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1 Introduction  
 
The EU Spent Fuel Stability Project (SFS) aims to develop a model predicting the 
radionuclide release rate from spent fuel as a function of time for geological disposal 
conditions. Work Package 1 (WP1) of SFS is an important aspect of this model development as 
it is focused on defining the instant release fraction (IRF), which represents the fraction of the 
inventory of safety-relevant radionuclides that may be rapidly released from the fuel and fuel 
assembly materials at the time of canister breaching. The locations of these preferentially 
released radionuclides, their quantities, the evidence for their release and proposed estimates of 
the IRF for the key safety-relevant radionuclides1 for the case of fuel shortly after discharge 
from the reactor (t = 0) are the subjects of the present report. The potential evolution of the IRF 
with time in an unbreached canister due to solid-state processes such as diffusion to grain 
boundaries (alpha self-irradiation enhanced diffusion (αSIED)) or free surfaces has been treated 
in a separate study (Lovera et al. 2003). These two studies, along with an assessment of the 
issue of grain boundary stability over time, will ultimately be combined into a comprehensive 
evaluation of the IRF and combined with the MAM (matrix alteration model) of WP4 in an 
integrated assessment in WP 5 of the project. 

Spent fuel assemblies comprise several materials, including uranium oxide, Zircaloy and 
various steels or nickel alloys used in the structural components of fuel assemblies. Information 
on the distribution of both activation products and fission products in all these materials must be 
taken into account in deriving IRF values. The following sections present information on the 
radionuclide distributions in the various materials and propose IRF values for key radionuclides. 
The information in this report is based on the recent study of Johnson and McGinnes (2002), 
combined with additional data on fission gas release of both UO2 and MOX fuel, as well as new 
data on leaching of cesium, all provided by the CEA. The radionuclide concentrations in the 
various fuel assembly materials are not addressed in the present report. 

 
 

                                                           
1 The selection of safety-relevant radionuclides is normally based on simplified screening models. The nuclides 

relevant to the IRF considered in this report are based on recent performance assessment studies. 
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2 Overview of radionuclide distribution in fuel assemblies  
 
Tab. 2-1 gives the normalised masses of the main materials present in typical PWR and BWR 
assemblies, based on data from McGinnes (2001). The ratios vary somewhat according to fuel 
assembly design and manufacturer. Notable is the significantly larger mass of Zircaloy per ton 
of uranium oxide in the case of the smaller BWR fuel assemblies.  

Tab. 2-1: Normalised masses of materials used in PWR and BWR fuel assemblies  
 

Fuel assembly type Material Mass [kg] 
PWR UO2 1000 

 Zircaloy-4 267 

 Steel 52.3 

 Inconel 12.5 
BWR UO2 1000 

 Zircaloy-4 384 
 Steel 51.2 
 Inconel 4.68 

 
During in-reactor irradiation, radionuclides produced in these materials may stay in the 
locations in which they are produced or may migrate due to various mechanisms, including 
recoil, diffusion, grain growth and rim restructuring. An overview of the main fuel assembly 
components, the nuclides of interest and the expected locations of nuclides upon discharge of 
the fuel from the reactor is given in Tab. 2-2, based on a number of studies, including Johnson 
& Tait (1997), Poinssot et al. (2001), Johnson & McGinnes (2002) and Ferry et al. (2004). The 
degree of segregation of the various radionuclides is highly dependent on fuel operating 
parameters such as linear power rating and burnup, as discussed in the next section.  
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Tab. 2-2: Expected distributions of radionuclides in fuel assemblies and possible modelling 
approaches 

 

Components Key radionuclides Characteristics and  
possible modelling approach 

Fuel assembly structural materials 
Zirconia  14C (organic?)  Oxide film typically about 40 to 80 µm 

thick is formed in reactor (about 10 % of 
cladding thickness).The oxide has a low 
solubility; the outer part is porous and; 
may incorporate nuclides present in 
Zircaloy as the film grows. Limited data on 
Zircaloy indicating preferential release; 
consider 14C as part of IRF. No data on 
steels. 

Zircaloy, Inconel 
and steel 

14C (organic?), 36Cl, 59Ni, 63Ni Very low general corrosion rate. Release of 
all nuclides plus remaining 14C congruent 
with the slow corrosion rate 

Uranium oxide fuel 
Gap Fission gases, volatiles (129I, 137Cs, 

135Cs, 36Cl, 79Se, 126Sn(?)). Also 14C 
(non-volatile but partially 
segregated) 

Good data for some nuclides. Assessment 
through fission gas release measurements 
and correlation with leaching experiments. 
Part of IRF 

Rim porosity Fission gases, volatiles (129I, 137Cs, 
135Cs, 36Cl, 79Se, 126Sn(?)) Sr 

Rim width a function of burnup; good data 
available. Large proportion of nuclides in 
rim region segregated into pores and 
secondary phases during restructuring. No 
experimental data indicating release. 
Pessimistically could be part of the IRF; 
alternatively, may be treated separately 
(see Section 6.4). 

Rim grains Actinides, FP Release through dissolution when water 
arrives. FP may also diffuse to rim pores by 
αSIED. FP inventory may thus be part of 
IRF or MAM. 

Grain boundaries  Fission gases, volatiles (129I, 137Cs, 
135Cs, 36Cl, 79Se, 126Sn(?)) 
Segregated metals (99Tc, 107Pd) 

Limited data. As for rim pores, 
pessimistically considered part of IRF, 
alternatively could be treated separately 
(see Section 6.4).  

Grains Actinides, remaining FP and 
activation products 

Belongs to MAM, WP4  

MOX fuel 
Gap As for UO2 Assessment through fission gas release 

only. Little leaching data. Part of IRF. 
Grain boundaries 
and porosity in 
PuO2 grains 

As for UO2 Assessment through fission gas porosity 
characterisation. Conservatively considered 
part of IRF (see Section 5). 

Grains As for UO2 Belongs to MAM, WP4 
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Tab. 2-2 suggests that the definition of what should be included in the IRF is subject to 
considerable uncertainty and acknowledges subjective assessments regarding likelihood of 
processes (e.g. leaching of the inventory at the grain boundaries). Recommendations of how to 
treat these uncertainties will be considered in the final report on the IRF. 

As is discussed in Sections 4 and 5, the IRF increases with burnup, paticularly above 
50 GWd/tIHM. Ideally, the estimated IRF values as a function of burnup in the present report 
should be used in conjunction with a histogram giving the numbers of assemblies in various 
burnup intervals for the spent fuel population in question. This will allow the most realistic 
estimate of the IRF for the various relevant radionuclides for the entire population of spent fuel 
for a given repository. Use of bounding FGR values (for example, for high burnup fuel) will 
lead to overestimates of derived IRF values. Nonetheless, in deriving IRF values, the problem of 
uncertainties must be given some attention, in particular because there is considerable scatter in 
FGR data, as well as in data from fission product leaching studies. Furthermore, there are cases 
where almost no FGR or fission product leaching data are available, thus only more bounding 
estimates of IRF values based on FGR can be derived. In order to clarify the discussion on the 
subject of uncertainties, the following approaches and definitions are adopted in this report: 

Best estimate (BE) – One based on a good understanding of the mechanism and a good quality 
database (e.g. FGR in moderate burnup UO2 fuel and rim restructuring in moderate to high 
burnup UO2 fuel). 

Bounding or pessimistic estimate (PE) – An estimate based on data and process understanding 
that provides a maximum for the range of derived values; this is expected to result in significant 
overprediction of average IRF values. Here this applies particularly to cases where data is 
extremely limited or unavailable, thus understanding of the processes or of chemical analogues 
must be used to derive estimates.  

In this report, the approach taken is to develop BE IRF values for moderate burnup UO2 fuel for 
nuclides for which data exists (137Cs and 129I), because it is judged that the understanding and 
data are sufficient to support this, and to derive only pessimistic estimate (PE) IRF values for 
radionuclides for which little data is available and in the case of MOX fuel and higher burnup 
UO2 fuel.  
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3 Fission gas release from PWR and BWR UO2 fuel 
 
The release of fission gas from UO2 fuel is strongly correlated with the linear heat rating, which 
is dependent on fuel temperature (Kamimura 1992). Optimization of fuel assembly designs and 
irradiation conditions help to ensure that linear heat ratings are kept low and thus FGR is 
minimized. As a result, FGR values are typically < 1 % at burnups below 40 GWd/tIHM, as 
shown in Fig. 3-1 for the case of PWR fuel. At higher burnups, a reduction of thermal 
conductivity increases the fuel temperatures, thus FGR tends to increase (Spino 1998). The 
results in Fig. 3-1 are consisent with the CEA database for French PWR fuel (Poinssot et al. 
unpublished data), which extends to ~ 70 GWd/tIHM, as illustrated in Fig. 3-2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-1: Fission gas release from PWR fuel as a function of burnup (Vesterlund and 
Corsetti 1994)  
The line represents the bounding values of all data. 

 
For BWR fuel, which operates at slightly higher power ratings at high burnups, there is a more 
pronounced increase in FGR above 45 GWd/tIHM, as seen in the data of Schrire et al. (1997) 
shown in Fig. 3-3. The results suggest that 5 % is a reasonable best estimate of the average FGR 
for BWR fuel at a burnup of 45-50 GWd/tIHM. Other data for BWR fuel presented by Hallstadius 
and Grapengiesser (1990) indicates somewhat higher average gas release at a burnup of 
50 GWd/tIHM (up to ~ 10 %). For BWR fuel, there is virtually no published data available for 
burnups above 50 GWd/tIHM.  
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Fig. 3-2: Fission gas release as a function of burnup for French PWR fuel  
Solid line – best fit; dashed line – bounding or pessimistic estimate (Poinssot, unpublished 
data)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3-3: Fission gas release as a function of average rod burnup (Schrire et al. 1997) 

There is ample evidence that FGR can be used to give a bounding or pessimistic value for 
release of most other volatile or semi-volatile nuclides to the gap, as discussed in Section 5. 
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4 Fission gas release behaviour of high burnup fuel and rim 
restructuring 

 
Several phenomena occurring in the rim region of fuel pellets result in restructuring of fuel 
grains. These include: 

• high fission density as a result of high yields of 239Pu arising from capture of epithermal 
neutrons, 

• increased porosity, 

• reduction in grain size, and 

• increased athermal release of fission gas from the grains. 

From the perspective of assessing the release of fission products from spent fuel under disposal 
conditions, the restructuring process may be important, thus it is briefly reviewed here based on 
studies summarised by Koo et al. (2001). The discussion is based on the assumption of LWR 
fuel rods with a fuel pellet diameter of ~ 8.2 mm (a ‘typical’ value). 

Fission of 239Pu in the rim region, present at increased concentrations as a result of capture of 
epithermal neutrons by 238U, leads to a sharp increase in local burnup. Although the outer few 
µm may reach as much as twice the average pellet burnup, the mean local burnup within the 
entire rim region is 1.33 times the average pellet burnup. As illustrated in Fig. 4-1, the best 
estimate of the rim thickness at an average burnup of 50 GWd/tIHM is 50 µm, increasing to 
120 µm and 170 µm at 65 and 75 GWd/tIHM using a best fit (Equation 1 in Koo et al. (2001)) of 
all the data. This best fit is represented by  

 
 Rt = 3.55BUR – 185        (1) 
 
Where Rt is the rim thickness and BUR is the rim burnup. Koo et al. (2001) also give a 
pessimistic function that bounds all the data, given by  

 
 Rt = 5.28BUR – 178        (2) 
 
However, use of the latter expression suggests that significant rim thicknesses exist even in 
fuels with burnups in the range of 30 GWd/tIHM. Because this seems completely inconsistent 
with microstructural studies, a revised expression was developed, given by 

 
 Rt = 5.44BUR – 281        (3) 
 
This expression gives no rim below 40 GWd/tIHM and is still pessimistic with respect to almost 
all data points in Fig. 4-1.  
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Fig. 4-1: Rim width in µm as a function of burnup (GWd/tIHM), from Koo et al. (2001)  
Equation 1 represent a best fit of the data, while Equation 2 is a 'conservative' or pessimistic 
expression that encompasses almost all the data. The references are in the paper by Koo et 
al. (2001). 

 
In Koo et al., Equations 1 and 2 are combined with an expression for the Xe distribution in the 
fuel to calculate the fraction of the total Xe produced in the pellet that is retained in the rim 
pores assuming no release to the gap during restructuring. This is shown in Fig. 4-2, which 
illustrates that for a pellet average burnup of 48 GWd/tIHM (rim burnup of 64 GWd/tIHM), the 
best estimate fraction of Xe trapped in rim pores is ~ 2 %. This increases to 8 % at an average 
burnup of 75 GWd/tIHM (rim burnup of 100 GWd/tIHM). At high rim burnup, most of the fission 
gas in the rim is segregated to the pores after rim restructuring (about 85 % at a rim burnup of 
80 GWd/tIHM, based on equations in Koo et al. (2001)). As indicated in Fig. 4-1, the scatter in 
the data used to derive these estimates is large, thus the ‘conservative’ curve proposed by Koo et 
al. (2001) gives significantly larger rim widths at higher burnups.  
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Fig. 4-2: Fraction of total Xe inventory trapped in rim pores as a function of rim burnup, 
from Koo et al. (2001)  
Equations 1, 2 and 6 are given in the original paper. 

 

Within the rim region, the structure is characterised by an average pore size of around 1 µm and 
an average grain size of 0.5 µm (Poinssot et al. 2001). In spite of the high degree of restruc-
turing, fission gas is typically effectively retained in the new pore structure (Mogensen et al. 
1999), which explains the low overall fission gas release for PWR fuels at high burnups 
(Figs. 3-1 and 3-2). Nonetheless, the fission gas in this region can be considered released from 
the fuel matrix, even though it is not released to the void space in the fuel rod. Similarly, other 
fission products that are not in solid solution in UO2 can be expected to be released from the 
grains during restructuring. As a result, from the perspective of release under disposal 
conditions, such fission products can be considered to belong to the grain boundary inventory of 
the fuel and be potentially available for release if groundwater penetrates grain boundaries.  

The fraction of the FG produced that is present in rim pores for various burnups of UO2 fuel, 
based on Fig. 4-2 (with revision of the ‘conservative’ curve according to application of Eq. 3 
rather than Eq. 2) is summarised in Tab. 4-1. The total fractional fission gas release from the 
grains of the fuel to both the free void and closed pores of a fuel element at a given burnup can 
be considered to be roughly equal to the sum of the measured fission gas releases for the fuel at 
the given burnup (Figs. 3-1 to 3-3) and the values given in Tab. 4-1. Also given in Tab. 4-1 are 
the values for the % of total FG inventory in the fuel that is found within the rim region (pores 
plus grains) based on a simple calculation of the fractional volume of the rim with a correction 
for the 1.33 times higher average burnup in the rim. This illustrates clearly that most of the 
fission gas produced in the rim is present in pores (about 70 – 80 %). For the radionuclide 
release model, options for treating the fission products present within the grains are to consider 
them as part of the IRF because of the small grain diameter or to consider them being released 
by matrix dissolution. The question of uncertainties and the impact of using the bounding data 
in Tab. 4-1 is discussed in Section 5.4. 
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Tab. 4-1: Fraction of the total fission gas inventory in a fuel rod that is present in the pores in 
the rim region of UO2 fuel with burnups of 37, 41, 48, 60 and 75 GWd/tIHM 
Values are based on the best estimate (BE) curve in Fig. 4-2 and ‘conservative’ (pessimistic 
estimate (PE) ) from Eq. 3. The fraction of FG present in the rim region (pores plus grains) 
is also given.  

 

Average 
burnup 

(GWd/tIHM) 

Rim burnup 
 

(GWd/tIHM) 

% of total FG 
present in 

pores in the 
rim (BE) 

Eq.1  

% of total FG 
present in 

pores in the 
rim (PE) 

Eq.3 

% of total FG 
present in the 
rim (pores + 
grains) (BE) 

Eq.1 

% of total FG 
present in the 
rim (pores + 
grains) (PE) 

Eq.3 
37 49 0 0 0 0 
41 55 0 0.5 0.7 1.25 
48 64 2 3 2.7 4.3 
60 80 4 8 6.3 9.8 
75 100 8 14 10.8 16.5 
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5 MOX fuel – Fission gas release and restructuring  

Fission gas release 

The irradiation of MOX fuel on a routine basis in commercial power reactors began in the late 
1980s. As a result, compared to FGR data for UO2 fuels, data for MOX fuel is somewhat 
limited. The data provided by the CEA (Poinssot, unpublished data) is shown in Fig. 5-1, which 
shows that FGR for MOX PWR fuel rods increases rapidly above 40 GWd/tIHM. The limited 
data above 45 GWd/tIHM suggests that the FGR reaches about 5 % at 50 GWd/tIHM and 
approaches 10 % at 60 GWd/tIHM. Increased FGR relative to UO2 fuel at higher burnups arises 
from higher reactivity and higher power/temperatures compared with UO2 fuel, as well as 
microstructural factors. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-1: FGR measured in MOX fuels after irradiation and comparison with FGR from UO2 
(Poinssot, unpublished data) 

 
The best estimate or average FGR for MOX fuel in Fig. 5-1 is given by 
 
 % FGR ≈ 0.013 BU for BU < ~ 34 GWd/tIHM    (4a) 
 
 % FGR ≈ 0.24 BU – 7.6 for BU > ~ 34 GWd/tIHM    (4b 
 

The pessimistic FGR is given by 
 
 % FGR ≈ 0.025 BU for BU < ~ 35 GWd/tIHM    (5a) 
 
 % FGR ≈ 0.64 BU – 21.6 for BU > ~ 35 GWd/tIHM    (5b) 
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Restructuring in MOX fuel  

The Pu-rich agglomerates in MOX fuel that have a diameter larger than ~ 10 µm experience a 
burnup which is much higher than the rest of the fuel, resulting in a structure analogous to that 
of the rim when they are located in the mid external part of the fuel pellet, as illustrated in 
Fig. 5-2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5-2: Electron micrograph of MOX fuel  
It shows the restructuring and high fission gas porosity in a PuO2 grain, surrounded by 
grains of UO2 with low burnup and little porosity. 

 
Large Pu-rich agglomerates, which represent ~ 11 % of the overall surface, have an average 
burnup which is ~ 2.5 times higher than the average pellet BU. Thus, fission products present in 
the large Pu-rich agglomerates represent ~ 25 % of the overall inventory2. Moreover, consid-
ering the gases undetected by microprobe, Guérin (2002) evaluates the fraction of intergranular 
gases to be ~ 25 to 30 % in AUC MIMAS fuels with a BU of 45 GWd/tIHM and ~ 30 to 35 % for 
BU > 50 GWd/tIHM. These values are in agreement with the gas releases observed during experi-
ments of thermal annealing. Most of the gas created is found in aggregate porosity. Thus, the 
value obtained on the basis of surface distribution of large agglomerates (Tab. 5-1 and 5-2) is in 
agreement with intergranular gas fraction present essentially in the Pu-rich restructured 
agglomerates. 

 

                                                           
2 proportion of agglomerates in the external zone × surface fraction × average local fission yield 
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Tab. 5-1: Microstructural features of AUC MOX (Garcia et al., 2000) 
 

Pu-rich agglomerates Phase ‘UO2’ 
Surface fraction (%) 24,6a 75,4 
Plutonium fraction (%) 61,4 38,6 
Average Pu concentration % ahmb 14,2 2,6 

 

a ~ 11 % have a diameter > 20 µm  
b atoms heavy metal 
 

Tab. 5-2: Microstructural features of ADU MOX (Garcia et al., 2000) 
 

 Pu-rich 
agglomerates 

Coating phase Phase ‘UO2’ 

Surface fraction (%) 11,1 42,2 46,7 
Plutonium fraction (%) 38,5 46,3 15,2 
Average Pu concentration % 
ahmb 

20,2 7,3 2,7 

 

The quantities of fission gas in the gap, the grain boundaries and pores of large Pu rich agglom-
erates are summarised in Tab. 5-3. A pessimistic estimate is proposed based on the total activity 
contained in all Pu agglomerates whatever their size (pores plus grains). Assuming an homoge-
neous distribution of the agglomerates in the pellet, the relative volume of Pu agglomerates in 
the external zone is ~ 18 % (Poinssot et al. 2001). Taking into account a burnup 3 times higher 
than that of the matrix, one can infer that the fraction of FP which is present in the Pu 
agglomerates is ~ 50 % of the total inventory. This evaluation is dependent on the fabrication 
method, as implied by data in Tab. 5-1 and 5-2.  

 

Tab. 5-3: Distribution of the fission gas in MOX fuel, for various BU (GWd/tIHM); best 
estimate and pessimistic values 

 

BU(GWd/tIHM) 40 45 55 60 
average 2 3,2 5,6 6,8 gap + GB  

(%) 
pessimistic 3,8 7,0 13,4 16,6 

average  25 30 30 35 Pu agglomerates 
(%)  pessimistic 50 50 50 50 

% best estimate 27 33 36 42 
% pessimistic estimate 54 57 63 67 

 

The values in Tab. 5-3 are 2-3 times higher than the values proposed in the study of Johnson 
and McGinnes (2002), which were largely based on gap and grain boundary estimates, without 
consideration of the release of all fission products contained in the Pu-rich agglomerates. It is 
clear that, once exposed to water, such porous regions are likely to be susceptible to rapid 
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leaching of fission products present in the pores. The assumption that the fission product 
inventory in the agglomerates is part of the IRF is clearly very conservative, as they are not 
accessible to water when the fuel cladding is breached, because they are surrounded and isolated 
by grains of dense low porosity UO2. Nonetheless, in contrast to the question of the leachability 
of rim porosity and grain boundaries in UO2, for which there is at least some data to argue that 
these regions might not be susceptible to leaching, there is little data for MOX fuel. It seems 
prudent at this stage to use the best estimate and pessimistic estimates in Tab. 5-3 as the basis 
for the IRF of MOX fuel, at least until the understanding of the leaching behaviour of the 
material improves.  

The relatively limited FGR data for BWR MOX fuel suggests substantially higher releases at 45 
to 50 GWd/tIHM, to as much as ~ 25 % (Haas & Lippens 1997). There is no published data on 
fission gas release from BWR MOX fuel at burnups above 50 GWd/tIHM.  
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6 Leaching of radionuclides from spent fuel and estimated IRF 
values 

6.1 Database and representativeness of fuels  
Although the total number of fuel rods studied to determine the quantities of radionuclides in 
the gap and at grain boundaries are small, it is nonetheless possible to estimate average values 
because gap and grain boundary inventories can be correlated with FGR for individual fuel rods 
and because FGR can be reliably estimated for burnups up to about 50 GWd/tIHM for BWR fuel 
and 65 GWd/tIHM for PWR fuel. This approach has been used in Canadian (Johnson et al. 1996) 
and Swedish (Johnson & Tait 1997) assessment studies for CANDU (Canada deuterium 
uranium) and BWR fuels, respectively.  

The relationship between FGR and leaching of a number of fission products from UO2 fuel has 
been reviewed recently by Johnson & Tait (1997) and Johnson & McGinnes (2002). In the 
present study, additional data from the CEA program have been added to the database, as shown 
in Tab. 6-1. The FGR vs. burnup for all UO2 fuel in Tab. 6-1 is plotted in Fig. 6-1. It is apparent 
that the data on FGR from ATM-106 PWR fuel for a burnup of 43-50 GWd/tIHM lie far above 
the range of values in Figs. 3-1 and 3-2 and above values reported in other studies (e.g., Yokote 
et al. 1996). The reasons for this are not known (Guenther et al. 1988b), but it is emphasized 
that review of a large body of FGR data suggests that the result is highly atypical. The data are 
nonetheless retained in the present study because of the importance of the associated results on 
fission product leaching.  

It should be noted that the data set for leaching of 137Cs, 129I, 14C and 36Cl from CANDU fuel is 
considerable and is taken into account in estimating IRF values as well, in particular for 14C and 
36Cl. A discussion of the CANDU fuel data, which provides much of the basis for the 14C IRF 
estimates in the present study and provides the only 36Cl leaching data available for spent fuel, is 
presented in Johnson & Tait (1997). A further important observation is the absence of any 
leaching data for fuel with burnup exceeding 50 GWd/tIHM. The absence of measurements raises 
important questions about how to estimate releases for high burnup fuel and how to assess 
uncertainties. The following discussion summarizes the observations from various leaching 
studies for each of the relevant radionuclides and presents BE and PE of the IRF for each FP. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6-1: FGR vs. burnup for UO2 fuels listed in Tab. 5-1 
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Tab. 6-1: Gap and grain boundary (GB) leaching data for BWR and PWR fuels 
 

Fuel I.D. Burnup 
(GWd/tIHM)

Fission 
gas 

release 
(%) 

Cs Gap 
(%) 

Cs GB 
(%) 

Sr Gap 
(%) 

Sr GB 
(%) 

Tc Gap 
(%) 

Tc GB 
(%) 

I Gap 
(%) 

I GB 
(%) 

C Gap 
(%) 

BWR 
(Oskarsham) a 

42 0.7 ~ 1         

BWR 
(Ringhals) a 

20-49 1.1 0.4-0.8  0.07  0.1 to 
0.7 

    

PWR 
(Ringhals) a 

43 1.05 ~ 1         

ATM-103 b 
(PWR) 

30 0.25 0.2 0.48 0.01 0.11      

ATM-104 b 
(PWR) 

44 1.1 1.2 0.1        

ATM-105 b 
(BWR) 

31 0.59 0.3 0.1     0.1 2.2  

ATM-105 b 
(BWR) 

34 7.9 1.5 1.0     2.5 5  

ATM-106 b 
(PWR) 

43 7.4 2 0.5 0.11 0.03 0.13  0.1 8.5  

ATM-106 b 
(PWR) 

46 11.0 2.5 1.0 0.02 0.13 0.01 0.01 1.2 8.0  

ATM-106 b 
(PWR) 

50 18.0 6.5 1.0 0.1 0.07 0.05 0.12 15 7.6  

CEA (PWR) c 22 0.1 0.3         

CEA (PWR) c 37 0.2 0.6         

CEA (PWR) c 47 0.5 2.3         

CEA (PWR) c 60 2.8 1.0         

PWR-HBR d  31 0.2 0.8  0.024  0.03  0.008  0.001 

PWR-TP d  27 0.3 0.32  0.012  0.04  0.002   

PWR-HBR e 31 0.2       0.284  0.33 

PWR-TP e 27 0.3 0.4    < 0.01  0.076  3.0 

ATM-101 f 
(PWR) 

28 0.2 2      4  2 to 7 

PWR g 30 0.36 0.6      0.07   

MOX h  12-25 not 
reported 

10 to 
12 

     1 to 2   

MOX c 47 7 3.2         
 
a Forsyth & Werme (1992), Forsyth (1997) 
b Gray (1999); data are estimated from graph as raw data are not presented. Data represent average values of repeat 

measurements. 
c Jegou (in preparation) 
d Oversby & Shaw (1987); Wilson (1988); Data at 25 ° C  
e Wilson & Shaw (1987); Wilson & Gray (1990); Data at 85 °C 
f Neal et al. (1988); Crushed fuel, includes grain boundary inventory; Data at 200 °C for 9 months, results likely 

represent IRF plus some matrix dissolution. 
g Wegen et al. (2003) 
h Grambow et al. (2000) 
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6.2 Observations based on leaching data 

Leaching of 137Cs  

Gap release of 137Cs vs. FGR for the data in Tab. 6-1 is shown in Fig. 6-2. Notable is that 137Cs 
gap release is about one third of FGR, except at 1 % FGR, where releases of 137Cs are very 
similar to FGR.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-2: FGR vs. 137Cs gap release measured in leaching experiments, based on data in 
Tab. 6-1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-3: Gap plus grain boundary release of 137Cs vs. FGR (data from Tab. 6-1) 
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(Fig. 6-3). Grain boundary inventories of 137Cs are relatively small, even for high FGR fuels. 
Such a result is consistent with the finding that the diffusion coefficient of Cs in UO2 is lower 
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Stroes-Gascoyne et al.(1993 ) also indicate that grain boundary inventories are smaller than gap 
inventories. The results of Forsyth (1997), showed that 137Cs release from clad fuel rod sections 
increased with burnup from 0.5 % to 1 % in the interval from 25 to 43 GWd/tIHM, decreasing 
slightly in the interval of 43 to 49 GWd/tIHM. This may be associated with the closure of the 
fuel/clad gap that is observed as burnup increases (Poinssot et al. 2001), thus the finding does 
not necessarily contradict the general observation of increased fission gas and IRF with 
increased burnup.  

Leaching of 129I 

Gray (1999) suggested that there is a ~ 1:1 correlation between the sum of gap and grain 
boundary releases and FGR. This result appears consistent with the observation that the 
diffusion coefficients of I and fission gases may be similar (Poinssot et al. 2001). However, the 
majority of the fraction of 129I released from the matrix resides in grain boundaries, not in the 
gap (Tab. 6-1), in contrast to the behaviour of 137Cs. A linear regression of all the 129I data (gap 
plus grain boundary vs. FGR) in Tab. 5-1, including the data of Neal et al. (1988), which is for 
crushed fuel, yields a slope of 1 and a best estimate release value of 6.5 % at 5 % FGR, as 
shown in Fig. 6-4. Included in Fig. 6-4 is a pessimistic estimate line that encompasses all the 
data. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6-4: Gap plus grain boundary release of 129I vs. FGR (data from Tab. 6-1) 
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Leaching of 14C 

No new data for 14C has been reported since the review of Johnson & Tait (1997). It should be 
noted that the sparse data for LWR fuel in Tab. 6-1 are in good agreement with the data for 
CANDU fuel, for which Stroes-Gascoyne et al. (1994) report an average IRF of 2.7 % based on 
a large number of measurements. The latter study noted that the IRF of 14C is independent of 
fuel power rating, thus the CANDU fuel data appear to be directly applicable to the case of the 
lower rating LWR fuel. The chemical form of released 14C is unknown, because studies of 
release of 14C from spent fuel normally involve oxidative treatment of the solution to capture 
14CO2 for chemical analysis (Stroes-Gascoyne et al. 1994). Again it appears prudent to define 
only a pessimistic value for the IRF of 14C, given the paucity of measurements. 

Leaching of 79Se and 126Sn 

Wilson (1987, 1990) attempted to measure release of both 79Se and 126Sn in his experiments 
performed for the Yucca Mountain Project. Data for the nuclides 137Cs, 90Sr, 99Tc, 129I and 14C 
from these experiments is included in Tab. 2-2. None of the measurements of 79Se in solution 
yielded detectable concentrations. Nonetheless, from the ‘less than’ data reported in his tables, it 
is possible to infer a maximum IRF value. For the H.B. Robinson fuel, an IRF value of 
< 0.025 % is obtained, after correction of the inventory value (required because of the revision 
in the half-life to 1.1 × 106 a) using the data from Guenther et al. (1988a). This calculated IRF is 
significantly lower than FGR of 0.2 %, raising questions about the conservative assumption that 
Se is in the volatile group. Gap release values that are 1/10th of the FGR are thus assumed. For 
126Sn, less than values are also reported; however, in this case, releases of < 0.005 % can be 
derived. This suggests that there is no real evidence for segregation at low burnup. Accordingly, 
126Sn is assigned a gap release of 0.01 %. Both nuclides are retained in the group of nuclides 
with a significant GB release at higher burnup, based on the assumption that they are 
incompatible with the lattice during grain restructuring in the rim.  

Release of other radionuclides 

A number of other radionuclides need to be considered in the safety assessment with respect to 
their potential to segregate from UO2 during reactor irradiation and be released preferentially 
into groundwater. These include3 14C, 36Cl, 90Sr, 99Tc and 107Pd. The approach to estimating IRF 
values for other radionuclides is discussed in Johnson & Tait (1997).  

For many of the radionuclides for which leaching measurements are not available, the only basis 
for the estimates are the observations that diffusion coefficients in UO2 during reactor irradiation 
decrease in the order FG ≈ I > Cs > other fission products, and the understanding of fission 
product chemistry, which has identified which fission products form solid solutions with UO2 
and which form secondary phases (Johnson & Shoesmith 1988). An indication that using Cs or I 
to bound the release of other fission products is a conservative approach can be obtained by 
considering the case of Cd, one of the most volatile of the fission products (after FG, Cs and I) 
(Cubicciotti & Sanecki 1978). Quantitative X-ray photoelectron spectroscopy of grain 
boundaries in CANDU fuel has been performed by Hocking et al. (1994), who noted that Cd 
was only occasionally detected and would have been routinely seen if it had experienced the 
same fractional release as Cs. Iodine was not observed perhaps because of its low fission yield. 
The IRF for 129I should thus provide a bounding value which would not be exceeded by other 
fission products. There is some doubt whether Pd and Tc should be included in the category of 
nuclides with a significant IRF, as these elements are present in UO2 as insoluble alloy 
                                                           
3 This list of nuclides may vary depending on requirements of the safety assessment in question. 
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inclusions, thus releases are extremely small, as noted in leaching studies (see Tab. 5-1). 
Nonetheless, because they segregate significantly to grain boundaries, values are assigned here 
based on the extent of restructuring in the rim region.  

6.3 Leachability of grain boundaries  
An issue of considerable difficulty in assessing long-term behaviour of spent fuel is the question 
of leachability and long-term stability of grain boundaries. It is clear that grain boundaries in 
spent fuel are regions of high local accumulations of fission gas and solid fission products. In 
particular, the presence of large numbers of fission gas bubbles and some soluble fission 
products has led to speculation that selective dissolution might occur and that water might 
percolate along grain boundaries, gradually leaching out fission products as well as increasing 
the surface area of the fuel. Since the early days of spent fuel studies, the gap and grain 
boundary inventories have both been considered to contribute to the IRF (Johnson et al. 1985). 
The reasons for this relate to the difficulties in assessing grain boundary penetration in dissolu-
tion experiments coupled with the desire to develop a ‘conservative’ model for fuel dissolution 
to satisfy performance assessment requirements. The evidence regarding leachability of grain 
boundaries remains contradictory and has not been further evaluated in the SFS Project.  

6.4 Estimated gap and GB inventories and IRF values for UO2 fuel 
The estimated gap and grain boundary inventories for important radionuclides are listed in 
Tab. 6-2 and 6-3 for PWR and BWR UO2 fuels with burnups of 37, 41, 48, 60 and 75 GWd/tIHM. 
All other radionuclides are assumed to be homogeneously distributed in the fuel matrix. The 
approach in developing the estimates has been to use best estimate (BE) correlations of Cs and I 
release with FGR to estimate the gap values for all burnups. GB inventories for Cs and I are 
based on BE values up to 48 GWd/tIHM, including the rim porosity values in Tab. 4-1. Rather 
pessimistic values for 14C and 36Cl are adopted because of the very limited data and under-
standing of release behaviour for these nuclides. For higher burnups, the fission gas release is 
used to bound the gap release of volatile and semi-volatile radionuclides. The GB releases at 
high burnups are based on the pessimistic estimate values for rim porosity in Tab. 4-1, 
combined with smaller GB contributions for the rest of the fuel. The approach is somewhat 
different from that in Johnson & McGinnes (2002), in that gap and grain boundary estimates are 
explicitly identified here to permit options for treating their release, i.e., to consider IRF to be 
equal to gap inventories only or gap plus grain boundary inventories.  

An optional approach is to assume pessimistically that water penetrates all pores rapidly and 
alpha self-irradiation-enhanced diffusion of fission products occurs. The latter process would 
effectively lead to rapid release of all FP in the rim region, because of the small grain size. This 
leads to the IRF values in Tab. 6-4 and 6-5. 
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Tab. 6-2: Gap and GB inventory estimates (% of total inventory) for various radionuclides 
for PWR fuel, based on BE values for burnups of 48 GWd/tIHM or less and PE 
values for higher burnups  

 

BURNUP 37 41 48 60 75 
RN Gap GB Gap GB Gap GB Gap GB Gap GB 

fission gas 1 1 1 1 1 3 4 8 8 14 
14C 10 10 10 10 10 
36Cl 5 5 10 12 25 
79Se 0.1 1 0.1 1 0.1 2 0.4 8 0.8 14 
90Sr 1 - 1 - 1 - 1 8 1 14 
99Tc 0 1 0 1 0 2 0 8 0 14 

107Pd 0 1 0 1 0 2 0 8 0 14 
126Sn 0.01 1 0.01 1 0.01 2 0.01 8 0.01 14 

129I 1 2 1 2 1 3 4 8 8 14 
135Cs 1 1 1 1 1.5 1 4 8 8 14 
137Cs 1 1 1 1 1.5 1 4 8 8 14 

 

Tab. 6-3: Gap and GB inventory estimates (% of total inventory) for various radionuclides 
for BWR fuel 

 

BURNUP 37 41 48 
RN Gap GB Gap GB Gap GB 

fission gas 1 1 1 1 5 3 
14C 10 10 10 10 10 10 
36Cl 5 5 13 
79Se 0.1 1 0.1 1 0.5 2 
90Sr 1 1 1 1 1 1 
99Tc 0 1 0 1 0 2 

107Pd 0 1 0 1 0 2 
126Sn 0.01 1 0.01 1 0.01 2 

129I 1 2 1 2 5 4 
135Cs 1 1 1 1 2 3 
137Cs 1 1 1 1 2 3 
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Tab. 6-4: IRF estimates (% of total inventory) for various radionuclides for PWR fuel, 
assuming IRF comprises gap, GB and all FP in rim region (grains plus pores)  
BE values, with PE values in brackets 

 

BURNUP 37 41 48 60 75 
RN IRF IRF IRF IRF IRF 

fission gas 2 (2) 2 (3) 4 (6) 10 (16) 18 (26) 
14C 10 10 10 10 10 
36Cl 5 5 10 16 26 
79Se 1 (1) 1 (1) 3 (4) 7 (11) 11 (17) 
90Sr 1 (1) 1 (2) 3 (4) 7 (11) 11 (17) 
99Tc 1 (1) 1 (2) 3 (4) 7 (11)  11 (17) 

107Pd 1 (1) 1 (2) 3 (4) 7 (11) 11 (17) 
126Sn 1 (1) 1 (2) 3 (4) 7 (11) 11 (17) 

129I 3 (3) 3 (3) 4 (6) 10 (16) 18 (26) 
135Cs 2 (2) 2 (2) 4 (6) 10 (16) 18 (26) 
137Cs 2 (2) 2 (2) 4 (6) 10 (16) 18 (26) 

 

Tab. 6-5: IRF estimates (% of total inventory) for various radionuclides for BWR fuel, 
assuming IRF comprises gap, GB and all FP in rim region (grains plus pores)  
BE values, with PE values in brackets 

 

BURNUP 37 41 48 
RN IRF IRF IRF 

fission gas 2 (3) 2 (3) 8 (10) 
14C 10 10 10 
36Cl 5 5 13 
79Se 1 (1) 1 (2) 3 (4) 
90Sr 1 (1) 1 (2) 3 (6) 
99Tc 1 (1) 1 (2) 3 (4) 

107Pd 1 (1) 1 (2) 3 (4) 
126Sn 1 (1) 1 (2) 3 (4) 

129I 3 (3) 3 (3) 8 (10) 
135Cs 2 (2) 2 (3) 6 (8) 
137Cs 2 (2) 2 (3) 6 (8) 

 
 

6.5 Estimated IRF values for MOX fuel 
The values presented in Tab. 5-3 for FG segregation in MOX fuel are proposed as IRF values, 
for the reasons discussed in Section 5.  
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7 Release of radionuclides from fuel assembly structural 
materials 

7.1 Concentrations and distributions of radionuclides in Zircaloy cladding 
A variety of radionuclides are present in the Zircaloy cladding and other structural materials in 
LWR fuel elements. These radionuclides are produced by neutron activation of alloying 
elements and impurities present in the as-fabricated materials. The most important of these in 
terms of long-term safety assessment are 14C, 36Cl, 59Ni and 63Ni.  

Because the impurities in Zircaloy are uniformly distributed, and the temperature of the 
cladding during in-reactor irradiation and the associated solid-state diffusion rates are relatively 
low, the activation products would be expected to be likewise uniformly distributed on a 
microscopic scale (although there will be larger-scale variations because of flux variation within 
fuel rods). There is, however, evidence that 14C has a higher concentration in the oxide film than 
in the underlying alloy. For example, Yamaguchi et al. (1999) determined that 17 % of the 14C 
in cladding is present in the oxide film. Assuming that the oxide film in their study was about 60 
µm thick, this represents a 14C concentration in the oxide film that is at least three to four times 
that in the underlying alloy. A similar 14C enrichment in the oxide film was observed by Smith 
& Baldwin (1993). For other long-lived radionuclides present at trace levels in Zircaloy, eg., 
36Cl, 59Ni and 63Ni, the distributions within cladding are unknown, although within the alloy 
itself they are likely to be present as grain-boundary phases.  

7.2 Release rates of radionuclides from Zircaloy cladding 
The release of radionuclides from cladding is expected to be controlled in large part by the 
uniform corrosion rate of Zircaloy (the case of 14C is discussed further below). At the low 
temperatures in a repository, the data are rather limited, but the study of Rothman (1984) has 
dealt with the question of extrapolation of high-temperature (in-reactor) uniform corrosion rates 
down to 150 °C. At this temperature, he estimated that the rate would be ~ 1 nm a-1, and signify-
cantly lower rates would be expected at lower temperatures as the repository cools. Rothman 
also notes that the corrosion rate is expected to be the same in low salinity groundwaters. A 
study of the corrosion rate of irradiated Zircaloy pressure tube material at 90 °C in aerated 
Hanford River water by Johnson (1977) gave an estimated rate of 3 to 5 nm a-1. Videm (1981) 
reported corrosion rates for unirradiated Zircaloy of 0.1 to 1 nm a-1 in aerated KBS groundwater 
at 85 °C. It is also worth noting that the uniform corrosion rate of a similar metal, titanium, is 
reported to be ~ 2 nm a-1 in water-saturated bentonite at 90 °C (Mattsson & Olefjord (1984, 
1990) and Mattsson et al. (1990)). For materials such as titanium and zirconium alloys, the very 
thin passive oxide film is produced as a result of oxidation by water, thus the presence of 
oxygen in solution is not required for the maintenance of passivity. Based on the above values, 
and giving particular weight to the rates reported by Johnson (1977) for irradiated material, a 
maximum corrosion rate of 10 nm a-1 is proposed for spent fuel cladding for radionuclides 
entrained in the Zircaloy. 

Two other recent studies report the corrosion rate of unirradiated Zircaloy, measured using H2 
evolution methods in alkaline pore water (pH 10 to 13.5) at temperatures of 30 to 50 °C. These 
data are particularly relevant to the conditions in a low and intermediate level waste repository. 
Wada et al. (1999) reported initial corrosion rates of 1 nm a-1, dropping to ~ 0.1 nm a-1 after 
300 days. The highest long-term rate (0.3 nm a-1) was observed at pH 10 and 50 °C. At pH 13.5 
and 30 °C the rate was similar to that at pH values of 10 and 12.5. Kurashige et al. (1999) 
measured the H2 evolution rate of Zircaloy in alkaline pore water at 30 and 45 °C. They reported 
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average rates of 1 to 2 nm a-1 after 400 to 500 days. Some samples were treated with steam at 
400 °C to thicken the oxide film, but this had no effect on the subsequent low temperature 
corrosion rate. Yamaguchi et al. (1999) observed that a corrosion rate of 0.03 µm a-1 appeared to 
account for the 14C release from a cladding sample with the oxide film removed. The difference 
between their rate and the lower rate extrapolated from high temperature studies may be a result 
of an acceleration in the corrosion rate caused by removal of the protective oxide film. Besides 
the difficulty of estimating an appropriate long-term corrosion rate of the alloy, there remains 
the observation of a rather high concentration of 14C in the oxide film (Yamaguchi et al. (1999)), 
the release of which occurred at a rate considerably greater than that from the alloy itself. Van 
Konynenburg et al. (1987) and Smith & Baldwin (1993) also reported a rapid release of 14C 
(< 1 % of the total inventory) in air oxidation and water corrosion studies on Zircaloy cladding. 
For the present study, the release of 14C from the oxide film is assumed to be rapid, and is 
represented as an IRF for the cladding of 20 %. The remaining 14C is assumed to be released 
congruently with the uniform corrosion of the Zircaloy, at a corrosion rate of 0.01 µm a-1. 
Assuming that corrosion occurs from both sides of the cladding and the cladding thickness is 
~ 600 µm, radionuclide release would occur at a constant rate of ~ 3 × 10-5 a-1 of the initial 
inventory. 

The corrosion rate in saturated NaCl brines may be significantly higher, as indicated by 
measurements discussed in Grambow et al. (2000), where values in the range of 0.1 to 
0.4 µm a-1 were reported. In this case, complete corrosion of Zircaloy and release of activation 
products might occur over as short a time as ~ 1000 years. 

An additional special consideration for release calculations for 14C is its chemical form. It is 
likely that 14C is present in cladding as carbide. Studies of the corrosion of steel containing 
carbides in anoxic water indicate that a range of range of hydrocarbons are produced, including 
methane, ethene, ethane, propane, propene and butenes (Deng et al. 1997). In the case of 
leaching in anoxic cement pore water, Yamaguchi et al. (1999) observed that 14C was released 
in organic form, although they detected it in the aqueous phase only. Nonetheless, under the 
high hydrogen partial pressure conditions expected in the repository, the 14C may be converted 
to a form such as methane. As a result, radionuclide transport scenarios should consider the 
possibility of gas phase transport of 14C from the near field. 
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