on dispersion and radionuclide
migration properties. However, it is possible that the scenarios are coupled in a way,
that also the fuel dissolution model has to be changed. Consequently, when evaluating
the effects of climatic changes within the canister defect scenario it appears necessary
also adapt the fuel dissolution model. In some cases, rather oxic conditions are
calculated to exist in the climate scenario. If realistic, this could have important
consequences on the potential performance of fuel in a defected canister. It is for
example rather unlikely that a fuel matrix corrosion rate of 10"8/year will prevail in
presence of groundwater oxidants.

Spent fuel related issues in the base scenario

The description includes no single process related to fuel structural alteration. Only
radiation induced heat transfer is considered. Even geometric relations inside the
canister are considered similar to the initial value. In the base scenario, an important
issue could be the potential creep behavior of the cladding due to the effects of gravity
and internal pressure built-up. The fuel cladding may break due to creep, hydrogen
embrittelment and/or pressure buildup inside of the fuel rod. Important pressure
increasing phenomena are fission gas release and generation of He. Significant volumes
of He are expected to be generated particularly for MOX fuel, about 6 L per 47
MWd/kgU fuel rod after 10000 yrs (Poinssot et al 1999). Present data do not allow
judging the mobility of He in the fuel. If all He would become released to the free void
volumes of the fuel rods, 520 bars of pressure would be obtained after 10000 yrs (125
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bars for UOX fuel). Much lower pressures are expected if He is retained in the fuel
matrix due to slow diffusion.

Moreover, there might be an evolution of the physical state of the fuel (Poinssot et al.
1999). Helium-accumulation and self-irradiation might lead to swelling and also micro-
cracking can not be excluded. There might an increase of radionuclide inventories and
possibly of He at grain boundaries. Long-term diffusion processes at low temperatures
are still difficult to assess. In principal, radionuclide diffusion coefficients are low at
T<300°C, but diffusion coefficients may strongly increase due to fuel oxidation. In
addition, athermal irradiation assisted diffusion must be taken into account.
Accumulation of fission products could lead to a loss of cohesion of the fuel micro-
structure.

These processes may eventually lead to a situation were the fuel rod will fail, thus
leading to accumulation of fuel pellets at the bottom of the cavities in the iron insert.
This could alter radiation attenuation and heat transfer mechanism, leading to vertical
temperature gradients at the outer canister surface.

It is today difficult to predict these processes quantitatively. In the base scenario the
evolution of the fuel is only relevant for the thermal evolution, because there is no
radionuclide release. The heat transfer processes in the canister are assumed to be of
influence on the maximum temperature at the canister surface. It is true that the criteria
of max 100°C can always been met by appropriate spacing between the canisters, but
the uncertainties may be larger than assumed. If the geometric integrity of the fuel rod
is disrupted by cladding failure and the rods falls into pieces, the uneven heat
distribution at the outer canister surface may locally increase canister surface
temperatures. However, since pressure buildup in the fuel rods is a long term process, it
is likely that fuel rod failure due to long-term creep is irrelevant for the thermal period
in the base scenario and, consequently, the ignorance of these processes in SR 97 is
justified for the base scenario.

Spent fuel related issues in the canister defect scenario

Fuel structure modifications prior to water access

In SR 97, the structural integrity of the fuel is considered to remain unchanged.
However this is not the most likely case for a scenario with defective canisters. In this
case it is possible that oxygen enters the canister already years before the canister is
disposed. The effect of a presence of oxygen is not discussed in SR 97. Considering the
initially high fuel surface temperatures during storage and disposal fuel oxidation is
expected to take place, provided that the cladding is defect. A detailed study about this
is given by Hanson (1998). Oxidation of the fuel initially leads to the formation of
U4O9, associated to a reduction in specific fuel volumes. The oxidation is more rapidly
along grain boundaries. This leads to formation of I4O9 oxidation rims along all grain
boundaries (Thomas et al.1991). The volume reduction makes the grain boundaries
more accessible to subsequent leach processes. Oxidation of spent fuel to UO2.4 occurs
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relatively fast, for example it takes only about 2 years at 175°C (Hanson 1998). If the
oxidation goes beyond an oxygen to metal ratio (O/M-ratio) of about 2.42, UjOs forms.
This phase is about 20% less dense than UO2. The increase in volume causes fuel
expansion and establishes stresses on the cladding which will split as a result (Hanson
1998). U3O8 has also a higher dissolution rate than UO2. Hence, faster radionuclide
release might be expected to occur with oxidized spent fuel. The rate of oxidation of
UO2.4 to U3O8 depends both on burnup and temperature. According to previous
observations (Einziger and Strain 1986), spallation of fuel fragments due to volume
increase takes less than 3 h at 360°C and less than 5000 h at 250°C. It is clear that 5000
h is a very short period in a defected container. One can conclude from this that a
transformation to U3O8 of failed fuel rods is likely to occur in defected oxygen
containing canister for the temperature range of 200-400°C. This could lead to much
earlier cladding failure than in the base scenario in SR 97. This has not only
consequences for canister surface temperatures as discussed above for the base scenario,
but also for the criticality calculations that are based on initial emplacement geometry.
Potential changes due to mechanical cladding failure have not been considered in SR
97.

Concerning radionuclide retention one can conclude for the canister defect scenario that
data on the leaching behavior of oxidized fuel are as relevant as those of non-oxidized
fuel. Leach data using oxidized fuel are scarce in the literature. All leach tests with
oxidized fuel have been performed under oxidizing conditions. These data (Gray 1998)
show an increase in surface area normalized matrix dissolution rates of oxidized spent
fuel (LLjCVx) by as much as a factor of 6. Moreover, due to fuel oxidation, the quantity
of accessible grain boundary surface area increased by as much as a factor of 10. The
combined effect of surface area increase and increase in matrix dissolution rates was as
high as a factor of 10. However, it needs to be mentioned that these rates are not
applicable to repositories under reducing conditions, here U3O8 or U4O9 might be
thermodynamically unstable and might be transformed back to UO2. No data exists to
estimate whether this would lead to an increase or to a decrease in fuel dissolution rates.

Water intrusion

The processes of water intrusion into a defected canister appear to be described
qualitatively correctly. The effect of water transport via vapor phase appears to deserve
a more quantitative treatment. Particularly, it is unlikely that the inward diffusion of
water vapor gradually will approach a mass transfer rate of zero. The diffusion rate is
governed by the diffusion length (the depth of the defect, which is constant) and the
partial pressure difference between the inside and the outside, which asymptotically
reaches a constant non-zero value. This value is governed by a constant water activity at
the outer canister surface and a steady state between water vapor consumption and
inward diffusion.

Also it appears that the role of slow water diffusion in the bentonite is overestimated as
a limiting factor. If, as stated, the water enters initially into the canister by an advective
process (driven by 5-7 MPa of pressure difference between the inside and the outside),
in the absence of diffusion limitations in the bentonite, even a small hole of 1 mm2
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could at a rapid rate fill the canister with water. This would occur a long time before the
build-up of a hydrogen pressure counteracts water ingress. Water transfer from the
bentonite to the canister would probably lead to a partial desaturation of the inside
bentonite surface. Resaturation by external groundwater is an advective and not a
diffusive process. Hence, advective transport of water in the bentonite may play a much
larger role than anticipated.

The irradiation of water leads not only to the formation of water radiolysis products, but
also to a higher concentration of dissolved salts in the canister. This effect is of course
of minor importance in the time frame of thousands years, but it could be important if
the water is irradiated or consumed by corrosion close to dryness.

Redox conditions in connection with water ingress

The radiolytic effect on redox conditions is correctly described, but this description is
very general. There is no detailed evaluation of neither the dominant radiolytic reactions
and their corresponding rate constants, nor of the mass transfer processes (H2 diffusion,
water exchange, U-release) between the fuel-cladding gap and the external water.

Radionuclide release from spent fuel
The radionuclide release model (source term model) for spent fuel is based on fuel with
current properties, with the exception of the radiation fields. Fuel property evolutions
prior to water access are not considered even though these processes might alter
radionuclide release characteristics as discussed above.

The SR 97 approach appears to be based on the conviction that a direct prediction of
long-term behavior of spent fuel from laboratory experience and laboratory based
models is not possible. The reason behind this conviction is that radiation plays a large
role in fuel stability and that the radiation fields of recently discharged fuels are much
higher than expected in the repository. The spent fuel performance and its role in the
multibarrier system is therefore assessed by a systems approach, passing from
mechanistic interpretation of surface reactions of unirradiated and irradiated UO2 via
radiolytical modeling and conservative simplifications to source term quantification.
Radionuclide release from the fuel rod is described by only two terms, the instant
release fraction and the fuel matrix dissolution rate.

In the following, the quantification of fuel matrix dissolution rates is first discussed and
after that the instant release fractions. Finally, the quantitative distribution between the
two terms is evaluated. Special intention is given to the role of grain boundary release.
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Model for the release of matrix bound activity

The fuel dissolution and release of radionuclides under anoxic conditions is described
as if uranium dioxide is the dissolving phase, whose dissolution is a prerequisite for the
release of radionuclides bound into the solid solution of the UO2 matrix. It is true that
the matrix of spent nuclear fuel to a large extent resembles the structure of the
unirradiated UO2. However, due to defect accumulation and incorporation of fission
products and actinides in the UO2 matrix, the population of surface sites with bond
strength different from that of pure UO2, the properties will not at all be the same in
unirradiated and irradiated material. Hence, both corrosion rates as well as solubilities
might be different for irradiated and unirradiated material.

The results found in the literature on the effect of oxidant concentrations on corrosion
rates are nevertheless essential for the understanding of spent fuel performance because
this effect is more difficult to investigate with real spent fuel due the self-oxidation by
radiolysis. Controversial oxidant concentration dependencies have been reported, with
reaction orders varying between 0 to 1. When the dissolution rate is determined at the
beginning of the experiment, the dependence of the oxidant concentration corresponds
to a reaction order of 1. In salt brines, a linear relationship has been found for the three
different oxidants: O2, H2O2 and CIO" (Gimenez et al. 1996). The same dependence was
obtained in electrochemical experiments (Shoesmith et al. 1992).

Fuel matrix dissolution rates

Based on modeling as well as on experimental data of non irradiated UO2 dissolution
under reducing conditions, it is suggested by SKB to use a constant fuel matrix
dissolution rate of 10~8/a as a reasonable value. It is surprising not to find a single rate
value from Swedish experiments with spent fuel in SR 97. It is stated that a pessimistic
value cannot be given. This approach is based on a discussion both of a solubility based
model and a model for radiolytically enhanced fuel dissolution.

Solubility limited model

The solubility based model is not used to quantify radionuclide release in SR 97 but it is
used only in an indirect way as a background condition for the radiolysis model. Indeed,
a solubility limited model is only valid in the absence of oxidants. In a reducing
geochemical environment, radiolysis is the only source of oxidants. Hence, the
solubility based model is the base for the justification of the radiolysis model.

The solubility based model is described in SR 97 as if UO2 is the dissolving phase. Such
model is only valid if UO2 is the dissolving phase and if no other more stable phase is
formed as a secondary alteration product. The spent fuel matrix is similar to UO2 but
there are large differences, mainly related to impurity contents. The solubility of UO2 in
reducing groundwaters lies between 10~9 and 10"10 mol/1. A value of 1.3-10"7 mol/1 is
used in SR 97 as recommended by Bruno et al. (1997). However this may be an upper
limit. Experimental data with spent fuel exposed to reducing conditions in the presence
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of metallic iron (Grambow et al. 2000) or in the presence of H (Spahiu et. al. 1999)
yield solubilities in the order of 10"8 mol/1 at 25°C. It is not clear whether the observed
10"7-10"8 mol/1 have any bearing with the solubility of the dissolving matrix. The
presence of trace elements and surface energy could increase the solubility. It could also
not be excluded that the solubility is enhanced by effects of radiolysis, stabilizing
certain steady state concentrations of dissolved uranium (VI) species. In case of
radiolysis one might expect reprecipitation of UO2 at some distance of the radiation
source. This could lead to the coprecipitation of radionuclides with UO2. In contrast, if
solubility is enhanced due to surface energy or due to the presence of trace elements, the
difference between the solubility of UO2 and that of the spent fuel matrix of more than a
factor 100 could cause a driving force for fuel dissolution: precipitation of pure UO2
with a solubility of 10"9 mol/1 may allow spent fuel to dissolve continuously. This
mechanism cannot be ruled out if the conceptual model of higher solubilities of spent
fuel versus UO2 is retained.

Model with radiolytic oxidation

The radiolysis model is evaluated in detail in the Appendix. The radiolysis calculations
of Eriksen are quoted in SR 97 without going into details. The conclusion of Eriksen is
that H2O2 is the principal oxidant and that the formation of radiolytic H> counteracts the
oxidizing effect. The effect of fiC>2 in accelerating UO2 dissolution is well known.
However, whether oxidation by H2O2 is rate determining or whether other oxidants or
radicals are more important remains to be demonstrated. The effect of H2 is also
demonstrated experimentally, but it is not yet clear how this effect can be quantified in a
model. The presented model will yield very low rates at high H2 pressures, but there are
no experimental data to sustain these low fuel dissolution rates.

The model is based on irradiation of a 100p.m water film in between the fuel and the
cladding. This assumption is only valid if the cladding remains attached. The validity of
this assumption is not evaluated in SR 97. Diffusion processes as well as advection due
to gas bubble formation in the 100 |um are ignored. About 40 chemical reactions of
radiolytic species in water are used to describe the system (see Table 1, Appendix). The
validation of this system of reactions is difficult. Even for deionized water differences
between calculated and experimental production rates of radiolysis gases were as high
as a factor of 10 (Grambow et al. 2000). It appears that even in deionized water,
uncertainties are extremely high. Even more difficult is the assessment of the effect of
groundwater composition. Effects of ionic strength and water composition are often
difficult to account for. The effect of parameter uncertainty on results of the calculations
has not been assessed. The presence of certain trace elements (Br etc.) or of redox
sensitive surfaces may strongly alter the results of calculations. This is also true for the
effect of dissolved Fe(II) species, for the presence of chloride ions (formation of
hypochlorite) etc. If applied to the thin film of water between the cladding and the fuel,
also the effect of dissolved Cs and of the potentially high pH values needs to be
considered. None of these difficulties are addressed in SR 97.

Only the reaction of molecular oxidants H2O2 and O2 with the fuel are considered in the
SR 97 model. However, reaction rates with radicals are expected to be much more
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rapid. Even if the concentration of radicals is much lower than that of molecular species,
they might contribute significantly to overall reaction rates. Also radicals are precursors
of molecular species. If they react with the fuel, less molecular species are formed. This
effect is difficult to quantify. Attempts have been made previously by Christensen
(1999) to explicitly account for these reactions. This involves the adaptation of various
surface reaction rate constants to experimental data, an approach that is difficult to
validate.

In SR 97 the spent fuel reaction rate is in principal proportional to the concentration of
H2O2 in solution. Assuming that H2O2 is indeed the rate determining species, there are
secondary rate controls than just a direct concentration dependency in terms of a surface
reaction. In the Appendix, the Eriksen model (SR 97) is applied to deionized water and
is compared with the results obtained by using the model of Christensen (1997) for the
same experimental conditions. Long term fuel dissolution rates were found to be more
than 4 orders of magnitude faster when using the Christensen model compared to those
from the model of Eriksen. This difference could be attributed to differences in the
model for radiolytic and non-radiolytic decomposition of H2O2.

Rates could also become dependent on the availability of H2O2 if solution
concentrations are very low. In other words, it cannot be ruled out that, at low oxidant
concentrations, the spent fuel surface reacts with any H2O2 specie that hits the surface.
This implies that the radiolytic surface could become influenced by transport
phenomena, hence, transport of H2O2 to the surface is slower than the reactive
consumption of H2O2.

It is stated in SR 97 that our fundamental understanding of the processes of water
radiolysis is sufficient and that there are no fundamental uncertainties relevant to safety
assessment. We may conclude from the above arguments and from the evaluation in the
Appendix that this is not true, neither for the irradiation of deionized water nor for
typical ground waters. Today, the present radiolysis models are useful to explain
experimental data. However, neither the radiolysis/H2O2 model of SR 97 nor the model
of Christensen is validated to allow for reasonable predictions to be made.

Coupling of the solubility and the radiolysis model

The coupling of the radiolysis model and the solubility model is not discussed in SR 97.
Both models can be considered as representing two parallel reaction branches, among
which the fastest is controlling the overall release rate. If radiolysis is faster than
solubility limited release, radiolysis is rate controlling. In the European project SPA
(Baudoin 2000) the participant "ENRESA" developed this coupling in an alternative
source term model considering not only solubility and advective flow but also the
diffusive mass transfer resistance of the bentonite buffer material. Using a solubility
value of 5-10"7 M for UC>2(fuel), this work has led to the conclusion that the radiolysis
model would yield faster release than solubility controlled release for time periods of 1
Mio yrs. If solubilities are lower (than 510"7 M) as can be expected, the solubility
limited release model will yield extremely low mass transfer rates, justifying the
radiolysis model as the dominant release model for safety relevant time periods.

21



Extrapolation of a value of the matrix dissolution rate from experimental data

The reaction rate of 10-8/yr (assumed to represent a reasonable case) is calculated using
the radiolysis model. This rate is orders of magnitude lower than everything ever
measured with real spent fuel, including tests performed under reducing conditions and
including tests with non-irradiated UO2. No rate constants or other data are provided in
SR 97 that would allow a reader to evaluate the quantification procedure of this rate.
One is referred to unpublished calculation results. In the following the extrapolation
procedure is therefore only discussed in a qualitative and not in a quantitative fashion.

After the prediction of molecular oxidant (H2O2, O2) concentrations with the radiolysis
model, rate data for the reactions between UO2 and molecular oxidants are used to
predict fuel dissolution rates. There is no experimental proof that the reaction rates of
H2O2 with UO2 and with spent fuel are the same. In particular, it must be accounted for
that the rates of UO2 dissolution in presence of I4O2 are directly proportional to surface
area, since specific surface areas of spent fuel and UO2 are different. Application of
reaction rates of UO2 to spent fuel is highly uncertain due to surface area dependence.
No specific surface area is given in SR 97.

The experimental reaction rates between HO2 and UO2 vary by as much as a factor of
10. Considering this, the reaction order between H2O2 and UO2 can only be determined
with a high degree of uncertainty. As acknowledged in SR 97 the relation between hfcO2
concentration and reaction rates is extrapolated to very low tfeO2 concentrations, i.e. for
conditions where no experimental data exists. Lowest HO2 concentrations employed
experimentally are about 10"5 M. This is very high when extrapolated to long time
periods. The mechanism of interaction is not sufficiently well understood to allow such
an extrapolation. This is indicated by the discussion of the authors of SR 97 by
acknowledging the potential variation in the exponent of the rate law (reaction order).

Chemical dissolution rates of spent fuel in the hypothetical absence of radiolysis
under reducing conditions

In the absence of radiolysis and other oxidants, the corrosion rate is not necessarily
governed by the thermodynamic solubility of the dissolving fuel matrix and the mass
transfer of dissolved uranium species by diffusive and advective processes. These rates
are extremely low, due to the low apparent diffusivities of U(IV) in the bentonite buffer
and the low solubility in the fuel cavity. Faster rates could be obtained, if initially
dissolved U(IV) is sorbed or precipitated on canister material or its corrosion products.
This consumption of uranium from solution could act as a pump for the continued
dissolution of spent fuel. Indeed, precipitation of UO2 has been observed on metallic
iron (Gimenez et al. 1998). Moreover, in silica rich groundwaters, coffmite (USiO4) is
more stable than UO2. Natural analogue data indicate release of trace elements
(lanthanides) upon coffmitization of UO2 (Janacek et al. 1992). Under these
circumstances the release rate of radionuclides may be governed by the rate of
coffmitization of UO2. 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 coffmitization, there may
also be sorption, coprecipitation or precipitation of Uranium (IV) on the canister or
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canister corrosion products. UO2 precipitation on metallic iron from U(VI) containing
solutions (Gimenez et al. 1998), sorption and coprecipitation (Grambow et al. 1996) of
both U(VI) and U(IV) on corrosion products (magnetite) have been observed
experimentally. The thermodynamic driving force imposed on spent fuel dissolution has
not yet been quantified.

Geochemical constraints on fuel matrix dissolution rates

The fuel matrix dissolution rates in SR 97 appear to be considered to be independent of
temperature and geochemical variables such as pH, pCC>2, Eh. The only condition
considered appears to be the assumption of overall reducing conditions. This approach
may be valid in part for recently discharged fuel with high radiation fields. Radiolysis
can mask effects of temperature, pH, Eh and pCC>2. This can be shown by a comparison
of spent fuel leach data with those of unirradiated UO2. However, data for dissolution
rates of UO2 and of spent fuel under oxidizing conditions seems to indicate that the
major difference is the specific surface area. Such an investigation has not yet been
conducted for reducing conditions. Here corrosion rates of spent fuel are much higher
than those of UO2, due to radiolysis effects. It is difficult to distinguish between
radiolysis effects and higher reactivity of surface sites. Nevertheless, such distinction is
necessary for a model of spent fuel dissolution based on the behaviors of unirradiated
UO2.

The schematics of the masking effect of radiolysis are illustrated by Figure 2. There is
probably a critical concentration or a critical temperature below which spent fuel
properties in contrast to UO2 properties become independent on these geochemical
variables. If a particular geochemical parameter value would lead to rates of UO2
dissolution higher than those of irradiation assisted dissolution of spent fuel, a
corresponding increase in spent fuel corrosion rates might be expected. The more the
radiation decays the lower the rates become, and consequently the lower is the critical
temperature or critical concentration. Thus, the more important are these variables as
controls of the dissolution rate. There is a relationship between the reaction order of
UO2 dissolution rates and other environmental variables apart from radiation. It is not
yet possible to account for the potential environmental effects on fuel corrosion rates
under reducing conditions, but from data of unirradiated UO2 it is clear that a model
only based on radiolytic oxidant concentrations such as the one proposed in SR 97 is
insufficient. Certain observations are illustrated in the following:

Temperature: The effect of temperature on the oxidative dissolution process of
unirradiated UO2 suggests activation energy values between 20 - 60 kJ mol1 (Gray et al.
1992, Grandstaff et al. 1976, Hiskey 1979, Aronson et al. 1957). De Pablo et al. (1997)
have performed dissolution experiments as a function of temperature. The apparent
activation energy calculated was 49.5 ± 16 kJ mot1 in the range between 1 0 - 6 0 °C,
This value is much higher than the value determined with spent fuel (Gray et al. 1992).
Leaching experiments performed with spent fuel under oxidizing conditions have
shown no differences on radionuclide release at temperatures lower than 150 °C.
However, an effect of temperature was observed at higher temperatures.
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Figure 2: Schematic illustration of the effect of geochemical variables on the
comparison of the rates of unirradiated UO2 with that of spent fuel.

PCO2: Carbonate is present in all granite groundwaters to a major or minor extent.
Therefore, several authors (Gray et al. 1992, Gray et al. 1995, De Pablo et al. 1997,
Posey-Dowty et al 1987, Grandstaff 1976) have studied the effect of carbonate on the
dissolution rate. Although some discrepancies related to the reaction order have been
found in the literature, most of the experiments performed at 25 °C indicate a fractional
reaction order equal to 0.60. In a recent European project (Grambow et al. 2000)
corrosion rates of spent fuel were found to be independent of pH and pCC>2 in the
studied range whereas, under similar conditions for unirradiated UO2, a dependency of
corrosion rates on carbonate was found. The insensitivity of spent fuel to these
geochemical parameters is explained by rate control by radiolytic oxidants.

Redox: Experiments performed in the 3rd Framework programme of the EC show that
spent fuel corrosion can be about two orders of magnitudes faster than dissolution of
unirradiated UO2 (Grambow et al. 1997). However, under strong overpressures of O2, as
well as in carbonate solutions, the reaction rates are 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.

pH-dependency: Torrero et al. (1997) studied dissolution rates as a combined function
of both pH and oxygen partial pressure. Data treatment showed that the dependency on
proton concentrations follows fractional reaction orders. For pH values between 3 and
6.7 a reaction order of 0.37 was obtained while at higher pH no such pH dependency
was observed. At acid pH, for the oxygen partial pressure dependency, the reaction
order has been found to be 0.31, while at basic pH, this dependency can be considered
negligible. Regarding the fractional order dependency with respect to proton
concentration, Torrero et al. (1997) as well as Thomas and Till (Thomas et al. 1984)
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obtained similar results. A recalculation with their data has given a value of 0.30
between pH 2 and 5 (Grambow et al. 2000).

Since it is today impossible to sufficiently accurately quantify the above described
effects for old spent fuel with low radiation fields, it is necessary to consider the
dependency on geochemical variables within the parameter uncertainty.

A pessimistic fuel matrix dissolution rate

It is correctly stated in SR 97 that the assumption of a first order concentration
dependence of reaction rates on H2O2 concentrations may result in significant
underestimation of the reaction rates for the conditions of the expected low oxidant
concentrations in a repository. It is also stated that measurement uncertainties do not
allow measurements in the relevant low oxidant concentration range. It was correctly
concluded to consider this as conceptual model uncertainty. However, this is in conflict
with the rejection of the choice of a pessimistic matrix dissolution rate. Considering the
large model uncertainty for detailed radiolysis calculations it appears questionable
whether a "reasonable" matrix corrosion rate can be given at all. It appears simpler to
give a pessimistic bounding value than a reasonable value.

It is argued by SKB that the use of a pessimistic value would be identical of an "instant
coffee" dissolution model. This is not necessarily the case. There is not only the
alternative between instant release and release within a period of 100 million years.
Pessimistic bounding values can be identified, which consider both conservative data
interpretation and model choices as well as uncertainties in data, models and scenarios
without being overconservative. The boundary between a robust conservative approach
and an overconservative approach may be discussed in the light of spent fuel leach data.

A pessimistic but not overconservative rate could either be determined from
experimental data of spent fuel corrosion or from conservative models. A maximal
empirical rate could be obtained from experiments performed under oxidizing
conditions. Initial rates under oxidizing conditions are very high (10"3/yr) but it would
be overconservative to use these rates as a bounding case because the rates decrease
with time to a limiting value of about 10~5/yr. This long term rate of fuel matrix
dissolution was also measured (Forsyth 1995) in the STUDSVIK laboratory for
dissolution under oxidizing conditions in Swedish groundwaters. Even this rate is
overconservative because the rates of corrosion under reducing conditions will be lower.
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. Various boundary conditions may be considered. There
does not exist a sufficient experimental database for reducing groundwater conditions to
allow for the derivation of a low reasonable value of the matrix corrosion rate. The
lowest rates measured are encountered in recent tests with partial pressures of hydrogen
of 2.7 bar, generated by Fe corrosion. Spent fuel corrosion rates were lower by at least a
factor of 500 when compared to tests under oxidizing conditions. Long-term dissolution
rates were close to the detection limit, given by a rate of about 10"9/d (Grambow et al.
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2000). Very low reaction rates were also observed in well controlled spent fuel powder
dissolution tests (Spahiu et al. 1999), using 5 MPa of H> overpressure, but maximum
values for fuel corrosion rates has not yet been derived from these data. In contrast, a
large international and Swedish experimental database exists, which shows that reaction
rates could be much larger under reducing conditions.

Summary of uncertainties in fuel matrix behavior

In conclusion, it must be disagreed that there are no real uncertainties in the basic
understanding of fuel matrix dissolution. In the literature, fundamental model
uncertainties persists: current models include (1) alpha radiolytic assisted dissolution,
(2) beta radiolytic assisted dissolution, (3) chemical dissolution under reducing
conditions, caused by mass transfer between various U(IV) solid phases, (4) surface
complexation etc. All of these models have not yet been tested for their predictive
capacities.

The simplification by a constant rate seems to be reasonable but the comparison with a
case where the barrier function of spent fuel is entirely ignored appears to be
excessively conservative. The real uncertainty in long-term rates varies not between
"instant coffee" dissolution and corrosion rates of 10"8/yr but between 10"9 and 10"5/yr.
In a recent EU-project (Grambow et al. 2000), it was concluded that in the presence of
iron or other reducing species anticipated for most repository designs, corrosion rates
are expected to remain lower than 10"6/yr.

Instant release fractions

The release from fracture surfaces and the fuel cladding gap comprises a significant
fraction of overall radioactivity release from the fuel and, due to its high mobility is
considered as an instant release fraction (IRF).

Grain boundary release is not accounted for specifically. There is also no specific
consideration for release from structural parts of the fuel assembly. In order to cover
releases from grain boundaries, from cladding and from structural parts, the entire
inventories associated with these releases are considered to be part of the instant release
fraction. It is clear to the authors of SR 97, that this approach is a large simplification.
Release form structural parts as well as from the cladding may take many 1000 of years.
The ignorance of these kinetics releases is justified in the context of a conservative
approach. However, this is incoherent with the strategy of SR 97, which attempts to
give both pessimistic and realistic estimates.

The approach is also justified in case that the expected metal dissolution kinetics is fast
in relation to subsequent transport processes. This may be the case for a rather late water
access scenario, but slow release kinetics from metal parts may serve as an important
barrier in the case of early water access. The effect on overall safety will be small if
only small quantities of long-lived radionuclides are concerned, but the results of SR 97
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calculations show that activation products such as Ni-59 (almost entirely contained in
metal parts) are one of the major dose contributors. Uncertainties with respect to Cl-36
inventories are large, thus even Cl-36 could become a dominant nuclide challenging the
overall repository safety. Considering these nuclides as instantly released is
conservative (if inventories are correct) but a more realistic calculation would also be
useful. In the recent approach of the European project "SPA" (Baudoin et al 2000)
release from cladding and structural parts was considered with a constant rate of 10"3/yr.
There are a lot of uncertain assumptions related to the dissolution rates of these metals.
Considering a 10-fold increase in dissolution rate did only change maximal doses from
the repository slightly, indicating that a total dissolution period of 1000 yrs is almost the
same as an instant release. A decrease in metal dissolution rates by a factor of 10
decreased maximal doses by about a factor of 2. Considering the uncertainties involved,
the small effect on long term doses and the efforts necessary to sustain a very low metal
dissolution rate, the approach of SR 97 is reasonable with radionuclides in cladding and
structural parts included in the instant release fraction.

IRF values depend mainly on burn-up and linear power rating (Stroes-Gascoyne 1992).
The instant release fraction in SR 97 comprises also the much slower release of
radionuclide inventories from grain boundaries as well as from metal parts. Essentially
all radionuclide sources with release rates faster than the matrix are considered to be
released instantaneously. This is of course form the point of view of the conceptional
model a pessimistic and possibly over-conservative assumption.

Nevertheless, grain boundary inventories are not very well known. Based on fission gas
release data as well as on fuel leaching data for CANDU as well as fuel LWR fuel both
reasonable as well as pessimistic values for instant release fractions (IRF) were
identified. The list of data in SR 97 is compared with those used in the SPA project
(Baudoin 2000).

Large differences in the IRF values of SPA and SR 97 are associated to the explicit
source term for metal parts in SPA, the different consideration of the contribution of the
e-phase to instant release and the omission of recoil phenomena in SR 97. A certain
quantity of actinides is implanted into the fuel cladding by alpha recoil phenomena to a
depth of a few tens of nra. Assuming a penetration depth of recoil nuclides of 50 nm,
this would amount to an actinide inventory fraction of about 0.001 % in the cladding. In
the same way, but to a larger extent of about 0.1% by fission recoil, fission products are
incorporated into the inner fuel cladding surface to a depth <10 um. A certain fraction
of this may be easily accessible. The values of 0.5% used in the SPA project appears to
be overconservative.
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Cs-137
1-129

Rh
Zr-93
CI-36
Tc-99
Pd-107
Sn-126
C-14
Se-79

Ag-108m
Actinides

Ni-59

5
5
5
5
5
2
2
2
2
1
-

0,5
0,5

Table 2: Comparison of reasonable estimates and pessimistic IRF values in SR 97 and
in the SPA project (Baudoin 2000).

SPA SR97 reasonable SR97 + metal parts SR97 pessimistic
3 3 6
3 3 6

6 6 12
0,2 0,2 1
0,2 0,2 1
2 2 4
5 15 55
3 3 6
3 100 100

100 100

The contribution of the e-phases and particularly of its Tc content to the instant release
fraction deserves a special attention. The proportion of accessible e-phases in grain
boundaries is unknown. Recently it was shown that 2% of the total Tc inventory of the
fuel could be released from grain boundaries within 5 years (Finch et al. 1999). Grain
boundary inventories are probably even higher. Grain boundary inventories are, from
the conceptual model point of view independent on the water access scenario.
Following the logic of SR 97, they must be included into the instant release fraction, if
their release rates are higher than 10"8/yr. Nevertheless, based on leach data it is argued
in SR 97 that IRF values of Tc are lower under reducing than under oxidizing
conditions. Lower Tc release under reducing conditions can be attributed to solubility
controls for Tc(IV). Conceptually it appears more reasonable to keep the instant release
fraction on its value for oxidizing conditions and consider low Tc release subsequently
by the coupling of the source term to solubility. In the same way it is argued that the
IRF values increase with increasing temperature for C-14 and 1-129. Even if finally
pessimistic values are chosen, it looks like the IRF values are in some cases used as a
fudge factor that comprise all types of empirically observed high initial release. There
seems to be a lot of subjective judgement involved in the chosen IRF values. An
example is quoted from SR 97: "Regarding C-14, Antillia (1992) suggests that the
inventory is shared between the fuel (50%), the cladding (40%) and the metal parts
(10%). Given the durability of the cladding it seems reasonable to only add another
10% IRF for C-14 as a reasonable value but assume another 50% as a pessimistic
value. " Why follow the suggestions of Antilia (1992)? Can they be generalised?
Inventories in cladding and fuel as well as in structural materials could be calculated
with more accuracy using actual impurity levels in the non-irradiated UO2, metals as
well as in the cladding. The base of only using 10% not 50% of the inventory in the
reasonable IRF implies form the point of view of the overall release model (total release
= IRF + fuel matrix dissolution rate) that the residual part in the cladding is released
with the rate of fuel matrix dissolution i.e. by 10"8/a. This seems to be optimistic without
a clear technical base.
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It is stated that the corrosion rate of Zircaloy and the release rate of activation products
is governed by the solubility of ZrC>2 which is very low (10~9 M). However, the
chemistry of dissolved Zr is only poorly known and the utilized solubility calculations
are associated with uncertainties of many orders of magnitudes. Furthermore, the
proposed solubility controlled mechanism assumes that there is no radionuclide release
from the Zr-oxide film, for example by diffusion processes. Until now there does not
exist a single experiment worldwide which shows that radionuclide release rates are
controlled by the solubility of Z1O2. Furthermore, it has not been considered that the
radionuclides are unevenly distributed in the cladding. Radionuclides implanted by
recoil mechanism in the fuel cladding are only concentrated on the inside surface to a
few run (alpha recoil nuclides) or um (fission recoil nuclides) of depth.

Corrosion of the cast iron insert
It is stated that corrosion rate of Ni-based alloys is about one um/yr and the
corresponding rate of stainless steel corrosion is tens of microns. With these corrosion
rates it is surprising that the corrosion rate of the cast iron insert is only 0.1 ^m/yr.

The exclusive consideration of magnetite seems questionable. Radiolytic oxidants are
expected to produce, depending on the temperature, either hematite or goethite. At low
temperatures, the formation of magnetite is not confirmed experimentally. The selected
low corrosion rates of iron under anaerobic conditions are based on the formation of a
protective magnetite barrier. The formation of magnetite depends on temperature. In the
description of iron corrosion, aerobic corrosion is entirely missing. However, aerobic
corrosion mechanisms are probably dominant during radiolytic enhanced iron corrosion.
The observed maximum corrosion rates under anoxic conditions will produce about 66
dm3 H2/year under anaerobic conditions (the equation 3 on page 75 in SKB 1999b is not
charge balanced). In contrast, more than 1 m3/ year is expected to be caused by
radiolysis. This shows that at least under anoxic conditions, radiolytic enhanced iron
corrosion will be much more important than that of anaerobic corrosion. Radiolytic iron
corrosion is based essentially on the gamma dose. As such, an evaluation of this effect
would require that the time of initial water access to the canister interior is considered. It
is after all surprising that radiolytic iron corrosion is not considered in SR 97. This is an
important drawback, as it may also influence scenario development: Radiolytic iron
corrosion may lead to critical gas pressures of 14 bars in the canister within as little as
10 years, much earlier than that predicted based on slow iron corrosion. This could
make disruptive H2 release through the bentonite barrier to become more likely to occur
and more frequent.

Chemical evolution

The analysis of canister corrosion is characterized by processes that occur in the
absence of oxygen. The arguments used to prove the absence of oxygen at repository
horizon for all times are essentially valid for all sites of similar depth. It would therefore
be useful to provide a statistical evaluation, showing that the infiltration of oxygen
containing recharge waters will never lead to oxidation processes at repository horizons.
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Concerning canister corrosion, only an incomplete assessment of the effect of sulfides is
given. It needs to be evaluated, whether a coupling of the iron(II)sulfide and Cu-sulfide
system will clarify the picture. The assessment of corrosion effects is based on
thermodynamic equilibrium of the Cu-base metal with its environment. This review
recommends that SKB perform a detailed evaluation as to whether a particular
assessment of the corrosion behavior of welds or heat affected adjacent zones is
necessary. It shall also be evaluated whether Fe-Cu mixed oxides or sulfides might
disturb thermodynamic equilibria.
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Appendix

Evaluation of the SR 97 model for radiolytic fuel
dissolution

In SR 97 long-term fuel dissolution rates in groundwater of 10~8/yr are predicted based
on radiolysis as the only source of oxidants in an otherwise reducing geochemical
environment. A model for radiolytic fuel dissolution is used, based on the work of
Eriksen (1996). In this model the concentrations of the radiolysis products HO2 and of
O2 were calculated based on a model for radiolytic decomposition of groundwater,
considering simultaneously the consumption of these oxidants by reaction with the fuel
surface. The reaction rates of UO2 with HO2 and O2 were taken from empirical data of
unirradiated UO2 assuming first order concentration dependency. In the following it will
be shown that uncertainties in the calculation of H2O2 concentrations are very large,
even for deionised water. The empirical relation between I4O2 concentrations and UO2
dissolution rates is not validated with a single experimental data point in the predicted
low H2O2 concentration range.

Uncertainties in the base model for radiolytic decomposition of water

The base of any model on groundwater radiolysis is the radiolytic reactions in pure
water. Rate constants for carbonate or other groundwater ligands are formulated based
on these reactions. In order to assess some of the uncertainties, related to the choice in
rate constants for radiolytic reactions, the approaches of H. Christensen (Grambow et al.
2000) and of Eriksen (1996) on pure water are compared. A comparison of radiolytic
reactions and associated rate constants for deionized water is given in Table Al.
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Table A1 : Comparison of rate constants in dm3 mol1 $~' for radiolytic decomposition of
deionized water
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+H02-
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+H+

+02
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+H+

-H2O
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-H20
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Christensen

3.400E+07

2.700E+07

1.OOOE+10

7.100e+09
5.550E+09

1.200E+10

Christensen

7.500E+09
7.000E+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.OOOE+10

2 .500E + 10
2.100E+10

2.OOOE+10
7.800E+09

2.OOOE+10
9.000e+07
2.200E+07

9.600E+07

8.400E+05

8.000E+05
5.OOOE+10
2.OOOE+10

3.560E-02

1.430E+11

2.599E-05

1.800e+09 *H+
1.000E-03 *

1.000E+09 *

Eriksen

4.OOOE+07

2.250E+07

1.OOOE+10

4.000E+09

Eriksen

2.50E+10 !

2 .OOOE + 10

2 .OOOE + 10

1.600E+10

1.100E+10
2.200E+10

2.OOOE+01

8.OOOE+09
2.OOOE+10

2.OOOE+10

2 .OOOE + 10

2.OOOE+10
1.OOOE+10

2.OOOE+10

6.OOOE+07
2 . OOOE+07

8.500E+07
7.500E+05

8.000E+O5

5.OOOE+10

5.735E+04

5.000E+08

1 .430E + 11

2 .599E-05

The comparison shows many similarities in the stoichiometry of reactions and in the
rate constants, but there are also differences. In order to find out whether these
differences are significant for the final results, calculations were performed with both
databases, using G values both for alpha and beta radiation. No G values are reported by
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Eriksen (1960), hence G-values of Christensen are used for both calculations as listed in
Table A2. The calculations are performed for a dose rate of 685 Gray/h, without
considering mass transfer to a gas phase. This dose rate was used in SR 97. Calculations
were performed with the computer code Maxima Chemist, the same code was used by
Eriksen and by Christensen.

Table A 2 : G-values and starting concentrations used for the comparison

H+
OH-
H2O
H2O2

H2
H
E-
OH
HO 2

G-values
alpha

0 .06E-00

-2 . 71E-00

9 .85E-01

1 .30E-00

0 .21E-00

0.06E-00
0.24E-00

0.22E-00

beta/gamma

2.76E-00

0.10E-00

-6.87E-00
7.20E-01

0.45E-00

0. 55E-00

2 . 66E-00

2.67E-00
0.00E-00

starting concent
mol/kgH20

1.000E-08
1.000E-06

5 .554E+01

The calculation results for 1.6-107 s are given in Table A3 for alpha and beta/gamma
radiolysis. The results of the two databases are quite different. In the case of alpha
radiation, high dissolved Hb concentrations are achieved corresponding to gas pressures
of about 1000 bars. In reality, due to mass transfer by diffusion, these concentrations
cannot be achieved, not even with the high dose rates close to the fuel surface.

Table A3 : Comparison of the resulting concentrations (mol/kgfyO) of radiolytic
species based on alpha and beta/gamma radiolysis calculations using the databases of
either Eriksen (1996) or of Christensen (in Grambow et al. 2000) (1.6-107s, 685 Gy/h,
water, const. pH 8, no HCO3, absence of gas phase, no UO2 present)

alpha

H2O2 HO2- 02 H2 H E- OH

Eriksen 3.5E-01 5.5E-05 2.8E-03 3.5E-01 1.3E-16 2.3E-19 4.2E-16

Christ. 2.9E-05 2.3E-10 1.8E-01 3.6E-01 2.5E-18 3.7E-19 4.2E-16

beta/gamma

H2O2 HO2- O2 H2 H E- OH
Eriksen 1.1E-07 1.7E-11 9.1E-09 1.2E-07 1.6E-10 1.8E-11 2.1E-09

Christ. 1.6E-07 5.6E-12 1.4E-07 4.4E-07 1.1E-11 9.9E-12 6.5E-10
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Therefore, the calculations were repeated assuming presence of a gas phase of equal
volume (Table A4).

The results in presence of a gas phase where again quite different for the two databases.
Calculated radiolysis gas pressures were similar in the case of alpha irradiation, but in
case of beta/gamma radiation, calculated gas pressures were more than an order of
magnitude lower for the database of Eriksen (1996).

Table A4 : Comparison of the resulting concentrations (mol/kgfyO) of radiolytic
species in presence of a gas phase based on alpha and beta/gamma radiolysis
calculations using the databases of either Eriksen (1996) or of Christensen (in
Grambow et al. 2000) (1.6-107 s, 685 Gy/h, water, const. pH 8, no HCO3, volume of gas
phase = volume of water, assumption of validity of Henrys law, no UO2 present)

alpha, with gas phase

(Eriksen: 9.7bar H2(g), 1.8bar C5(g)Christensen: 8.lbar H(g), 4.0bar
O2(g))

H2O2 HO2- 02 H2 H E- OH

Eriksen 2.8E-01 4.4E-05 2.3E-03 8.2E-03 1.2E-16 2.8E-19 1.3E-15

Christ. 2.9E-05 5.4E-09 5.4E-03 S.9E-03 8.5E-17 1.2E-17 2.2E-14

beta/gamma, with gas phase

Eriksen O.OOlbar H2 (g) , 0.0005bar O2(g) Christ. 0.016 bar H2(g),
0.008bar O2

H2O2 HO2- 02 H2 H E- OH
Eriksen 3.7E-07 5.9E-11 7.1E-07 9.2E-07 3.2E-12 2.6E-12 2.6E-10

Christ. 5.4E-06 9.8E-10 1.1E-05 1.4E-05 9.5E-14 l.OE-11 2.1E-11

Effect of water radiolysis model on fuel dissolution rates

In order to study the effect of the different radiolysis models of deionized water on
predicted fuel dissolution rates, the fuel dissolution model of Eriksen (use of calculated
radiolytically generated H2O2 and O2 concentrations in empirical UO2 dissolution rate
laws) was used both with the radiolysis model of Eriksen and with the radiolysis model
of Christensen. These two models are compared both for alpha and for beta/gamma
radiation enhanced fuel dissolution. Comparison is also made with the Christensen
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model for fuel dissolution (only combined with the model of Christensen for the
radiolytic decomposition of deionized water). The Christensen model is used for the
same irradiation conditions as is the Eriksen model: same G-values, same space region
of 100 am, same fuel surface area. The full model of Christensen is more complicated
as it involves diffusion of molecular radiolytic species from a 40 |nm space region close
to the fuel to the bulk water volume. This is not considered in the Eriksen model and
was not used in the comparison. The calculations were based on the published
information. The results are given in Figure Al in terms of fractional fuel dissolution
rates as a function of time.
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Time yr

Figure Al: Comparison of the effect of radiolysis models of deionized water on the rate
of fuel dissolution

The results show that there are only small differences in the fuel dissolution rates if the
same model for the radiolysis of deionized water is used, but there are large differences
if different radiolysis models for deionized water are used. These differences are
particularly important for long-term alpha radiolysis. The model of Eriksen predicts a
decrease in the rates with time by more than 4 orders of magnitude, which is not the
case for the Christensen model.
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Analyses of radiolysis schemes

In order to analyze as well as to illustrate the reasons for the differences in the corrosion
rates for the two models, the radiolytic reaction rate schemes of the two authors are
calculated with Maksima Chemist for the case of alpha radiation and in the case of the
Christensen model also for beta irradiation. The purpose of this calculations is not to
provide a realistic view of the effect of radiation on fuel dissolution, but to show how
complicated these reactions are and how much uncertainties are associated to them. The
uncertainties cannot be assessed in absolute terms, but it becomes clear from the
comparison that the model uncertainty is extremely large.

Transformation rates of individual radiolytic species with respect to other species are
calculated from the output of Maksima. The results are given in graphical form in the
following Figures A2-5, with the thickness of reaction arrows representing relative
reaction rates. Rates of local thermodynamic equilibrium reactions are much faster and
are illustrated by two directional arrows. Only the major rate contributions are indicated.

In the model of Christensen, UO2 dissolution appears to continue under the influence of
a constant alpha irradiation dose without significant reduction in reaction rates during
1000 yrs and more. The rate is controlled to about 25% by direct reaction with H2O2 and
to 75% by the radicals HO2 and Q" both of which are formed to a large extent by
radiolytic or non-radiolytic decomposition of H2O2. Oxidation by dissolved O2 is almost
negligible. Almost 90% of the produced radiolytic oxidants react with the fuel,
indicating that only 10% recombine with reductants (e-, H2, H) to form water
molecules.
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G-valjes

UO2+O2- UO2+HO2 UO2+O2 UO2

Figure A2: Model by H. Christensen for aradiolytic dissolution ofUO2 (U03H has the
average formal U valence of 5, "U03 " represents oxidized U02, "U03D" is dissolved
fuel, which is removed from the reaction system), calculation without individual gas
phase for 1000 yr at 685 Gy/h (the alpha radiation doses at time of disposal in 100 jim
water film) atpH 8 in pure water

The situation is different for B radiation in the Christensen model as can be seen from
Figure A3a and b excluding and considering diffusion processes. Here, in the case of
absence of diffusion the accumulation of H> leads to a slow down of reaction rates.
Whereas in the case of diffusion, the higher mobility of FJ> with respect to radiolytic
oxidants leads to an increase in the local concentration of oxidants close to the fuel
surface and in much faster reaction rates. In contrast to the situation with alpha
irradiation, the main oxidant in the case of beta irradiation is considered to be the OH
radical, whereas H2O2 appears to be insignificant. In the presence of H2, a large quantity
of the OH radical is consumed by formation of H radicals. This is not the case, if H> is
diffusing away.
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Figure A3 Model by H. Christensen for f3 radiolytic dissolution of U02 (U03H has the average formal U valence of 5, "U03 " represents oxidized
U02, "U03D " is dissolved fuel, which is removed from the reaction system), calculation without individual gas phase for 10 yr at 685 Gy/h (the (3
radiation doses at time of disposal in 40 jum water film) at pH 7.5 in pure water. Figure A3a: diffusion of molecular radiolytic species is ignored,
leading to accumulation 0JH2, in Figure A3b the effect of diffusion is considered



For the model of Eriksen, two calculations are given both only considering alpha
irradiation. One calculation is done for 10 d, the other for 1000 yr. In this model the
recombination of oxidative and reductive radiolytic species is much more important,
even after 10 d.

G-values

HO2

E-

UO2

HO2-

UO2+H2O2

I
UO2+O2
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Figure A4: Model by Eriksen for alpha radiolytic dissolution of UO2 ("UO3D" is
dissolved fuel, which is removed from the reaction system), calculation without
individual gas phase for 10 d at 685 Gy/h (the alpha radiation doses at time of disposal
in 100 jum water film) atpH 7 in pure water
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Figure A5: Model by Eriksen for alpha radiolytic dissolution of UO2 ("U03D" is
dissolved fuel, which is removed from the reaction system), calculation without
individual gas phase for 1000 yr at 685 Gy/h (the alpha radiation doses at time of
disposal in 100 jum water film) atpH 7 in pure water.

Initial reaction rates are about a factor of 2 lower than in the model of Christensen for
pure alpha radiation. After already 30 d this reaction rate decreases by about a factor of
10000, about 20000 times lower than the long-term corrosion rates calculated by the
model of Christensen. This decrease is not associated to the enhanced recombination
due to increasing dissolved H2 concentrations with time, because long-term H2
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concentrations are higher in the Christensen model than those in the Eriksen model.
Instead, recombination due to H radicals appears to be dominant. 100000 times higher
H radical concentrations are achieved in the long-term in the Eriksen model when
compared to the Christensen model, though initial H radical concentrations were
similar. As a consequence the formation of OH radicals and water molecules by reaction
of H radicals with H2O2 is much more important in the Eriksen model than in the
Christensen model (the corresponding rate constants are similar in the two models,
Table Al).

What is the reason for the much lower H radical concentrations in the Christensen
model for alpha radiolysis enhanced fuel dissolution? When comparing Figure A2 with
Figure A3 and A4 it becomes obvious, that the decomposition of H2O2 into O radicals
and their recombination product O2 is the cause. This reaction occurs also in the absence
of irradiation. This reaction was suggested by Shoesmith to simulate the catalytic
decomposition of H2O2 on the surface of UO2 (Christensen, personal communication).
This reaction is not considered in the Eriksen model. It can be see from a comparison of
Figures Al and A2 with Figure A5 that O2 is considered in the two models as a strong
scavenger for H radicals. The more O2 is generated, the more H radicals are consumed.
Long-term Q2 concentrations are about 10 orders of magnitude lower in the Eriksen
model when compared to the long-term Christensen model.

In order to test the effect of H2O2 auto-decomposition into O2 for the Eriksen model,
respective rate constants of the model of Christensen were introduced into his model.
Using this equations, calculated 1000 yr H2O2 concentrations became similar in the two
models (3.610"5 M for the Christensen model vs. 3.0-10"5 M for the modified Eriksen
model) and the corresponding dissolved O2 concentrations were only a factor of 4 lower
in the modified Eriksen model than those of Christensen (2.0-10"5 vs 5-10"5). Calculated
alpha radiolysis enhanced fuel dissolution rates were only about 20% lower in the
modified Eriksen model than for Christensen. As in the model of Christensen for alpha
radiolysis, no decrease in reaction rates with time was predicted by the modified Eriksen
model. However, in contrast to the Christensen model, the dominant fuel dissolution
rate became the interaction of the fuel with dissolved O2.

Conclusions on the use of the radiolysis model of Eriksen in SR 97
performance assessment

One may conclude that large model uncertainties exist in the models for radiolytic fuel
dissolution. The major difference in the model of Eriksen and the one of Christensen for
alpha radiolysis effects on fuel dissolution, is not the inclusion or exclusion of reactions
of radicals with UO2 (this difference may account for only a variation of a factor of 4 in
reaction rates). In contrast the large difference of more than 4 orders of magnitude and
the calculated decrease of reaction rates is associated to different reaction schemes for
H2O2. Large uncertainties still exist in radiolysis models, even for deionized water. It
appears that the models are not yet validated for long-term reactions. It cannot be
recommended to use these models neither for quantitative long-term fuel
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performance predictions, nor as a qualitative performance indicator. It can be
concluded that the predicted long term corrosion rate of 10"8/yr has not only no
experimental base, it also has no reliable theoretical justification.
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