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Introduction 

TURVA-2012 is Posiva’s safety case in support of the Preliminary Safety Analysis Report 
(PSAR) and application for a construction licence for a repository for disposal of spent 
nuclear fuel at the Olkiluoto site in south-western Finland. This paper gives a summary 
of the analyses of the radionuclide release scenarios formulated in a companion paper, 
TURVA-2012: Formulation of Radionuclide Release Scenarios (Marcos, 2014). The scenarios and 
the analyses take into account major uncertainties in the initial state of the barriers and 
possible paths for the evolution of the repository system1 identified in a further paper: 
TURVA-2012: Performance Assessment (Hellä, 2014). 

For each scenario, calculation cases are analysed to evaluate compliance of the 
proposed repository with regulatory requirements on radiological protection, as well as to 
illustrate the impact of specific uncertainties or combinations of uncertainties on the 
calculated results. Each case illustrates different possibilities for how the repository 
might evolve and perform over time, taking into account uncertainties in the models and 
parameter values used to represent radionuclide release, retention and transport and, for 
biosphere assessment calculation cases, radiation exposure. 

The calculation cases each address a single, failed canister, where three possible 
modes of failure are considered: 

                                                           
1. In Posiva’s terminology, the repository system refers to the system comprised of the spent 

nuclear fuel, EBS and the host rock. 
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· The presence of an initial defect in the copper overpack of the canister that 
penetrates the overpack completely (subsequent corrosion of the insert may then 
lead to an enlargement of the defect). 

· Corrosion of the copper overpack, which occurs most rapidly in scenarios in which 
buffer density is reduced, e.g. by erosion. 

· Shear movements on fractures intersecting the deposition holes. 

However, the likelihood and consequences of more than one canister failure occurring 
during the assessment time fame are also considered, generally based on the findings 
from the single canister calculations. 

Quantitative regulatory criteria regarding radiation protection are expressed in terms 
of nuclide-specific activity releases to the “living environment” (geo-bio fluxes) and annual 
doses (annual dose to the most exposed people and average annual doses to people).  
In addition, to address the qualitative regulatory requirements regarding protection of 
plants and animals, absorbed dose rates to representative organisms are also calculated. 
Thus, the safety indicators calculated in TURVA-2012 comprise geo-bio fluxes (expressed 
as normalised release rates2 in the following sections), which are the main end-points 
considered in this paper, and the annual doses and absorbed dose rates to plants and 
animals evaluated in a biosphere assessment and reported in a further companion paper: 
TURVA-2012: Biosphere Assessment (Ikonen, 2014). 

Main models and information flows 

Figure 1 shows the main models and information flows used in the analysis of 
calculation cases. Models for the analysis of radionuclide release, retention and transport 
are shown in white boxes in the figure. Key supporting process models are shown as 
green boxes and system descriptions as light blue boxes. 

Consistent with most safety analyses carried out internationally, the modelling of 
radionuclide release and transport in the repository system is carried out in two sequential 
steps: near-field release and transport modelling, and geosphere transport modelling, 
with the output from the former (near-field releases) providing input to the latter. 

In the models used in the analysis of most calculation cases, radionuclides released 
from a failed canister are dissolved in water and conveyed in solution through the near 
field of the repository and through the geosphere towards the biosphere (gas- and 
colloid-mediated transport are also considered in some calculation cases). The most 
important radionuclide retention and transport processes included in near-field and 
geosphere transport models are advection, diffusion and sorption, and also solubility 
limitation in the near field. 

Modelling results 

Figure 2 shows the calculated peak normalised activity release rates from the 
geosphere to the surface environment for all calculation cases within the base, variant 
and disturbance scenarios. 

The lowest peak normalised releases are for the reference case realisation (BS-RC) of 
the base scenario and sensitivity cases within the base scenario. In BS-RC, an incidental 
deviation is assumed whereby one canister with an initial penetrating defect of 1.0 mm  
 

                                                           
2. For each radionuclide, the normalised nuclide-specific release rate is a dimensionless quantity 

defined as the activity release rate of that nuclide divided by the respective regulatory 
nuclide-specific release constraint for that nuclide. 
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Figure 1: Models and information flows 

Radionuclide release and transport models are shown in white boxes.  
System descriptions and understanding are shown in light blue boxes, key  

supporting models in green boxes and their principal outputs in dark blue ovals. 
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Figure 2: Peak normalised geosphere release rates for all calculation cases within the 
base, variant and disturbance scenarios, each assuming the failure of a single canister 

Colours are used to group cases by scenario. * indicates that 1 000-year averaging is applied,  
in these cases. The right-hand subfigure shows ranges of values for the peak probability-weighted 
normalised release rates in the RS and RS-DIL scenarios. These ranges arise due to uncertainties  

in the numbers of canisters failing due to rock shear, as well as the timing of failure. 

 

diameter is emplaced in the repository. All other canisters are assumed to comply with 
quality requirements. The single defective canister is cautiously assumed to be located in 
a deposition hole with relatively unfavourable hydrogeological characteristics. Except for 
the single defective canister, all other EBS performance requirements are assumed to be 
met and upheld during the evolution. Other cases within the base scenario consider 
alternative, cautiously selected positions for a canister with an initial penetrating defect 
within the repository and consequent different flow path characteristics, alternative 
near-field and geosphere speciation of radionuclides, and delayed establishment of the 
transport path through the canister defect. 

Analysis of the reference case shows that the highest rate of radionuclide release is of 
14C, which peaks at around 4 500 years and then declines due to radioactive decay. Other, 
longer-lived radionuclides 36Cl, 129I and 135Cs contribute at early times and dominate 
beyond a few tens of thousands of years. The dominant migration path is from the buffer 
into fractures intersecting the deposition hole; migration paths in the EDZ of the 
deposition tunnel or in the tunnel backfill are less important. 

Figure 3 shows the near-field release and geosphere release rates for the base scenario 
reference case, normalised with respect to the radionuclide-specific constraint for the 
radioactive releases to the environment defined in STUK Guide YVL D.5. The release rates 
are summed over all calculated radionuclides and over the three release paths considered: 
from the buffer to the geosphere fractures intersecting the deposition hole; from the 
buffer to the EDZ of the deposition tunnel and thence into the geosphere; from the buffer 
to the tunnel backfill and thence to the geosphere. The figure indicates that during the 
dose criteria time window (up to 10 000 years) the normalised activity release is almost 
four orders of magnitude below the criterion of one as also given in Para. 313 of YVL D.5; 
beyond a few tens of thousands of years the normalised activity release rate decreases to 
between five and six orders of magnitude below one. 
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Figure 3: Evolution of the near-field and geosphere  
release rates for the base scenario reference case 

The release rate for each radionuclide is normalised with respect to the regulatory  
nuclide-specific constraints for radioactive releases to the environment. Regulatory  
geo-bio flux constraint denotes the constraint of 1 for the sum of the ratios between  
the nuclide-specific activity releases and the respective constraints given in YVL D.5. 

 

The limited role of the geosphere in attenuating the peak release rate is related to the 
cautious assumption that the defective canister in the reference case is located in a 
deposition hole with relatively unfavourable hydrogeological characteristics. Figure 4 
shows that, for most locations, the assumed canister defect would result in much lower 
14C peak release as most 14C would decay during the transport in the geosphere. 

Figure 4: Maximum geosphere release rate of 14C as a  
function of location of the failed canister in the repository 

The reference case location (381) is indicated by the black circle. The colour scales on the  
right-hand side indicate activity release rates in log10 (Bq a-1). Length scales are in metres. 
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There is a small possibility of there being more than one canister with an initial 
penetrating defect in the repository, and more than one of these canisters could be 
unfavourably located. However, based on an illustrative probability model for the reliability 
of the spent nuclear fuel disposal canister, the expectation value of release from multiple 
failed canisters randomly located in the repository is calculated to be significantly less 
than the release rate in the reference case, where a single failed canister at a cautiously 
selected location is postulated. Furthermore, the probability that the release maximum 
from multiple randomly placed defective canisters exceeds that of the reference case 
release maximum is low, estimated to be about 0.04%. 

In Variant Scenario 1 (VS1) it is assumed that processes occurring at the buffer/rock 
interface lead to degradation of the outer part of the buffer and partial loss of its 
radionuclide retention capacity. Furthermore, there is an initial penetrating defect in one 
of the canisters. Enhanced transport of corrosive agents, such as sulphide, from the rock 
to the canister when the buffer is degraded may accelerate corrosion of the insert of this 
defective canister, as well as the overpack. It is assumed that the defect thus becomes 
enlarged over time due, for example, to volume expansion of the insert as it corrodes or 
to corrosion of the copper overpack. Results from cases designed to represent VS1 show 
that peak normalised release rates are about one order of magnitude higher than in the 
reference case, i.e. still almost three orders of magnitude below the regulatory requirement 
on the activity releases from the geosphere to the surface environment (regulatory 
geo-bio flux constraint). The peak is again dominated by 14C but occurs later, at about 
20 000 years, reflecting the influence of the progressively increasing diameter of the 
penetrating hole. 

In Variant Scenario 2 (VS2), chemical erosion of the buffer takes place associated with 
ice-sheet retreat. Significant buffer erosion is considered unlikely, but cannot currently 
be excluded in at least some of the deposition holes. Eventually, advective conditions are 
established around the canisters in these deposition holes, leading to enhanced corrosion 
of the canister by sulphide, and eventually to canister failure (no initial penetrating defect 
is assumed but a thinner canister wall of 35 mm is adopted, which is the minimum 
thickness according to the design specifications). Taking into account results of the 
modelling of buffer erosion and sulphide corrosion from the performance assessment, 
canister failure is not expected to occur for at least several hundred thousand years.  
At these long times, the geosphere release rate is dominated by the non-sorbing and 
long-lived radionuclides, namely 129I and 36Cl. Modelled geosphere release rates also show 
periodic maxima, due to relatively rapid flushing of these radionuclides from the geosphere 
during periods of high flow associated with ice-sheet retreat. In the case representing the 
least favourable deposition position (VS2-H1), the peak normalised geosphere release rate 
for a single failed canister is more than three orders of magnitude below the geo-bio flux 
constraint. This low value indicates that the few canister failures that could potentially 
occur in the more likely lines of evolution (or even the few tens of canister failures 
calculated to occur based on highly pessimistic assumptions) could easily be tolerated 
without exceeding the regulatory constraint. 

The rock shear (RS) scenario considers canister failure due to shear movements on 
fractures intersecting the deposition holes in the event of a large earthquake. Two cases 
have been analysed: RS1 and RS2, in which rock shear and canister failure are assumed 
to occur respectively at 40 000, i.e. during the present, temperate period, and at 155 000 
years, during a period of ice-sheet retreat. The highest peak normalised release rates 
from the geosphere for a single failed canister are, in both cases, more than two orders of 
magnitude below the regulatory geo-bio flux constraint. This implies that more than one 
hundred canisters would have to fail simultaneously before the regulatory geo-bio flux 
constraint would be exceeded, even without taking into account the low probability that 
this event would actually happen. This exceeds the few tens of canisters estimated to be 
in critical positions that are vulnerable to failure in the event of a large earthquake. 
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In the scenario of rock shear followed by buffer erosion (RS-DIL), the buffer undergoes 
either immediate damage or longer-term erosion following the rock shear, due to the 
penetration of low-ionic strength water to repository depth. The peak release rates for 
RS-DIL cases are higher than for RS cases, but, nevertheless, the peak expectation value 
of the normalised release rate in the RS-DIL scenario, taking into account the uncertainty 
in the number canister failures and the timing of failure, is still around an order of 
magnitude below the regulatory limit. 

The accelerated insert corrosion scenario (AIC) considers the possibility that an initial 
penetrating defect in a canister becomes enlarged over time due to faster than expected 
corrosion of the insert whereas the performance targets are fulfilled for all the other 
engineered barriers and the host rock is expected to meet the target properties during the 
evolution for the whole time window. More pessimistically than in VS1, the enlargement 
of the defect is assumed to occur instantaneously at 15 000 years leading to complete  
loss of transport resistance of the defect. The analysis of this scenario focuses on the 
significance of whether or not a transport path between the canister interior and the buffer 
exists prior to defect enlargement. Two cases have been considered: AIC-TI assumes no 
path exists before enlargement (i.e. the insert is water-tight and acts as a barrier) and 
AIC-LI includes such a path. In both cases, release rates increase rapidly at 15 000 years to 
peak shortly thereafter. The peak is somewhat lower in AIC-TI compared with AIC-LI. The 
largest normalised releases from the geosphere are in both cases at least one order of 
magnitude below the regulatory constraint. 

To complement the deterministic analyses, Monte Carlo simulations and probabilistic 
sensitivity analysis (PSA) have been done. Both provide a rich source of understanding of 
the sensitivity of model outputs to variations in input parameter values, allowing the 
most important parameters and parameter combinations to be determined. It has been 
shown, for example, that 14C, 36Cl and 129I control the normalised release rates for all cases 
where an initial penetrating defect in a canister is assumed, and that the properties of 
this defect (e.g. its size and evolution) are important in determining the peak release 
rates. A range of complementary indicators has also been evaluated. Their main roles are 
either to highlight the performance of certain components of the disposal system, or  
to provide an alternative line of argument for safety. In this context, radionuclide 
concentrations in the buffer and backfill have been shown to be comparable to examples 
of NORM, i.e. “naturally-occurring radioactive material”, and radionuclide release rates to 
be comparable to naturally occurring activity fluxes in groundwater at the site. 

Conclusions 

The conclusions drawn from the assessment of radionuclide release scenarios are  
as follows. 

Analysis of individual scenarios 

Peak normalised releases for all calculation cases for the base scenario, variant 
scenarios and disturbance scenarios are below the regulatory geo-bio flux constraint, 
generally by more than an order of magnitude, even taking into account the possibility of 
multiple canister failures. 

Combinations of scenarios 

Plausible binary combinations of scenarios have also been considered. Many can be 
excluded from detailed analysis on qualitative grounds. Where appropriate, the release 
rate of two different scenarios has been summed, i.e. the base scenario in combination 
with corrosion failure following buffer erosion or in combination with rock shear; 
accelerated insert corrosion rate in combination with rock shear followed by buffer erosion; 
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corrosion failure following buffer erosion in combination with rock shear followed by 
buffer erosion; accelerated insert corrosion rate in combination with corrosion failure  
by buffer erosion. In each case, the combined release rate to the surface environment still 
does not exceed the regulatory constraint. 

Sensitivities and uncertainties 

Monte Carlo simulations, a probabilistic sensitivity analysis (PSA) and a number of 
deterministic complementary analyses have been performed so as to obtain a better 
understanding of the modelled system. The importance of the properties of any initial 
penetrating defect in the canister and its evolution over time has been highlighted in 
these analyses. 

Complementary indicators 

A range of complementary indicators has been evaluated. Radionuclide concentrations 
in the buffer and backfill have been shown to be comparable to examples of NORM and 
radionuclide release rates to be comparable to naturally occurring activity fluxes in 
groundwater at the site. 

Quality control and assurance 

Quality control and assurance measures have been adopted to ensure transparency 
and traceability of the calculations performed and hence to promote confidence in the 
analysis of the calculation cases. These include the verification of the assessment codes, 
validation of the codes for their intended applications, procedures to ensure codes are 
correctly applied, with an assessment database for the storage, checking and exchange of 
input data, intermediate results and final results; see also the companion paper in these 
proceedings, TURVA-2012: Handling QA (Snellman, 2014). 
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