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ABSTRACT 

The KBS-3 method, based on multiple barriers, is the proposed spent fuel disposal 
method both in Sweden and Finland. KBS-3H and KBS-3V are the two design 
alternatives of the KBS-3 spent fuel disposal method. Posiva and SKB have conducted a 
joint research, demonstration and development (RD&D) programme in 2002-2007 with 
the overall aim of establishing whether KBS-3H represents a feasible alternative to the 
reference alternative KBS-3V. The overall objectives of the present phase covering the 
period 2004-2007 have been to demonstrate that the horizontal deposition alternative is 
technically feasible and to demonstrate that it fulfils the same long-term safety 
requirements as KBS-3V. The safety studies conducted as part of this programme 
include a safety assessment of a preliminary design of a KBS-3H repository for spent 
nuclear fuel located about 400 m underground at the Olkiluoto site, which is the 
proposed site for a spent fuel repository in Finland. 

This report summarises the biosphere analysis conducted in the KBS-3H safety studies. 
The most important components of the analysis are presented in this report: i) 
predictions of the physical terrain and the ecosystems possibly receiving contaminant 
releases from the repository, ii) modelling of the transport of radionuclides in the entire 
landscape, taking into account that the ecosystems currently present at the site will 
evolve over time, and, iii) the estimation of potential doses to humans. The main 
outcome from the present analysis, dealing with radiological safety and compliance 
with regulatory requirements, is the annual landscape dose, which is related to 
individuals fully utilising the maximum production of food and water from the 
potentially contaminated area. In order to facilitate comparisons with earlier 
assessments, resulting release rates into the biosphere, from both KBS-3H and TILA-99 
calculation cases, were used as inputs for the biosphere analysis. 

The present study shows that none of the analysed cases exceeds the regulatory dose 
constraint for most exposed members of the public, even though the applied approach to 
derive doses is considered to be pessimistic. In addition, the present analysis indicates 
that, with high confidence, there will be no detrimental effects to other biota from the 
derived activity concentrations of the radionuclides considered. 

Keywords: Biosphere assessment, radionuclide transport, radiation dose 



Biosfäärianalyysi valituille TILA-99:n ja KBS-3H-turvallisuusarvioinnin 
2007 laskentatapauksille  

TIIVISTELMÄ 

Käytetyn ydinpolttoaineen loppusijoitus Suomessa ja Ruotsissa on suunniteltu 
tehtäväksi KBS-3-menetelmän mukaan. Siinä on kaksi vaihtoehtoista suunnittelu-
ratkaisua: vaaka- ja pystysijoitus, vastaavasti KBS-3H ja KBS-3V. Posiva ja SKB ovat 
yhteisessä hankkeessaan 2002-2007 kehittäneet ja tutkineet vaakasijoitusvaihtoehdon 
toteutettavuutta. Viimeisten vuosien tavoite tutkimuksissa on ollut osoittaa, että se on 
teknisesti toteutettavissa ja täyttää samat pitkäaikaiset turvallisuusvaatimukset kuin 
pystyvaihtoehtokin. Tutkimusten osana on tehty turvallisuusanalyysi alustavalle vaaka-
sijoitussuunnitelmalle, jossa käytetyn ydinpolttoaineen loppusijoitustilat ovat noin 400 
metrin syvyydellä sijoituspaikaksi päätetyn Olkiluodon kalliossa. 

Tässä raportissa esitetään yhteenveto biosfäärianalyysistä, joka on tehty turvallisuus-
tutkimusten yhteydessä. Sen tärkeimmät osat ovat i) mahdollisesti kontaminoituvan 
alueen ekosysteemien kehityskulun ennustaminen; ii) radionuklidipäästöjen kulkeu-
tumisen mallintaminen ottaen huomioon, että ekosysteemit muuttuvat toisiksi maan-
kohoamisen myötä; ja iii) mahdollisten ihmisille koituvien säteilyannosten arviointi. 
Mahdollisten säteilyn vaikutusten ja viranomaisvaatimusten täyttymisen arviointiin 
tässä käytettään annossuuretta, joka olettaa yksilöiden hyödyntävän kontaminoitunutta 
aluetta mahdollisimman tehokkaasti ruuantuotantoon ja vedenhankintaan. Vertailun 
vuoksi työssä on analysoitu sekä uusia KBS-3H:n turvallisuusarviointiin liittyviä että 
vanhempia TILA-99:n päästötapauksia. 

Yksikään tarkasteltu laskentatapaus ei ylitä väestön eniten altistuville yksilöille 
asetettua annosrajaa, vaikka annosten laskutapa on pessimistinen. Myöskään muulle 
elolliselle luonnolle ei suurella varmuudella aiheudu haittaa arvioitujen päästöjen 
aiheuttamista aktiivisuuspitoisuuksista ympäristössä. 

Avainsanat: Biosfääriarviointi, radionuklidien kulkeutuminen, säteilyannos 
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1 INTRODUCTION 

Spent fuel from the Finnish nuclear power reactors is planned to be disposed of in a 
KBS-3 type repository to be constructed at a depth between 400 and 600 metres in the 
crystalline bedrock at the Olkiluoto site. There are two design alternatives, KBS-3V in 
which the canisters are emplaced in individual vertical deposition holes and KBS-3H 
in which several canisters are emplaced in horizontal deposition drifts. This report 
compiles the results in depth from the biosphere analysis included in the KBS-3H 
safety studies. The main results presented here are summarised in the KBS-3H 
Summary Report (Smith et al. 2007b), in which this report is referred to as the 
Biosphere Analysis Report. The structure of the landscape model used for simulating 
radionuclide transport and the methodology for estimation radiation doses to humans 
are documented in Broed (2007b). The time-dependent release rates of radionuclides 
into the biosphere analysed are from the KBS-3H Radionuclide Transport Report 
(Smith et al. 2007c) and the TILA-99 safety assessment (Vieno & Nordman 1999). 
The report is a part of the Safety Assessment for the repository, and specifically the 
Biosphere Assessment. 

1.1 Olkiluoto site  

Olkiluoto is a large island (approx. 10 km²), separated from the mainland by a narrow 
strait, on the coast of the Baltic Sea. The Olkiluoto nuclear power plant with two 
reactors in operation, and the VLJ repository for low- and intermediate-level waste are 
located in the western part of the island. The construction of a new reactor unit (OL3) 
is underway at the site. The repository for spent fuel will be constructed in the central 
part of the island (Figure 1-1) after a construction license for a nuclear facility has 
been granted (application in 2013). Construction of an underground rock 
characterisation facility, called ONKALO, was started in June 2004. 

 



 

 
Olkiluoto is located in an area of significant postglacial land uplift. New land areas are 
emerging all the time, further speeded up by rather flat topography and eutrophication 
(excessive plant growth due increased supply of chemical nutrients) of the shallow 
bays. In the archipelago area south-southwest of Olkiluoto, emergence of smaller-scale 
lake and river systems is expected. On the other hand, two large rivers (Eurajoki and 
Lapinjoki) have their outlets northeast and east of the island, and are a significant force 
for erosion and sedimentation now and in the future, further affecting resulting activity 
concentrations caused by possible radionuclide releases from the repository. 

Olkiluoto has a continental climate with some local marine influence, with an average 
annual precipitation of 517 mm over the period 1992-2005, prevailing wind direction 
from the south, and average annual temperature of 5.8 °C (Haapanen et al. 2007). The 
island was glaciated at least twice during the last 200,000 years by ice sheets up to 2.5 
km thick. The most recent glacial maximum occurred about 20,000 years ago during 
which time ice covered eastern and central Europe and permafrost extended well 
ahead of the ice front. The Olkiluoto area became ice-free about 9,500 years ago, but 
was submerged to depths of 100 m by the Yoldia Sea. Since then, uplift has resulted in 
coastline retreat and the island emerged from the sea about 3,000 years ago (Posiva 
2003). 

The ecosystems at Olkiluoto are largely defined by boreal forest and mire cover, with 
industrial activity (the Olkiluoto nuclear power plant) in the west and small-scale 



agriculture in the southeast. Waters around Olkiluoto are shallow (about 10 m deep), 
except for basins at the south-western and north-western sides of the island. Cooling 
water for the nuclear power plant is taken from the sea at the southern side of the 
island and is discharged to straits in the west with a flow rate (about 60 m³/s) 
comparable to the maximum rate of the bigger neighbouring river, Eurajoki (Posiva 
2003, Haapanen et al. 2007).  

Overburden thickness at Olkiluoto is commonly less than 10 m and often 2-3 m depth. 
The most common type of overburden is fine-grained glacial till containing more than 
10% clay fraction. In some isolated depressions, fine-grained glaciolacustrine 
sediments are observed (Posiva 2003, Lahdenperä et al. 2005, Haapanen et al. 2007). 

Analyses by acoustic-seismic methods used offshore from Olkiluoto have shown that 
the most common sediment on the sea bottom is moraine till covered by postglacial 
clays.  The bottom layer is till, deposited conformably on basement rocks. This is 
overlaid by sand, followed by various clay/mud units formed by post-glacial lakes. 
Palaeozoic sedimentary rocks, overlying basement rocks in some areas, lie rather close 
to Olkiluoto (Posiva 2003). 

At present, the island of Olkiluoto forms a distinct hydrological unit in which surface 
waters flow directly into the sea. The island is divided into several local drainage 
basins on the basis of topography and direction of flow in ditches, and the main 
surface water divide splits the island into northern and southern parts. Generally, over 
60 % of precipitation evaporates, directly or through transpiration, and the rest forms 
surface runoff or flows through overburden sediments. At the most, only a few percent 
of precipitation infiltrates into the deeper parts of the bedrock (Posiva 2003).  

1.2 Regulatory requirements 

The regulatory requirements are set forth in the Government Decision on the safety of 
the disposal of spent nuclear fuel (STUK 1999) and, in more detail, in the regulatory 
Guide YVL 8.4 issued by STUK (2001). The safety regulations and guidance are 
currently being revised. 

Assessment time frames 

The regulatory guide sets the criteria for the overall time frames to be addressed in the 
safety assessment. It emphasises that the repository design needs to effectively hinder 
the release of disposed radioactive substances into the host rock for several thousand 
years. Considering the quantitative safety assessment calculations, the regulatory 
constraints for a period up to "at least several thousand years after the closure of the 
repository" but "adequately predictable with respect to assessments of human 
exposure" are dose-based (Table 1-1).  

In the long term, after several thousand years, the quantitative regulatory criteria are 
based on constraints on the release rates of long-lived radionuclides from the 
geosphere into the biosphere.  



In the very long term, after several hundred thousand (Ruokola 2002) or one million 
years, no rigorous quantitative safety assessment is required but the judgement of 
safety can be based on more qualitative considerations, such as bounding analyses 
with simplified methods, comparisons with natural analogues and observations of the 
geological history of the site.  

General requirements to assessment models and input data 

The models and data employed in the safety assessment shall be selected on the basis 
that the results, with high degree of certainty, overestimate the radiation exposure and 
radioactive release likely to occur. Simplification of the models as well as the 
determination of input data for them shall be based on the principle that the 
performance of any barrier will not be overestimated but neither overly 
underestimated.  

 

Criterion Constraint 
Annual effective dose to the most exposed 
members of the public 

Less than 0.1 mSv 

Average annual effective dose to the other 
members of the public 

Insignificantly low 

Biodiversity of currently living populations No decline 
Effects on populations of fauna and flora No significant detriment 
Effects on individuals of domestic animals 
and rare plants and animals 

No detrimental effects 

Biosphere assessment endpoints 

For the quantitative safety assessment calculations, the regulatory constraints for a 
period that shall be extended to at least several thousand years after the closure of the 
repository (see Assessment time frames above) are (STUK 2001): 

- The annual effective dose to the most exposed members of the public shall 
remain below 0.1 mSv. 

- The average annual effective doses to other members of the public shall remain 
insignificantly low. The acceptability of these doses depends on the number of 
exposed people, but they shall not be more than 1/100 to 1/10 of the constraint 
for the most exposed individuals, i.e. no more than 0.001 to 0.01 mSv per year. 
 



In addition, it is clearly stated that the radiation exposure of flora and fauna shall be 
considered. The typical radiation exposures of terrestrial and aquatic populations in the 
environment of the repository, assuming the present kind of living populations, shall 
be assessed (Table 1-1). These exposures shall remain clearly below the levels that 
would cause decline in biodiversity or other significant detriment to any living 
population on the basis of the best available scientific knowledge. Moreover, rare 
animals and plants as well as domestic animals shall not be exposed detrimentally as 
individuals. However, the applicable methods are still internationally under 
development and may be specified more explicitly within the regulatory framework at 
a later date. 

Exposure environments and pathways 

The Guide YVL 8.4 (STUK 2001) also gives guidance on the potential exposure 
environments and pathways. The biosphere assessment in general should be based on 
climate, human habits, nutritional needs and metabolism that are similar to those of the 
current day, but should also take account of reasonably predictable changes in the 
environment, i.e., at least the land uplift and subsequent emergence of new land areas. 
At least the following exposure pathways shall be considered (STUK 2001):  

- use of contaminated water as household water 
- use of contaminated water for irrigation of plants and for watering animals 
- use of contaminated watercourses and relictions. 

 
The most exposed individuals live in a self-sustaining family or small village 
community in the vicinity of the disposal site, where the highest radiation exposure 
arises through the pathways shown above. In the environs of the community, a small 
lake and a shallow water well is assumed to exist. The other members of the public are 
defined to live near a regional lake or at a coastal site and to be exposed to the 
radionuclides transported in these watercourses. In the latter case, no fixed dose 
constraint is set, but the acceptability of the doses depends on the number of exposed 
people, and they shall not exceed values from one hundredth to one tenth of the 
constraint for the most exposed individuals (STUK 2001). 

1.3 KBS-3H long-term safety studies 

The KBS-3 method, based on multiple barriers, is the proposed spent fuel disposal 
method both in Sweden and Finland. There is two design alternatives for the KBS-3 
method: KBS-3V in which the canisters are emplaced in individual vertical deposition 
holes and KBS-3H in which several canisters are emplaced in horizontal deposition 
drifts (see Figure 1-2). The reference alternative for the implementing organisations, 
SKB in Sweden and Posiva in Finland, is KBS-3V. Posiva and SKB have conducted a 
joint Research, Demonstration and Development (RD&D) programme in 2002-2007 
with the overall aim of establishing whether KBS-3H represents a feasible alternative 
to KBS-3V. 

 



 

Safety studies specific to KBS-3H are complemented by detailed studies of: 

- the function of the bentonite buffer; 
- repository design and layout adaptation to the Olkiluoto site in Finland;  
- deposition equipment;  
- the retrievability of the canister in the KBS-3H concept; and 
- the comparative costs of the KBS-3H and KBS-3V concepts. 

 
These are intended to be sufficiently comprehensive that they can be used, along with 
other design and cost studies, as a technical basis for a decision on whether or not to 
continue the development of KBS-3H. 

There are currently a number of design variants under consideration for implementing 
KBS-3H, as well as differences between the fuel types, between the characteristics and 
inventories of the canisters, and between the designated repository site for a spent fuel 
repository in Finland and the sites under consideration in Sweden. In order to focus the 
KBS-3H safety studies, however, they are applied to the Olkiluoto site, in the 
municipality of Eurajoki, which is the proposed site for a spent fuel repository in 
Finland. 

Consequences of potential releases of radionuclides from the repository are mainly 
compared to Finnish regulatory guidelines. 

Specific high-level questions addressed by the KBS-3H safety studies are: 



- Are there safety issues specific to KBS-3H with the potential to lead to 
unacceptable radiological consequences? 

- Is KBS-3H a promising alternative at a site with the broad characteristics of 
Olkiluoto from the long-term safety point of view? 

 
The safety studies are, however, limited in scope and do not currently address the 
questions: 

- Is KBS-3H more or less favourable than KBS-3V from a long-term safety point 
of view? 

- Does the specific realisation of the KBS-3H repository design considered in the 
safety studies satisfy all relevant regulatory guidelines? 

  
Regarding the first question, a comparative study of favourable and less favourable 
features of KBS-3H and KBS-3V is beyond the scope of the safety studies carried out 
so far. Regarding the second question, although the performance of a KBS-3H 
repository has been analysed for a number of variants cases, illustrating the impact of 
different uncertainties: and the results have been compared with Finnish regulatory 
guidelines, the analyses are not comprehensive in their consideration of uncertainty, 
and leave a number of issues unresolved, as described in the present report and in the 
KBS-3H Radionuclide Transport Report (Smith et al. 2007c). These limitations would 
have to be addressed before it could be judged whether or not all relevant regulatory 
guidelines are satisfied. 

In order to judge feasibility of implementing KBS-3H from a long-term safety point of 
view, relevant safety issues must be understood for KBS-3H, as well as for KBS-3V. 
There is a broad scientific and technical foundation that is common to both 
alternatives, and much of the work carried out by both Posiva and SKB in the context 
of KBS-3V is also directly applicable to KBS-3H. Thus, there is comparatively limited 
documentation that has been developed specifically relating to KBS-3H, and this 
documentation focuses primarily on the differences identified between KBS-3H and 
KBS-3V in a systematic “difference analysis” approach. 

Reporting 

The several reports that document and support the safety studies of a KBS-3H 
repository at Olkiluoto are shown in Figure 1-3 (although some are common to the 
KBS-3H and KBS-3V and will be developed in the context of Posiva’s KBS-3V 
programme). The reporting structure of the KBS-3H safety studies is based on 
Posiva’s safety case plan (Vieno & Ikonen 2005); the safety case plan has recently 
been updated (Posiva 2008). 
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The overall outcome of the KBS-3H safety studies is documented in the Summary 
Report (Smith et al. 2007b). The summary report is supported by a number of further 
high-level reports (following the structure shown in Fig. 1-3).  

The geoscientific basis is provided in site reports (Posiva 2003, 2005; Andersson et 
al. 2007), including the present situation at, and past evolution of, the Olkiluoto site, 
and disturbances caused by ONKALO1.  

The engineering basis is provided by the reports on the characteristics of spent fuel 
(Anttila. 2005), canister design (Raiko 2005), and repository design (Autio 2007, 
Autio et al. 2007).  

                                                 
1 ONKALO – Olkiluoto Underground Rock Characterisation facility for site-specific underground 
investigations – has been under construction since mid-2004 and will serve as an access route to the 
repository and the first disposal tunnels are planned to be adjacent to the main characterisation level. 



The scientific understanding supporting the safety studies is synthesised in a Process 
Report (Gribi et al. 2007) and in the Evolution Report (Smith et al. 2007a). The 
Process Report describes the individual processes and discusses the relevance of 
selected processes. The Evolution Report describes the same processes, but in broadly 
chronological order, highlighting the interactions between the processes and their 
coupling whenever possible, starting from repository construction and continuing up 
to one million years from the beginning of repository operations.  

Radiological safety and compliance with regulatory requirements are mainly dealt 
with in this report, referred to as the Biosphere Analysis Report in the overall safety 
studies, the Radionuclide Transport Report (Smith et al. 2007c) and the 
Complementary Evaluations Report (Neall et al. 2007). The Process and Evolution 
Reports provide the basis for the selection of the assessment cases calculated in the 
Radionuclide Transport Report. 

Biosphere analysis 

To a great extent, conducting a biosphere analysis is independent on if the repository 
uses the horizontal or vertical alternative of the KBS-3 concept. The only difference 
that could significantly affect the biosphere analysis is the repository layout, which 
can affect the spatial distribution of potentially released radionuclides from the 
geosphere in the biosphere. Thus, the structure of the biosphere analysis in the KBS-
3H safety studies can be closely related to the Biosphere Assessment Portfolio in the 
KBS-3V Safety Case, introduced in the Safety Case Planning Report (Vieno & Ikonen 
2005) and further developed by Ikonen (2006). The overall KBS-3V Safety Case 
consists of the components shown in Figure 1-3. The Biosphere Assessment 
component is divided into six thematic folders, each producing one or more reports 
(Figure 1-4). 



 

 

Due to the independency of the applied KBS-3 alternative, the biosphere analysis in 
the KBS-3H safety studies can utilize the work performed conducted within the 
compilation of the KBS-3V Safety Case (e.g., Vieno & Nordman 1999, Vieno & 
Ikonen 2005, Ikonen 2006 and Haapanen et al. 2007). A second consequence is that 
the ‘difference analysis’ approach needs to be adopted slightly differently in the 
biosphere analysis compared to the overall KBS-3H safety study. The focus of the 
present analysis has been demonstrating Posiva's approach to assess doses to humans, 
based on predictions of the physical terrain and the ecosystems possibly receiving 
contaminant releases from the repository (referred to as “forecasts”, below) and 
modelling of the transport of radionuclides in the entire landscape taking into account 
the time-dependent inter-connections between the different ecosystems present at the 
site. Outcomes from this analysis can be, for example, time-dependent doses to 
individuals fully utilising the modelled area (landscape doses), or landscape dose 
conversion factors (LDF), specific for Olkiluoto. No earlier assessments have been 
performed for the Olkiluoto site using this approach; in order to facilitate comparisons, 
resulting release rates into the biosphere from both KBS-3H and TILA-99 calculation 
cases are used as input to the biosphere analysis. In addition, selected results in the 
present analysis are compared to a few demonstrative cases studies that have been 
conducted for the Olkiluoto site and to results from the SR-Can project (SKB 2006a, 
Avila et al. 2006), in which the LDF approach was adopted; the reports used for this 
comparison are: 



- Landscape Modelling Case Studies for Olkiluoto Site in 2005 – 2006 (Broed 
2007a) 

- Long-term safety for KBS-3 repositories at Forsmark and Laxemar – a first 
evaluation  - Main report of the SR-Can project (SKB 2006a) 

- Assessment of Doses to Non-Human Biota: Review of Development and a 
Demonstration Assessment for Olkiluoto Repository (Smith & Robinson 2006) 

- Dose rate estimates for the Olkiluoto site using the biospheric models of SR 97 
(Karlsson & Bergström 2000) 

 

1.4 This report 

The main focus in the report is on the KBS-3H calculation cases. Even though full 
biosphere analysis has been made, the role of the selected cases from TILA-99 is 
mainly to calculate the main endpoint (landscape dose), and use the other results 
(concentrations and indicators) as comparison basis. This report is structured as 
following: 

Firstly, the applied terrain and ecosystems development model presented in Ikonen et 
al. (2007), the landscape model and its sub-models presented in detail in Broed 
(2007b) and the models for assessing exposure due to C-14 developed by Avila & 
Pröhl (2007) are summarised. 

Secondly, the main findings from the biosphere analysis using the models mentioned 
above in conjunction with the release rates from the geosphere in the biosphere in the 
KBS-3H calculation cases (Smith et al. 2007 c) and in the selected calculation cases 
from TILA-99 (Vieno & Nordman 1999) are presented. Furthermore, results from the 
present biosphere analysis are compared to each other and to results from other 
assessment. A complementary analysis is also presented, aiming to assess the possible 
impact on the main findings, by exploring certain alternative evolutions of the system, 
studying certain, possibly important, assumptions or uncertainties, or using or some 
alternative modelling approaches. 

Finally, the quality of all knowledge used throughout the analysis is assessed, and 
selected issues important for the present biosphere analysis and for future biosphere 
assessments are discussed. 





2 ESTABLISHMENT OF MODELS  

The overall aims of the biosphere analysis are to describe the past, present and future 
conditions of the surface systems of the Olkiluoto site, model the transport and fate of 
radionuclides released from the repository through the geosphere to the biosphere, and 
assess possible radiological consequences to humans and other biota. The modelling 
process can briefly be expressed as, firstly the forecasts of the future biosphere are 
produced (section 2.2), secondly the landscape model is established (section 2.3) and 
finally, the models for assessing potential radiological consequences to humans and 
other biota are defined (section 2.5). In parallel to this main modelling process, 
complementary models are also established, such as safety indicators, (section 2.4). 
The whole modelling process is illustrated in Figure 2-1, where the landscape model is 
further divided into two components, landscape model set-up and biosphere object 
modules. This division is made to facilitate the assessment of knowledge quality 
(chapter 7), where the traditional ecosystem-specific radionuclide transport models 
(biosphere object models) and the novel approach of a time-dependent linked 
ecosystem description of the site (landscape model set-up) are treated separately. The 
release rates in Figure 2-1 is the results from the radionuclide transport modelling in 
the near field and the geosphere (Smith et al. 2007b) 

Performing a full biosphere analysis for assessing the long-term safety of a geological 
repository is complex and involves several conceptual and mathematical models; all 
models applied are not presented in the present report. This chapter gives a brief 
summary of the present biosphere at Olkiluoto as described in Haapanen et al. (2007), 
and summarises the modelling approach, key models and data used in the present 
biosphere analysis. 

 

 

 

 

 



2.1 Description of the present biosphere at the site 

Olkiluoto lies in the municipality of Eurajoki in the Satakunta province; an aerial 
photograph over the area is shown in Figure 2-2. The closest population centres are 
Eurajoki parish village (16 km east) and the town of Rauma (centre 13 km south); the 
main village of Luvia and city centre of Pori can be found about 16 and 32 km 
northeast, respectively. The nearest smaller villages are Linnamaa (8 km east), and 
Hankkila and Sorkka (9 km southeast). The population density of Eurajoki 
municipality ranges from less than 10 to maximum 100 inhibitants/km2 (interpreted 
from Figure 6 in Ollikainen & Rimpiläinen, 1997), with a present (31.12.2005) 
average of 16.9 inhibitants/km2 (sources: Statistics Finland and land area National 
Land Survey). 

The coast is characterised by shallow bays surrounded by small islands. The island is 
covered by forest and shoreline vegetation quite typical of such an island in Southwest 
Finland. There are patches of old-growth boreal forest and fresh land uplift coastline, 
and between them there are commercial forests and ditched mires, agricultural areas 
and orchards, man-made reservoirs and power line areas, as well as industrial 
environment and residential areas. 

The current distributions, based on visual interpretation of aerial photographs taken in 
2005, of Olkiluoto main island into different land-use/land cover classes are 
summarised in Table 2-1. 

 

 



Land-use/land cover  Whole Olkiluoto Main island 
  [%] [%] 
Forests and mires  59 62.2 
Bedrock outcrops (forested and bare)  5.6 3.8 
Agricultural land  5.6 2.3 
Farm buildings, cottages, yards, other private built-
up land 1.4 0.9 

Shore vegetation  4.2 3.6 
Water reservoirs  1.0 1.1 
Roads and road buffers  4.8 4.9 
Nuclear power production and nuclear waste 
disposal related infrastructure, harbour 13.6 15.8 

Power lines  4.8 5.6 

Total area 10.4 km2 8.9 km2 
 

Due to the evolution of the Baltic Sea the podzol soil layers at Olkiluoto started to 
develop about 3,000 – 2,500 years ago (Eronen & Lehtinen 1996), thus soils at 
Olkiluoto are young and weakly developed. The most common soil types are fine-
textured till (53%) and sandy till (39%). The proportion of organic matter is usually 
less than 3%. Soil thickness ranges from 2 to 4 m, and the thickness of the organic soil 
layer is less than 0.8 m practically throughout the island (Posiva 2003). Erosion, soil 
redistribution and other corresponding movement of soil mass are minor. 

Forest is the dominating terrestrial vegetation type on the island; the species Norway 
spruce (Picea abies) and Scots pine (Pinus sylvestris) have the highest coverage in the 
forest, 44 and 32% respectively (Haapanen et al. 2007). Silver birch (Betula pendula), 
downy birch (B. pubescens) and black alder (Alnus glutinosa) also have a significant 
coverage. Due to commercial forest management, pine dominates 44% of forests under 
40 years of age. There are few mires and the relative area of them is less than the 
average for southwestern Finland. The peat layers are thin, about 20 – 50 cm 
(Lahdenperä et al. 2005) 

Agricultural fields cover only 2.3% of the Olkiluoto main island, and 5.6% of whole 
of Olkiluoto. The main line of production of the farms in Eurajoki is agriculture In the 
Satakunta province, about 63% of the agricultural area is utilised for cereal production, 
followed by grasses on meadows (14%), sugar beet (5%), potato (3%) and turnip rape 
(3%), and about 10% is fallow (TIKE 2006). 

The wildlife surveys made in Olkiluoto conclude that the community composition and 
species richness inside the island do not deviate from the surrounding districts. No 
signs of the occurrence of endangered or threatened species have been found. The



mammalian fauna on the island is very typical of coastal areas in Southwest Finland 
(Ikonen et al. 2003, Ranta et al. 2005, Oja & Oja 2006). Larger mammals found in 
Olkiluoto in large populations include the herbivores moose (Alces alces), mountain 
hare (Lepus timidus), and white-tailed deer (Odocoileus virginianus). Predators are 
represented by the fox (Vulpes vulpes) and the raccoon dog (Nyctereutes 
procyonoides). The most common small mammal is the bank vole (Clethrionomys 
glareosus); field voles (Microtus agrestis) and common shrews (Sorex araneus) have 
also been found (Ranta et al. 2005). Regarding land birds, Olkiluoto is a typical 
representative of Finnish southern coast forest areas; even though the number of 
species is high, the area is not important for the occurrence of rare species (Yrjölä 
1997). The overall number of breeding waterfowl in the area is high, and some scarce 
or nationally decreasing species are found (Yrjölä 1997).

Role and use in this biosphere overall analysis 

The biosphere description, in this project, is used mainly to provide necessary 
background information on the site conditions in order to correctly apply the more 
generic models. As more direct input to the assessment, the elevation and water depth 
model has been utilised as well as the present river flow rates. 

In the future biosphere assessments, though, the biosphere description will have a 
significant role in collating and interpreting the site data and systematically reporting 
the information on transport and evolutionary processes and their rates to be iteratively 
used in improving the radionuclide transport modelling based on a sound site-specific 
knowledge and data base. 

2.2 Terrain and ecosystems development model 

To predict changes over several thousands of years both in the physical terrain and in 
the ecosystems possibly receiving radionuclides released from the repository, terrain 
and ecosystems development modelling (TESM) has been carried out as a separate 
project. The predictions of future terrain and ecosystems, shaped by the postglacial 
land uplift, are based on geological features that are least susceptible to changes before 
the next glaciation: the elevation model is the only input dataset. From that, changes 
due to the land uplift and tilting of the bedrock towards the uplift maximum are 
calculated based on mathematical functions fitted to dating results on ancient shores in 
the region. Surface water bodies, or lakes and rivers, are modelled using standard 
tools. Accumulation of sediments and growth of shoreline vegetation in the lakes and 
sea bays are predicted applying a model created for a similar area in Sweden. In the 
following, the main aspects of the model version and processing methods further 
utilised to identify the information needed for the landscape model (section 2.3) are 
discussed briefly together with the main results.  

The terrain and ecosystems development model, version 2006, (Ikonen et al. 2007) is 
applied in this report. It is based on a climate scenario according to a repetition of the 
Weichselian, as defined in Hellä & Pastina (eds.) (2006). The scenario does not take 
into account anthropogenic factors affecting climate change or any consequent 



significant sea level rise; the land uplift and subsequent eustatic sea level adjustment 
follow the equations presented in (Löfman 1999, Påsse 1996) and applied already in 
the TILA-99 assessment (Vieno & Nordman 1999). See Ikonen et al. (2007) for more 
details of the applied model.  

Main results are presented in Figure 2-3 for the full modelled area and in Figure 2-4 
for the near area possibly receiving releases from the repository. The elevation model 
of the study area has been compiled from a number of sources:  

- offshore depth data from an acoustic-seismic sounding campaign (Rantataro 
2001, 2002), 

- depth information and the present coastline from nautical charts (Finnish 
Maritime Administration, permission 925/721/2005), and 

- base map altitude contours as such for the Olkiluoto island and in a coarser 
resolution (digitised from map image files) for the islands and the present 
mainland (National Land Survey, permission 41/MYY/07).



  

 



  

 



The lakes, rivers and their catchment areas were identified using standard GIS 
(geographical information system) tools, specifically applying the approach proposed 
by Ojala et al. (2006) and further adjusted in (Ikonen et al. 2007). 

For simulating the accumulation of sediments and growth of shoreline vegetation 
(mainly reeds) in the lakes and coastal areas, the model of (Brydsten 2004) was applied 
with rate functions updated for the site (for details, see Ikonen et al. 2007). 

Role and use in this biosphere overall analysis 

The terrain and ecosystems development model and its results have been used in this 
assessment as the framework of the general evolution of the site, but especially as the 
basis for defining the landscape model structure (selection of biosphere objects and 
their interconnections; see further section 2.3) and to provide the geometrical data of 
the biosphere objects. 

In the future biosphere assessment the main role will be the same, but in addition to the 
geometry, all biosphere object-specific properties will be communicated through the 
terrain and ecosystem forecast output reporting. Most important ones of them are those 
related to the water balance, biological production and sediment flow and balance in 
each biosphere object. Furthermore, the identification and delineation of the biosphere 
objects will be partially automated, although final interpretation and forming of the 
objects shall be based on expert judgement. 

2.3 Landscape model 

On the basis of the TESM described above, biosphere objects2 (BSO) possibly 
receiving, even indirectly, any radionuclides released from the repository are identified 
at each time step of the forecast, and the geometrical properties are quantified (section 
2.3.1). Each biosphere object is associated with one of the five modules, biosphere 
object modules, applied in this analysis: lake, coast, river, forest or wetland. The 
landscape model (LSM) is then built by making time-dependent connections between 
the identified biosphere objects (section 2.3.2). These connections are also derived 
from the terrain forecasts, for the period from the present to 8,000 years in the future 
with 500-year intervals. This section summarises the underlying biosphere object 
models, the reference landscape model and the condition used for the spatial 
distribution of radionuclides released into the biosphere (section 2.3.3). The LSM 
cannot currently analyse gaseous releases from C-14; these are addressed via a set of 
simplified models developed by Avila & Pröhl (2007). These C-14 models are also 
addressed here (section 2.3.4), since the doses arising from C-14 are incorporated into 
the landscape dose concept (section 3.1.1). 

                                                 
2 A biosphere object is a continuous section of the modelled area, described by one ecosystem and one 
set of data.   



2.3.1 Biosphere object modules 

The biosphere object modules used in the landscape model each represent a typical 
ecosystem. The ecosystems used in this analysis are: forest, river, coast, wetland, and a 
combined lake-wetland complex. The biosphere object modules are described in details 
in Broed (2007b); below is a brief summary of the modules. 

Table 2-2 summarises the applied object modules, their origin and possible changes to 
accommodate the features required in the present analysis. All lake objects in the 
landscape model were implemented as forming a combined object together with an 
associated wetland object; called lake-wetland complexes in this report. These were 
utilised to better capture the dynamics of a lake with its surrounding wetland areas and 
occasionally dense shoreline vegetation, typical to the site. The approach to handle the 
key issue of radionuclide exchange in the time evolution of the shrinking lake water 
volume and the corresponding growing wetland area is to assume that contaminated 
sediment of the lake part, and all contaminated water in the lake water body, is 
transferred to the wetland part at a rate proportional to the rate of change of the lake 
area and water volume. This issue is more discussed in Broed (2007b). 

It should be noted that the landscape model in this analysis does not contain any land 
used for agricultural purposes. The approach of letting the landscape model represent 
an evolutionary path undisturbed by future human activities has been adopted. The 
impact on potential radiological consequences to humans due to the cultivation of 
arable land is addressed in the complementary analysis. 



Biosphere object 
module 

Usage in the landscape model 

Lake 
From Karlsson & 
Bergström (2000) 

The average annual water retention time was calculated as the 
ratio between volume and inflow, instead of using a constant 
value as in the referenced report. This was done to be able to 
take into consideration the varying water volume of the lake 
over time. 
In cases where release from the geosphere to a lake occurred, 
this was input directly to the water compartment3 of the 
model, due to the fact that the model does not support the 
input of radionuclides through sediment. 
All lake objects in the landscape model formed a complex 
with an associated wetland. The implementation of the 
internal exchange of radionuclides is described in Broed 
(2007b). 
 

Coast 
From Karlsson & 
Bergström (2000) 

Directly applied without modifications  
 

River 
From Jonsson & 
Elert (2005) 

For the stream channel, a rectangular cross-sectional area with 
fixed width and depth was assumed due to the lack of site 
data. Annual average water flow rate was consequently then 
the main parameter. 
 

Forest 
From Avila (2006a) 

The model described in Avila (2006a) was corrected to take 
into account runoff originating uphill from the object and 
running through it by using the ratio between the catchment 
area and the forest object area as a runoff dilution factor. 
 

Wetland 
From Karlsson & 
Bergström (2000) 

Used in the lake-wetland complex. For the two objects already 
initially wetlands (see Table 2-3), the model described in 
Karlsson and Bergström (2000) was applied without 
modifications. 

 

Role and use in this biosphere overall analysis 

The biosphere object modules described in this section are used for analysing the 
transport of radionuclides in all biosphere objects in the reference landscape model 
(section 2.3.2). 

                                                 
3 In compartment models, a compartment is a component in the model assumed to be a homogenous 
entity within which the entities being modelled are equivalent. 



2.3.2 Reference landscape model 

The main approach when constructing the landscape model was based on the fact that 
more and more objects are formed over time, meaning that the modelled landscape 
contains the highest number of objects at the end of the analysis period. All the 
biosphere objects were included in the landscape model at all times, but could be 
switched “off” or “on” to simulate temporal evolution without discontinuities. Each 
biosphere object in the model is assigned a time interval where it exists, based on the 
terrain forecasts.  

In the case where one biosphere object is formed from another, a gradual shift of the 
radionuclide inflow from the disappearing object to the appearing one is implemented 
by using a linear function over a 500-year time interval. When a new biosphere object 
is formed from an area formerly being part of a coast object, the radionuclide inventory 
in the coast object is transferred to the newly formed object, or object with increasing 
area. The amount of radionuclides inherited from the coast object was implemented as 
a transfer over a 500-year period. The resulting biosphere objects in the landscape 
model are presented in Table 2-3, and a schematic representation of the landscape 
model is shown in Figure 2-5. 

Forest objects Coast objects River 
objects 

Lake-wetland 
objects 

Wetland 
objects 

 
Flutanperänmetsä 
Itämetsä 
Keskimetsä 
Liiklanmetsä 
North 1 
North 2 
North 3 
North 4 
South 0 
South 1 
South 2 
South 3 
South 4 
South 5 
Satamanmetsä 
Susijoenranta 
Susijoen rantametsä 
Tankarienmetsä 
Tyrnikarinmetsä 
 

 
Baltic Sea 
Etelänjärvet basin 
Farthest inner coast 
Katavavesi basin 
Kaukojärvi basin 
Liiklanjärvi basin 
Liponjärvi basin 
Outer coast 
Southern coast basin 
Susijärvi basin 
Tankarienjärvi basin 

 
Etelänjoki 
Eurajoki 
Flutanoja  
Kaukojoki 
Kallanjoki 
Kaunisjoki 
Karhunoja 
Lapinjoki 
Nimetön 1 
Nimetön 2 
Nimetön 3 
Nimetön 4 
Pikkujoki 
Pätkä 
Susijoki 

 
Etelänjärvet 
Flutanperä 
Kallanjärvi 
Kaukojärvi 
Korvensuo 
Katavavesi 
Liiklanjärvi 
Liponjärvi 
Mäntykarinjärvi  
Pikku-1 
Pikku-2 
Susijärvi 
Sivusuo 
Tankarienjärvi 

 
Liiklansuo 
Olkiluodonjärvi 

19 objects 11 objects 15 objects 14 objects 2 objects 
 



   

 



Parameter data  

The input parameters used in the analysis can be divided into two main groups: 

1. Landscape-level (or global) parameters are parameters that are the same for all 
biosphere object modules of the same ecosystem type within the landscape 
model. All element-specific parameters such as distribution coefficients and 
concentration ratios belong to this group. Also parameters related to the dose 
calculations, such as dose conversion coefficients and exposure pathway 
parameters, are considered to be of landscape-level. 

2. Local parameters are parameters that apply specifically to a given biosphere 
object. This group contains all biosphere object properties presented as time 
series to describe the temporal evolution. Examples of local parameters are areas 
of objects, sedimentation rates of lakes, and length of rivers. All time series were 
based on the terrain and ecosystem forecasts.  

These two main groups of parameters were implemented hierarchically in the 
landscape model; a parameter defined as of landscape-level, i.e. applied to the whole 
landscape, can be shared by several biosphere objects, while the local parameters are 
defined at biosphere object level, and thus can only be used within this single object 
without affecting local parameters of other objects. In addition to this, some parameters 
were defined to be of landscape-level in this assessment due to current data gaps at the 
object level. For example, in the river objects, plant biomass and grain size distribution 
of the bottom sediment were taken from literature. 

The parameters used to calculate the results presented in this report are mainly 
presented in Broed (2007b). Mainly, data from earlier assessments (especially Karlsson 
& Bergström 2000) were utilised in the present analysis, mostly to facilitate 
comparisons of results, but also due to the current early phase in Posiva’s biosphere 
programme; most of the available site data has not yet undergone the planned quality 
assurance and review procedure, and so has not been cleared for use in safety 
assessment. 

Role and use in this biosphere overall analysis 

The reference landscape model, in conjunction with the underlying biosphere object 
models, is the basis for estimating the transport and fate of radionuclides in the 
biosphere analysis. It is applied to all biosphere calculation cases for the time frame of 
biosphere analysis. Derived environmental activity concentrations are the main input 
into the radiological consequence analysis, for both humans and other biota (section 
2.5). 

 



2.3.3 Release terms specification 

Throughout this report release term is used to express the combination of the 
radionuclide specific release rates (activity fluxes in Bq/y) from the geosphere to the 
biosphere and the release pattern (the fractional distribution of the released 
radionuclides in each biosphere object in the landscape model). 

Due to the fact that geosphere and biosphere are separate modelling domains, the 
radionuclides released from the geosphere to the biosphere – usually expressed merely 
as a release rate – contains not only the uncertainty burden from the earlier part of the 
modelling chain but also its own spatial and temporal, and conceptual, uncertainty. 
This is often called the issue of the geosphere-biosphere interface. The present 
biosphere analysis addresses the issue of introduced uncertainties in the endpoints due 
to uncertainties in the release pattern (spatial distribution of radionuclides released 
from the geosphere), although not comprehensively. Also one case has been analysed, 
addressing the issue of uncertainty in the time evolution of the release term.  

The approach was to use a single default release pattern, denoted TILA-99m, 
throughout the analysis of actual calculation cases, and to explore the impact on the 
landscape dose of applying a set of release pattern variations on unit activity input rate 
to the biosphere. In addition to TILA-99m, a set of release patterns is defined with the 
purpose of exploring the possible impact on the outcome of the biosphere analysis due 
to uncertainties in the assumed default release pattern. The set include two variants of 
TILA-99m release patterns, based on potentially groundwater-conductive structures in 
the bedrock, release patterns based on lineaments4, equal release share to each 
biosphere object and release received only by a single biosphere object. Below, the 
default release pattern is elaborated; the set of variant release patterns are addressed in 
section 6.1. 

Default release pattern – TILA-99m 

The TILA-99m release pattern is based on analysis of the groundwater flow paths from 
the repository volume and their discharge locations at the bedrock surface in TILA-99 
safety assessment (Löfman 1999). The release areas coincide with bedrock structures 
or lineaments on the northern and southern sides of the present Olkiluoto main island 
(Figure 2-6). Three stationary situations, at 100, 1,000 and 10,000 years, were 
estimated, resulting in discharge areas moving farther away from the repository with 
time. Release areas A1 and A2 were identified for the 100 years situation, B1 and B2 
for the 1,000 years situation and C1, C2 and C3 for the 10,000 years situation. On the 
basis of the discussion in (Löfman 1999), the locations of release areas C1 and C3 
were assumed to coincide with the crossings of the continuations of the flow 
controlling bedrock structures. In all three situations, the flow paths originating in the 
southern part of the repository had their discharge areas at the surface on the southern 
side of the present island, and correspondingly the path lines from the other part of the 

                                                 
4 A lineament is a hypothetical bedrock structure, whose location, or properties, has not been confirmed 
by direct observations but only assumed and estimated on the basis of e.g. topographical and 
geophysical data. 



repository ended on the northern side. In the time frame of 10,000 years, the beginning 
of flow paths divided the repository into three, with the north-eastern corner having its 
path lines ending in a sea bottom depression north-east of the repository area. In the 
TILA-99m release pattern, the fractions of the release that each object receives are 
weighted by the respective fraction of the area of the repository from which the 
flowpaths originate (thus incorporating the likelihood related to the location of the 
single failed canister into the release term). It should also be noted that both the 
repository layout and the bedrock model are different from the current ones, although 
no fundamental differences in the release locations are expected.  

To incorporate the temporal aspect to the release location definitions (i.e. the transition 
from one stationary situation to another), the release location is assumed to move with 
a constant speed between the positions given for each stationary situation. The release 
is assumed to an ellipsoidal area with length of 200 m with its centre on the given 
positions; the start of the release is –100 m and the end +100 m from the point along 
the path line of the release shown in Figure 2-7. The fraction of the release directed to 
each biosphere object at a given time is proportional to the length of the ellipsoid 
overlapping the object area along the movement path. The release point C3 is 
stationary (appearing in year 1,500 when Tankarienjärvi Lake has been formed). 



 



 

Role and use in this biosphere overall analysis 

The default release pattern, TILA-99m, is the release pattern applied in all calculation 
cases selected for landscape modelling (see section 4.2). The other release patterns 
addressed in the present analysis are used for assessing the impact on the outcome of 
the analysis of uncertainties in the assumed default release pattern, see further section 
6.1. 

2.3.4 The C-14 models 

In addition to the biosphere object modules, a set of simplified models, developed by 
Avila & Pröhl (2007), has been used for assessment of human exposures resulting from 
potential underground releases of C-14. These are non-dynamic simplified models 
based on the ratio at equilibrium between the stable isotope C-12 and the radioisotope 
C-14 in the biota (a so-called specific activity model). Transport between biosphere 
objects is not considered; instead it aims at estimating the maximal activity 
concentrations within individual biosphere objects, receiving an input of C-14. The 
models are applicable on both continuous, and pulse-like releases. The ecosystem types 
considered are forest, coast (sea basins), lake and agricultural land. The agricultural 
land module also takes into account exposures resulting from the possible use of 
contaminated fresh waters, for example from an affected well, for irrigation of 
vegetables. Schematic representations of the conceptual models proposed for 
assessment of exposures to C-14 released from the geosphere to terrestrial and aquatic 
ecosystems are shown in Figure 2-8. The models in their mathematical structure are 
thoroughly discussed in Avila & Pröhl (2007).  



 

Comparative studies with the models indicate that the worst case situations will be 
associated with releases to small lakes, especially if these have a low productivity and 
relatively long water residence times (Avila & Pröhl 2007). Releases to terrestrial 
ecosystems and sea basins will generally result in lower annual doses per unit release 
rate, as in these systems the residence times in air and water, respectively, of the 
released C-14 are very short compared with the characteristic times of assimilation of 
carbon by primary producers. 

Role and use in this biosphere overall analysis 

Throughout this analysis the aquatic C-14 model applied on a small lake has been used 
to estimate the contribution from C-14 to doses to humans, and to estimate the activity 
concentration in lake water (most penalizing ecosystem type, see section 2.5.1). 

2.4 Complementary models 

The approach with TESM and LSM is the primary approach to perform the biosphere 
analysis. However, other models are also applied for different purposes. Stylised well 
scenarios are applied, in order to derive safety indicators. These are useful to for 
comparing with Posiva’s previous safety assessments, and with other organisations 
safety assessments, since many also use stylised well scenarios. In the complementary 
analysis, chapter 6, other biosphere object modules, for agricultural land and irrigation 
with contaminated water, are also analysed. Stylised well scenarios and other biosphere 
object modules are described in the following sections. 



2.4.1 Stylised well scenarios 

The use of a stylised drinking water well scenario was introduced in the Finnish 
assessment of deep repositories by Vieno (1994) and has been applied, with minor 
modifications, such as updated dose coefficients, in several assessments (Vieno & 
Nordman 1996, Vieno 1997, Vieno & Nordman 1999). Two variants of the stylised 
well scenario are considered in this analysis, where a well is used:  

- for human drinking water (WELL), and  
- for human drinking water, watering cattle and irrigation of crops (AgriWELL). 
 

Both scenarios are based on a well with identical characteristics. The only assumption, 
affecting the activity concentration in the water, is that the annual releases from the 
repository into the biosphere are mixed in 100,000 m3 of water, i.e., the well has a 
mixing capacity of 100,000 m3/y. This approach is extremely simple and robust, and is 
the only modelling basis for the WELL scenario. 

The AgriWELL contains radionuclide transport models for deriving the activity 
concentration in crops caused by irrigation with contaminated water (see section 2.4.2), 
and the activity concentration in animal products due to intake of contaminated water 
and fodder. The model for estimating the activity concentration in crops is based on the 
work by Bergström & Barkefors (2004), and includes both direct uptake of surface 
deposited activity and secondary uptake via the roots. The estimation of activity 
concentrations in animal products is based on the distribution factor approach (see e.g., 
IAEA 1994). Furthermore, the AgriWELL scenario uses data for a fictive farm 
(denoted AgriFARM) with properties corresponding to the arithmetic average 
composition and production of the present farms in the region around the Olkiluoto 
site. The stylised well scenarios are further elaborated in Appendix D. 

Role and use in this biosphere overall analysis 

The well scenarios are used as the basis for deriving safety indicators (section 3.2.1). 

 
2.4.2 Agricultural land module 

As mentioned above, agricultural lands are not included as a pre-established part of the 
landscape model. Instead they are addressed in the complementary analysis. The model 
used for agricultural land is the same as used in Karlsson & Bergström (2000), which 
is a slightly modified version of the model used in Bergström et al. (1999).  

The irrigation sub-module, see below, was used to calculate the activity concentration 
serving as input to the agricultural land module. The radionuclide activity input from 
the use of contaminated irrigation water was put directly to the top-soil layer 
compartment. 



Irrigation module  

The irrigation model used here takes into account the external contamination due to 
surface retention of radionuclides contained in irrigated water. The approach is based 
on that part of water passing through surfaces of vegetation due to aerial irrigation is 
retained on the surfaces (Bergström & Barkefors 2004). The amount of water 
remaining on vegetation surfaces is modelled as a function of the leaf area index and 
the specific storage capacity; these are parameters used in hydrological studies for 
estimating interception. The model also takes into account the effect on retention that 
the chemical properties of the elements have. Due to adsorption effects on the 
vegetation surfaces, cations are retained more effectively than anions. It is further more 
assumed that there is no loss of radionuclides due to rain splash, wind effects and so 
on. On the other hand, there is a continuous growth that will act to dilute the 
concentration of radionuclides, but as the model used contains yield values, the growth 
effect will be automatically taken into account. The model is elaborated in Appendix 
C, where also the applied parameter values are summarised. 

Role and use in this biosphere overall analysis 

The agricultural and irrigation modules were used in the complementary analysis to 
assess the impact on doses derived with the reference landscape model, of future 
human populations using the land for agricultural purposes. In addition, the irrigation 
module is also used in the agricultural well scenario (see Appendix D). 

2.5 Radiological consequences analysis  

Generally, the output from the models described above is activity concentrations in 
different environmental media (soil, water etc.) or food (vegetables, milk, meat etc.). 
These concentrations constitute the basis for analysing potential radiological 
consequences to humans and other biota. This section summarises the approaches to 
convert activity concentrations into radiation doses to humans and effects on the other 
biota. The endpoints, concerning radiological consequences, in this analysis are 
described in chapter 3. 

2.5.1 Radiation doses to humans 

The system of radiological protection of humans has been developed by the 
International Commission on Radiological Protection over a period of more than 80 
years. The latest recommendations have been recently published (ICRP 2007a). 
Releases from a repository are expected to result in doses that are in the low dose 
range. In this case, radiation protection primarily concerns with protection against 
stochastic effects (radiation-induced cancer and hereditary diseases). These effects are 
probabilistic in nature, and it is assumed that any exposure is capable of causing an 
effect, with no threshold. 



For demonstrating compliance with exposure constraints and limits5, there would 
preferably be one single protection quantity specifying the "amount" of whole or 
partial body exposure that is quantitatively related to the probability of an effect for all 
types of radiation, regardless of whether the radiation is incident on the body or 
emitted by radionuclides within it. The quantity intended for this is the effective dose, 
defined in ICRP Publication 60 (ICRP 1991). The underlying principle is to average 
the absorbed dose (the basic physical quantity) over specified organs and tissues, and 
then apply suitably chosen weighting factors to take account of differences in 
biological effectiveness of different radiation types and the differences in radiation 
sensitivities of organs and tissues to stochastic effects. The effective dose has been 
implemented into legislation and regulations in many countries worldwide, and 
provides a practicable approach to the management and limitation of radiation risk in 
relation to both occupational exposures and exposures of the general public.  

Concerning internal exposure (radiation emitted by radionuclides within the body), the 
radionuclides may enter the body by ingestion or inhalation. In principle, wounds 
through the skin and direct injection could also be pathways into the body; but they are 
not considered here as these pathways are relatively insignificant. The radionuclides 
incorporated in the body, due to the stochastic nature of the decay, may irradiated the 
body over long time periods, determined both by their physical half-life and their 
biological retention in the body. Thus, they may give rise to doses to body tissues for 
many years after the intake. The need to regulate exposures to radionuclides and the 
accumulation of radiation dose over extended periods of time led to the definition of 
committed dose quantities. The committed dose from an incorporated radionuclide is 
the total dose that is expected to be delivered within a specified time period. Here the 
committed effective dose is applied, using a default commitment period of 50 years. 

To be able to combine the effective dose rate from external exposure and the 
committed effective dose from internal exposure, the IAEA (2007) definition of the 
annual doses is used, which in this case can be expressed as: 

“Annual effective dose - the effective dose due to external exposure in a year  
plus the committed effective dose from intakes of radionuclides in that year” 

 
This definition is also in agreement with the Finnish regulation (STUK 1999). 
Throughout this report “doses” refer to effective doses, and “annual doses” refer to the 
annual effective dose as defined above, unless otherwise explicitly mentioned. 

Doses from the landscape model 

The method to estimate doses from landscape modelling is described in Avila & 
Bergström (2006). External exposure, internal exposure caused by inhalation of 
contaminated air and internal exposure caused by ingestion of contaminated water and 
food are the pathways considered. 

                                                 
5 The term limit should only be used for a criterion that must not be exceeded, e.g. where exceeding the 
limit would cause some form of legal sanction to be invoked (IAEA 2007). 



Exposure from radionuclides accumulated in the ground is the only external exposure 
pathway included; conservatively it is assumed that humans spend one hundred percent 
of their time outdoors. Dose coefficients for external radiation from radionuclides 
uniformly distributed in soil are used. 

For internal exposure due to inhalation of contaminated air, outdoor exposure of one 
hundred percent of the time is assumed, which in most cases gives a precautious 
estimate, as the radionuclide contamination of the air mainly comes from resuspension 
of soil particles. The daily air intake rate is set to 24 m3/day, which is close to the 
highest value of 22 m3/day reported by ICRP (2004). The dose coefficients for 
inhalation are based on the values recommended by the European Commission (EUR 
1996) for adults. For radionuclides with decay chains the values include the 
contribution from short-lived daughter radionuclides, assuming equilibrium. In EUR 
(1996), three values are given, one for each class of absorption in the lungs: F (fast), M 
(moderate) and S (slow). The class resulting in the highest exposure was chosen for 
each radionuclide. The European recommendations do not provide a value for radon. 
The value recommended by ICRP (1993) of 2.1x10-8 Sv/y per Bq/m3 was used. It 
should be taken into account that epidemiological studies have shown a large 
variability in the risk from radon inhalation, depending on factors such as smoking 
habits and time spent indoors and outdoors. 

The internal exposure via oral intake of radionuclides will, among other things, depend 
on the fraction of contaminated food and water consumed and the level of activity in 
the foodstuffs and water. In the applied methodology it is assumed that the total annual 
demand of water and food is contaminated, but other situations can easily be addressed 
by introducing corrections to account for the fraction of consumed water and food that 
is not contaminated. The diet composition can also have an impact on the internal 
exposure, as different foods can have different contamination levels. However, for 
long-term assessments it is difficult to predict a representative diet composition, as the 
human habits and choices may change. Hence, no assumptions have been made 
regarding food preferences and instead the calculations are based on values of food 
energy intake given by the ICRP for the reference man (ICRP 1975, 2004). The dose 
calculations are based on yearly intake rate of water by an individual of 0.6 m3, and 
yearly intake rate of carbon by an individual of 110 kg C. The carbon intake is 
estimated from the intake of protein, carbohydrates and fats by adult males given in 
ICRP (1975). The dose coefficients for ingestions are based on the values 
recommended by the European commission (EUR 1996) for adults; except for Rn-222 
which is based on NRC (1999). 

 

 

 

 

 



Ecosystem  Dose conversion factor  
[Sv/Bq] 

 Best estimate 5th percentile 95th percentile 
Forest 7.9E-16 1.7E-16 2.1E-15 
Agricultural land 4.4E-15 1.1E-15 1.2E-14 
Coast 1.5E-15 4.1E-16 3.1E-15 
Small lake 4.8E-14 2.1E-14 1.1E-13 
Large lake 4.7E-14 2.1E-14 1.1E-13 

 
Concentration in water per unit release rate 

[(Bq/m3)/(Bq/y)] 
Small lake 1.2E-8 1.1E-8 1.3E-8 

 

Dose from the C-14 models 

The exposure pathways considered in the dose calculations for the C-14 models are: 
ingestion of contaminated food and water for both terrestrial and aquatic ecosystems, 
and inhalation of contaminated air for terrestrial ecosystems. The exposure by external 
irradiation is not considered, as C-14 is a pure low energy beta emitter. Resulting 
ecosystem-specific dose conversion factors (EDF) considered in the present analysis 
are presented in Table 2-4. In this table, the factor used for deriving the activity 
concentration in lake water is also included. This factor was calculated with the C-14 
model using unit release rate as input. The areas for the small and large lakes are based 
on the minimum and maximum areas of the lake used in Karlsson & Bergström (2000). 
The intake rates and dose coefficients used are same as for the landscape model. 

Role and use in this biosphere overall analysis 

The presented method for deriving doses from the landscape model is used here for 
deriving annual landscape doses from all radionuclides except C-14. The results from 
the C-14 model have been used here by applying the most penalizing best estimate 
dose conversion factor (4.8E-14 Sv/y, arising from the small lake) to the release rates 
from the geosphere, in order to estimate the contribution from C-14 to the annual 
landscape dose (section 3.1.1). A factor derived with the C-14 model, expressed in 
Bq/m3 in water per unit release rate (Bq/y) to the lake, is multiplied with the release 
rates from the geosphere to estimate the activity concentration in lake water. 

2.5.2 Radiological effects on the other biota 

The system for protecting the other biota is not as mature as the corresponding system 
for protection of humans. Currently, there is a lack of consistency at an international 
level with respect to how to define and assess the issues. There is also a lack of a 
satisfactory developed framework for assessing the relationships between exposure and 
dose, and between dose and effect, and the consequences of such effects, for non-
human species. 



In the present analysis, the ERICA (Environmental Risk from Ionising Contaminants: 
Assessment and Management) Tool has been utilised. The ERICA project (Beresford 
et al. 2007) was conducted under the EC 6th framework program. It aimed to provide 
an integrated approach to scientific, managerial and societal issues concerning the 
environmental effects of contaminants emitting ionising radiation, with emphasis on 
biota and ecosystems.  The ERICA Tool is a piece of software that has a structure 
based upon the ERICA Integrated Assessment tiered approach to assessing the 
radiological risk to other biota. The assessment element of the ERICA Integrated 
Approach is organised in three separate tiers, where satisfying certain criteria in Tier 1 
allows the user to terminate the assessment process, while being confident that the 
effects on other biota are low or negligible, and that the situation requires no further 
action. Where the Tier 1 criteria are not met, the assessment should continue to Tier 2. 
Situations of concern if the criteria in Tier 2 are not satisfied should be assessed further 
in Tier 3, by making full use of all relevant information available through the 
Integrated Approach or elsewhere. The tiers can be summarised as (modified from 
Brown et al 2008):  

- Tier 1 assessments are based on environmental media concentration, and use pre-
calculated environmental media concentration limits (EMCL) to estimate risk 
quotients (RQ).  

- Tier 2 calculates dose rates, but allows examination and editing of most of the 
parameters used, including concentration ratios, distribution coefficients, 
percentage dry weight soil or sediment, dose conversion coefficients, radiation 
weighting factors and occupancy factors.  

- Tier 3 offers the same flexibility as Tier 2, but allows the option to run the 
assessment probabilistically if the underling parameter probability distribution 
functions are defined. 

 
Thus, risk quotients (RQ) are the output from a Tier 1 assessment. The RQ are 
determined by dividing the site-specific environmental media concentrations by the 
most restrictive organism- and radionuclide-specific EMCL. The EMCL are derived 
from a benchmark dose rate assumed to be environmentally 'safe'. If the RQ are less 
than one, no further assessment is needed. If the RQ are greater than one, a Tier 2 
assessment should be performed. 

Role and use in this biosphere overall analysis 

Assessing the effects on other biota was, in principle, regarded as outside the scope of 
the KBS-3H biosphere analysis. However, a Tier 1 assessment was performed using 
the radionuclides available in the ERICA tool (version 1.0 – August 2007). 



3 ENDPOINTS 

Finnish regulations (STUK 2001), as summarised in section 1.2, limit the time period 
during which dose constraints apply to “several thousands of years”. To comply with 
this, the biosphere analysis time frame extends to ten thousand years. Beyond this time 
frame, the radiation protection criteria are based on constraints on nuclide-specific 
activity fluxes from the geosphere (“geo-bio flux constraints”). The endpoints derived 
in the present analysis are divided into “endpoints for evaluating compliance” and 
“endpoints for building confidence”. The first category contains the quantities derived 
to support the quantitative evaluation of compliance with the regulatory dose 
constraints and impact of biota other than human. The approach to derive theses 
endpoints has been to ensure that the outcome is conservative6 estimates. The second 
category contains endpoints enhancing the understanding of how the modelled system 
behaves, robust dose quantities based on stylised assumptions, and quantities 
highlighting the behaviour of individual components of the system. This section 
contains short descriptions of the endpoints used in this analysis. 

3.1 Endpoints for evaluating compliance 

3.1.1 Annual landscape doses  

The regulation expresses the dose constraints using the quantities annual effective dose 
to the most exposed members of the public and average annual effective dose to other 
members of the public (STUK 2001). Only a quantity applicable to the most exposed 
members of the public has been used in the present analysis. The potential radiological 
consequence to other members of the public is not formally assessed; however, the 
topic is addressed in the complementary analysis (section 6.4). 

The concept of deriving doses based on landscape modelling is a rather novel 
approach, which has been previously applied only in one safety assessment (SR-Can, 
SKB 2006a), and in some case studies (Smith & Robinson 2006, Broed 2007a). The 
radionuclide transport part of the landscape modelling results in time-dependent 
nuclide-specific activity concentrations in the biosphere objects identified in the model. 
Doses can be derived from these activity concentrations in many ways, depending on 
the purpose of the assessment. Below, the assumptions behind the quantity annual 
landscape dose (ALD) are summarised. The ALD concept was introduced in Broed 
(2007b), and is used here to evaluate compliance with the regulatory dose constraint 
for the most exposed members of the public. 

The main assumptions, and data, underlying the ALD are: 

- Exposed individuals are assumed to spend all their time in the contaminated parts 
of the landscape7 

- Exposed individuals are assumed to make full use of  food/water production 
capability of the landscape 

                                                 
6 Conservative means, in this context, that it overestimates potential radiological consequences 
7 Landscape means here the geographical extension covered by the biosphere objects in the model 



- Estimation of the exposure from food ingestion is based on the annual demand 
for carbon, instead of the traditionally used annual ingestion of different 
foodstuffs 

- The dose contribution from C-14 is calculated separately, using an ecosystem-
specific dose conversion factor (see section 2.5.1) 

 

Dose to most exposed individual 

In the present analysis, the quantity annual landscape dose to most exposed individual 
(ALDmax) is derived as the main endpoint for demonstration of compliance with the 
dose constraint for the most exposed members of the public. The assumptions for the 
ALDmax are:  

- Only the most exposed sole individual is considered 
- The most exposed individual spends all his time in the single biosphere object 

capable of producing the highest exposure 
- The most exposed individual makes full use of the food/water production 

capability of the single biosphere object capable of producing the highest 
exposure. 

- The use of shielding factors for external radiation due to spending time inside 
dwellings is not considered 

- The dose arising from the “small lake” object from C-14 is, conservatively, 
added to the dose calculated using the landscape model for other radionuclides. 

 
This approach to derive ALDmax is not optimised in respect to conservativeness, nor is 
the ALDmax necessarily the most suitable quantity for evaluating the compliance to 
regulatory constraints. Issues for further development include especially identification 
of an individual that is representative of the most exposed members of the public (see 
also section 8.1), revisiting the parameter selection in the C-14 model, and refinement 
of the summation of dose contributions from different radionuclides. 

Role and use in this biosphere overall analysis 

The annual landscape dose to the most exposed individual, ALDmax, is used as the main 
quantity for the evaluation of compliance with the annual effective regulatory dose 
constraint to the most exposed members of the public, which applies during the first 
several thousands of years. 

3.1.2 Risk quotients for other biota 

In the present analysis, the ERICA Tool (section 2.5.2) is used to derive risk quotients 
(RQ) from the Tier 1 assessment. The ERICA default EMCLs were used, which are 
derived from a proposed screening dose rate of 10 μGy/h. This dose rate has been 
derived from data on the effects of ionising radiation on non-human biota collated in 
the FASSET Radiation Effects Database (Beresford et al. 2007, and references 
therein). 



Role and use in this biosphere overall analysis 

The outcome of the Tier 1 analysis is used as to get an indication of possible affects on 
other biota in order to evaluate regulatory compliance. It is recognized that some 
radionuclides with a significant release to the biosphere were not included in the 
assessment. 

3.2 Endpoints for building confidence 

Other endpoints except the ALDmax and the RQ described above, are calculated and 
presented in this report. These endpoints have the main purpose of building 
understanding of, and confidence in, the outcome and conclusions of the analysis. They 
include both doses derived from robust, stylised scenarios, and other quantities 
illustrating the behaviour of the biosphere itself. Doses are termed safety indicators, 
and other quantities are termed complementary safety indicators. 

3.2.1 Safety indicators 

Only safety indicators directly related to the regulatory guideline (section 1.2) are 
utilised in the KBS-3H biosphere analysis. To enable comparison with the regulatory 
guidelines, the safety indicators need to take the form of annual effective doses; here 
based on the two stylised well scenarios, WELL and AgriWELL (section 2.4.1 and 
Appendix D), in this analyses denoted as WELL-2007 and AgriWELL-2007. 

WELL-2007 - Drinking water well scenario 

The drinking water well scenario discussed in the present report is termed WELL-
2007. The WELL-2007 scenario is very simple and robust. It is based on the 
assumption that the annual releases from the geosphere into the biosphere are fully 
mixed with the water flux passing the well, 100,000 m3/y, and that an individual 
annually consumes 500 litres of that water. Drinking water is the only exposure 
pathway considered. Thus the annual effective dose in the WELL-2007 scenario is 
identical to the committed effective dose from intake of radionuclides in that year. 
Applying the WELL-2007 scenario is considered to result in hypothetical doses 
received by a representative member of the most exposed group. Dose conversion 
factors (DCF) for WELL-2007 are presented in Table 3-1. 

AgriWELL-2007 - Agricultural well scenario 

AgriWELL-2007 is the first version of the AgriWELL scenario. AgriWELL-2007 is 
based on the same well as the WELL-2007 scenario, with the additional assumption 
that the well capacity is sufficiently high to provide water for human consumption, 
cattle consumption, and for irrigation of crops. Added exposure pathways are 
consumption of contaminated crops (vegetables, fruits and berries) and animal 
products (milk, meat and egg). Crops are contaminated through irrigation with the 
contaminated well water. Animal products are contaminated through the intake of 
drinking well water and the ingestion of fodder derived from contaminated crops. 



Furthermore, AgriWELL-2007 uses data for the fictive farm AgriFARM-2007, with 
properties corresponding to the arithmetic average composition and production of the 
present farms (year 2004) in the region around the Olkiluoto site. Applying the WELL-
2007 scenario is considered to result in hypothetical doses received by a representative 
member of the most exposed group. Dose conversion factors for AgriWELL-2007 are 
presented in Table 3-1. 



Radionuclide �� decay product(s) Dose conversion factors [Sv/Bq] Ratio (1) 

 WELL-2007 AgriWELL-2007  
C-14 2.9E-15 5.6E-15 1.9 
Cl-36 4.7E-15 2.7E-14 5.8 
Ni-59 3.2E-16 1.8E-15 5.8 
Se-79 1.5E-14 1.4E-13 9.4 
Mo-93 1.6E-14 2.1E-14 1.3 

Zr-93�Nb-93m 1.3E-14 1.3E-14 1.0 
Nb-94 8.5E-15 8.6E-15 1.0 
Tc-99 3.2E-15 6.7E-15 2.1 
Pd-107 1.9E-16 2.7E-16 1.5 
Sn-126�Sb-126 3.6E-14 5.0E-14 1.4 

I-129 5.5E-13 1.1E-12 2.0 
Cs-135 1.0E-14 2.7E-14 2.7 
Ra-226�Rn-222�Pb-210�Bi-210�Po-210 1.1E-11 1.2E-11 1.1 
Th-229�Ra-225�Ac-225 3.1E-12 3.2E-12 1.0 
Th-230 1.1E-12 1.1E-12 1.0 

Pa-231�Ac-227�Th-227�Ra-223 9.6E-12 9.8E-12 1.0 
U-233 2.6E-13 2.8E-13 1.1 
U-234 2.5E-13 2.7E-13 1.1 
U-235�Th-231 2.4E-13 2.6E-13 1.1 
U-236 2.4E-13 2.5E-13 1.1 

Np-237�Pa-233 5.5E-13 5.6E-13 1.0 
U-238�Th-234 2.4E-13 2.6E-13 1.1 
Pu-239 1.3E-12 1.3E-12 1.0 
Am-241 1.0E-12 1.0E-12 1.0 
Pu-240 1.3E-12 1.3E-12 1.0 

Pu-242 1.2E-12 1.2E-12 1.0 
Am-243�Np-239 1.0E-12 1.0E-12 1.0 
Cm-245�Pu-241 1.1E-12 1.1E-12 1.0 
Cm-246 1.1E-12 1.1E-12 1.0 

(1) Ratio between dose conversion factors for AgriWELL-2007 and WELL-2007. 
 

 

Landscape dose conversion factors 

A landscape dose conversion factor (LDF), for Olkiluoto site, for a static far-future 
landscape is also employed as a safety indicator. As defined in Broed (2007b), the 



landscape model becomes static after 10,000 years of simulation, meaning that neither 
the structure nor the parameter values changes. This static landscape was used to 
acquire LDFs for a far-future situation, by running the model for another 10,000 years 
using a release term consisting of a continuous release rate 1 Bq/y and the TILA-99m 
release pattern. The far future LDF is defined as the annual landscape dose maximum 
during the simulated time period. This quantity is denoted LDFmax throughout the 
report, in order to stress that it is based on the same, overly conservative, assumptions 
as the ALDmax.. The LDFs derived using this approach are assumed to be valid for 
temperate climatic conditions. In order to also take different climatic conditions into 
account, the LDF derived in this analysis was corrected by utilising LDFs for other 
climatic conditions in SR-Can (Avila et al. 2006). The results are presented and 
discussed in section 6.5. 

Role and use in this biosphere overall analysis 

The main application of WELL-2007 is in the Radionuclide Transport Report (Smith et 
al. 2007b), in which the WELL-2007 dose conversion factors are multiplied by the 
annual release rates from the geosphere to the biosphere in order to estimate the 
possible magnitude of the committed effective dose to an adult utilising the well during 
one year. This quantity is called the “WELL-2007 dose” and can be used to compare 
results with regulatory dose criteria. In the biosphere analysis, WELL-2007 doses are 
used only as a comparative tool. 

AgriWELL-2007, which, in addition to the household water pathway, also includes the 
use of contaminated water for irrigation of plants and for watering animals, is applied 
in this report. Similarly to the drinking water well, AgriWELL-2007 dose conversion 
factors are multiplied with the annual release rates from the geosphere to the biosphere 
in order to estimate the possible magnitude of the committed effective dose to an adult 
utilising the well during one year. This quantity is called the “AgriWELL-2007 dose” 
and can be used to compare with regulatory dose criteria. 

The landscape dose conversion factor for the far future, LDFmax, is used to get an 
indication on the magnitude and trend of doses in a perspective beyond the time frame 
for biosphere assessment. 

3.2.2 Complementary safety indicators 

Activity inventory 

The activity inventory is the sum of the activity, for each radionuclide, in all 
compartments in the model, and is calculated for each biosphere object. 

Retained fractions 

The retained fraction of radionuclides released to the biosphere is defined here as the 
total radionuclide activity inventory in the landscape, excluding the object Baltic Sea, 
divided by the integrated activity release. The loss of radionuclides from the landscape 
is due to both outflow from the main modelled area into the Baltic Sea, and losses due 



to the radioactive decay. In Broed (2007b), the effect of radioactive decay on the 
retained fraction is shown for a continuous unit release to the system. 

Environmental activity concentrations 

The final result from the landscape modelling, used as input in the assessment of 
radiological consequences, is the time-dependent radionuclide-specific activity 
concentrations in individual biosphere object types and environmental media (soil, 
water and sediment). In this report, maximum activity concentrations in biosphere 
environmental media during the first 10,000 years after disposal are presented. The 
media included are: forest soil, wetland peat, river water, lake water, coastal water, 
river sediment, lake sediment, and coastal sediment.  

Role and use in this biosphere overall analysis 

The time-dependent spatially distributed radionuclide- and media-specific 
environmental activity concentration is the main result from the radionuclide transport 
modelling in the biosphere analysis. It is used as input to the radiological consequence 
analysis, both for humans and for other biota. Since activity concentrations are based 
on physical properties, they are suitable for use when comparing to other assessments; 
this is in contrast to dose quantities, which may also include assumptions about e.g., 
definition of exposed groups, living habits and food intake. Activity inventories and 
retained fractions are mainly used to improve the understanding of transport and 
accumulation behaviour for individual radionuclides in the biosphere. Activity 
inventories are in some cases also used to evaluate inheritance of radionuclides when 
modelling the transition from one ecosystem type into another during the evolution of 
the landscape (section 2.3.2); these transitions are described in detail in Broed (2007b). 

 





4 CALCULATION CASES 

This section presents the cases selected for calculation of radionuclide transport in the 
near-field and geosphere (section 4.1), and how they are treated in the biosphere 
analysis (section 4.2). 

4.1 Cases in the near-field and geosphere transport calculations 

KBS-3H safety studies 

The approach adopted for the case selection involves the following broad steps 
(Radionuclide Transport Report, Smith et al. 2007c): 

- identify plausible sequences of events or processes (scenarios) potentially 
leading to canister failure within a million year time frame, and the canister 
failure modes to which these scenarios give rise; 

- for each canister failure mode, define a Base Case against which to compare the 
results of variant cases; and 

- define a number of variant cases that illustrate the impact of specific 
uncertainties on the radiological consequences of canister failure. 

 
The discussions in the Process Report (Gribi et al. 2007) and Evolution Report (Smith 
et al. 2007a) indicate that, for a period extending to 1,000,000 years or more, the 
repository is expected to isolate the spent fuel from the surface environment, and the 
canisters are expected to provide complete containment of radionuclides, given the 
expected favourable near-field conditions and the proven technical quality of the 
engineered barrier system. However, these reports also identify three plausible modes 
by which one or more canisters could fail within this time frame, namely: 

- the presence of an initial, penetrating defect; 
- failure due to corrosion of the copper canister shell; and 
- rupture due to rock shear and the transfer of shear stresses from the rock via the 

buffer to the canister (in particular, in the event of a post-glacial earthquake). 
 

These failure modes are referred to, respectively, as PD, CC and RS in the 
nomenclature used to identify the cases. The selection of scenarios and of calculation 
cases for each canister failure mode are described in the Radionuclide Transport 
Report (Smith et al. 2007c). The selected calculation cases aim to address uncertainties 
that relate to features and processes that are specific to KBS-3H concept, or are 
significantly different in KBS-3H and KBS-3V, although additional cases are also 
identified to illustrate the impact of other key uncertainties. The cases are listed in 
Table 4-1, which also indicates if and how they are treated in the biosphere analysis. 
The calculation cases fully treated in this analysis are elaborated in Appendix A. All 
calculation cases are fully explained in the Radionuclide Transport Report (Smith et al. 
2007c), where also the WELL-2007 is presented for all cases. 



CASE TREATMENT 
Cases assuming a single canister with an initial penetrating defect (PD-) 

PD-BC - The Base Case for cases assuming an initial penetrating defect. Landscape 
modelling 

Cases addressing different fuel types 
PD-VVER - Initial penetrating defect in VVER-440-type canister WELL-2007 
PD-EPR - Initial penetrating defect in EPR-type canister 
Cases addressing uncertainties in the evolution of the fuel and the release of radionuclides from the fuel 
and metallic components 
PD-HIFDR - Increased fuel dissolution rate 

WELL-2007 PD-LOFDR- Reduced fuel dissolution rate 
PD-IRF - Instant release fraction only calculated 
Cases addressing uncertainties in the characteristics and evolution of the defect 

PD-LODELAY - Reduced delay until loss of transport resistance Landscape 
modelling 

PD-BIGHOLE - Increased size of the initial penetrating defect 
PD-HIDELAY - Increased delay until loss of transport resistance 
PD-BHLD - Increased defect size, reduced delay until loss of transport resistance 
Cases addressing potential loss or redistribution of buffer mass during the operational phase and in the 
course of buffer saturation 
PD-HIDIFF - Increased buffer diffusion coefficient WELL-2007 
Cases addressing processes originating at the buffer/rock interface 
PD-FEBENT3 - Perturbed buffer-rock interface - more extensive perturbed zone 
(extending across 50 % of the buffer thickness) 

Landscape 
modelling 

PD-FEBENT1 - Perturbed buffer-rock interface - high conductivity, narrow 
perturbed zone 

WELL-2007 
PD-FEBENT2 - Perturbed buffer-rock interface – more extensive perturbed zone 
(extending across 10 % of the buffer thickness) 
PD-SPALL - Perturbed buffer-rock interface - high conductivity, narrow perturbed 
zone, lower flow through intersecting fractures than that assumed in PD-FEBENT 
cases 
Case addressing expulsion of contaminated water by gas 
PD-EXPELL - Dissolved radionuclides expelled by gas from canister interior and 
across buffer to geosphere 

Landscape 
modelling 

Case addressing C-14 transported in volatile form by gas generated by corrosion 

PD-VOL-1 - Transport of C-14 as volatile species by gas – high gas generation 
rate 

Ecosystem 
specific 

modelling 

PD-VOL-2 - Transport of C-14 as volatile species by gas – low gas generation rate Not addressed (1)  

Cases addressing uncertainties in chemical speciation, oxidation states and solubilities 
PD-BCN - Nb present in the near field and geosphere in anionic form 

WELL-2007 PD-BCC - C-14 present in the geosphere in anionic form (carbonate) 
PD-VVERC - C-14 present in the geosphere in anionic form (carbonate), defect in 
VVER-440-type canister 
PD-EPRC - C-14 present in the geosphere in anionic form (carbonate), defect in 
EPR-type canister WELL-2007 
PD-NFSLV - Near-field solubilities varied due to uncertainties in redox conditions
(1) The release of radionuclides to the biosphere occurs beyond the biosphere analysis time frame of 
10,000 years. 
 



CASE TREATMENT 
Cases addressing variability in groundwater salinity 

PD-HISAL - Saline water present at repository depth (all time) Landscape 
modelling 

PD-SAL - Brackish / saline water present at repository depth (all time) 
WELL-2007 PD-GMWC - Change from reference water to glacial meltwater at 70 000 years 

(release starts at 1000 years, as in BC) 
PD-GMW - Change from reference water to glacial meltwater at 70 000 years 
(release starts at 70 000 years) Not addressed (1)  
PD-GMWV - Change from reference water to alternative glacial meltwater at 
70 000 years (release starts at 70 000 years) 
Cases addressing uncertainty in geosphere transport resistance 

PD-LOGEOR - Reduced geosphere transport resistance  Landscape 
modelling 

PD-HIFLOW - Increased flow at buffer/rock interface 

WELL-2007 PD-HIGEOR - Increased geosphere transport resistance 
PD-HIFLOWR - Increased flow at buffer/rock interface and reduced geosphere 
transport resistance 
Cases assuming a single canister failing due to copper corrosion (CC-) 
CC-BC - Base Case for failure due to copper corrosion; buffer treated as mixing 
tank Not addressed (1)  

Cases addressing uncertainties in the fuel dissolution rate 
CC-HIFDR - Increased fuel dissolution rate Not addressed (1)  CC-LOFDR - Reduced fuel dissolution rate 
Cases addressing uncertainties in geosphere transport resistance and groundwater composition 
CC-GMW - Glacial meltwater present at repository depth (impact on near-field 
solubilities and geosphere retention parameters) 

Not addressed (1)  CC-LOGEOR - Reduced geosphere transport resistance 
CC-LOGEORG - Reduced geosphere transport resistance, glacial meltwater 
CC-LOGEORS - Reduced geosphere transport resistance, saline groundwater 
Cases assuming a single canister failing due to rock shear (RS-) 
RS-BC - The Base Case for rupture due to rock shear 

Not addressed (1)  RS-GMW - Glacial meltwater present at repository depth (impact on near-field 
solubilities and geosphere retention parameters) 
Additional cases (hypothetical pulse release to geosphere) 
MD-1, MD-2, MD-3 – Three variations in the matrix diffusion depth Not addressed (1)  
(1) The release of radionuclides to the biosphere occurs beyond the biosphere analysis time frame of 
10,000 years. 
 

TILA-99 safety assessment 
TILA-99 (Vieno & Nordman 1999) was a postclosure safety assessment focusing on 
the normal evolution of the repository at the, at the time, four candidate sites and on 
the potential release and transport of radionuclides from the repository into the 
geosphere and biosphere. TILA-99 was a continuation and update of the previous 
TVO-92 (Vieno et al. 1992) and TILA-96 (Vieno & Nordman 1996) assessments, and 
was the latest published safety assessment for a KBS-3V repository at Olkiluoto at the 
time of conducting the work present in this report.  



However, no comprehensive biosphere assessment was performed in TILA-99, only 
doses derived by the stylised well scenario WELL-97 are reported. Thus, the basis for 
comparison of biosphere assessments made for Olkiluoto for both variants of the 
KBS-3 concept is rather sparse, especially regarding environmental activity 
concentrations and annual landscape doses, which are the two key endpoints for the 
present biosphere analysis. To enhance the comparison basis, a few calculation cases 
from the TILA-99 assessment have been included here. The landscape modelling 
approach has been applied on the release rates from the geosphere in to the biosphere. 
The four selected calculation cases are briefly summarised in Table 4-2. It should be 
noted that the release rates to the biosphere in the case DC-ns50 have been shifted 
10,000 years earlier in time; this in order to acquire a release within the time frame for 
biosphere analysis. The properties (magnitude) of the release rates are however left 
unchanged. So as not to contradict the results presented in TILA-99, the calculation 
case based on the in time shifted DC-ns50 is denoted DC throughout this report. 

CASE TREATMENT 
Case considering a single canister with an initial small hole through the canister 
SH-sal50 (denoted SH-sal below) 

- Small initial “pinpoint” hole of 5 mm2 in the copper overpack 
- Median flow and transport data for all four sites  
- Saline groundwater 

Landscape 
modelling 

Cases considering a single canister with no physical containment (“disappearing canister”)  
DC (based on DC-ns50 release rates) 

- No physical containment after t = 0 years (1) 
- Properties of the release rates same as in DC-ns50 (1) 
- Median flow and transport data for all four sites 
- Non-saline groundwater 

Landscape 
modelling 

DC0 
- No physical containment after t = 0 years 
- Median flow and transport data for all four sites 
- Non-saline groundwater 

Landscape 
modelling 

DC3 
- No release for t < 1,000 years 
- No physical containment after t = 1,000 years 
- Median flow and transport data for all four sites 
- Non-saline groundwater 

Landscape 
modelling 

(1) The time used in TILA-99 is 10,000 years, here all release rates have been shifted to appear to start 
at 0 years. 
 

 

 

 



4.2 Cases in the biosphere analysis 

Of the total 44 KBS-3H cases calculated in the near- and far-field, there are 29 that 
lead to releases to the biosphere within the time frame of biosphere analysis (Table 
4-1). It was regarded that conducting a comprehensive biosphere assessment including 
all 29 cases was out of the scope of the KBS-3H safety studies, and not crucial 
considering the undertaken difference analysis approach. Hence, to reduce the heavy 
computational effort involved in landscape modelling, a sub-set of seven cases was 
selected for full biosphere analysis. The cases are selected based on case definitions 
and resulting releases in the biosphere (Smith et al. 2007c), and are judged to form a 
representative set that covers the range of outcomes from the biosphere analysis. The 
other 22 cases with releases in the biosphere within the time frame of biosphere 
analysis are considered to be bounded by the representative set, and are only addressed 
through the WELL-2007 safety indicator. The seven cases from the KBS-3H safety 
studies, and the four cases from the TILA-99 safety assessment addressed in the 
present analysis are summarised in Table 4-3. 

CASES ORIGIN FROM 
KBS-3H safety studies TILA-99 safety assessment 
PD-BC 
PD-LODELAY 
PD-FEBENT3 
PD-EXPELL 
PD-VOL-1 
PD-HISAL 
PD-LOGEOR 

SH-sal 
DC 
DC0 
DC3 

 

The default release pattern TILA-99m (see section 2.3.3) is used in the analysis, except 
for C-14. The uncertainty related to the assumption of the release pattern is briefly 
addressed in chapter 6, and discussed in detail in Broed (2007b) and Broed & Ikonen 
(2008). For all cases, the analyses of C-14 were performed using the dose conversion 
factor for the small lake (section 2.3.4). This is especially important for the case PD-
VOL-1, since this case only includes release of C-14. 

Not all detailed results from the analyses of the cases are fully reported or discussed 
here. However, all results are archived in Posiva’s databases and thus retrievable. 





5 MAIN FINDINGS AND CASE COMPARISONS 

The main focus in this chapter is on the results from radionuclide transport calculations 
and radiological consequence analysis; results from the TESM and the configuration of 
the landscape model were presented in sections 2.2 and 2.3 respectively. In the first 
section of the present chapter, landscape doses and safety indicators from the biosphere 
calculation cases are summarised, and an evaluation of regulatory compliance is 
performed. In the following sections, selected results are compared and discussed. In 
section 5.2, the seven KBS-3H calculation cases are compared with each other, 
focusing on a few key radionuclides. In section 5.3, results from the two most similar 
biosphere calculation cases in KBS-3H and TILA-99, PD-HISAL and SH-sal, are 
compared. Selected findings from the present analysis are compared with related 
findings from other assessments are shown in section 5-4; this section also summarises 
the comparison made in Broed (2007b) regarding differences in applied 
methodologies. Finally, in section 5.5, calculation cases not included in the 
representative set are briefly addressed. Figures 5-1 and 5-2 schematically describe 
how the results have been compared. 
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5.1 Overview of results and evaluation of compliance 

The main results regarding dose endpoints from the 11 biosphere calculation cases are 
summarised in sections 5.1.1 and 5.1.2. Resulting complementary safety indicators are 
only presented for the KBS-3H calculation cases (section 5.1.3); and finally, in section 
5.1.4, the main findings for the KBS-3H calculation cases are compared with the 
regulatory guidelines, and an evaluation of compliance is performed. 

5.1.1 Landscape doses 

The annual landscape doses for all biosphere calculation cases, including all 
radionuclides, (as functions of time) are presented in Figures 5-3 (KBS-3H calculation 
cases) and 5-4 (TILA-99 calculation cases). These results are obtained by adding the 
results from the C-14 model and those of the LSM for all other radionuclides. The 
resulting individual annual landscape doses from the two modelling approaches (LSM 
and C-14 model) are presented in Figures 5-5 to 5-8. The annual landscape dose 
maxima, the year of their occurrence, and the relative contributions to the annual 
landscape dose from the most significant radionuclides are presented in Table 5-1 
(KBS-3H calculation cases) and 5-2 (TILA-99 calculation cases). Individual 
radionuclide-specific annual landscape doses are presented in Appendix E. 
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Calculation case Annual landscape 
dose maximum [mSv] 

Year Dose 
contribution 

PD-BC 4.6 � 10-4 10,000 I-129 (79.3 %) 
Cl-36 (18.1 %) 
C-14 (2.6 %) 

PD-LODELAY 6.4 � 10-4 2,850 I-129 (91.6 %) 
Cl-36 (4.8 %) 
C-14 (3.6 %) 

PD-FEBENT3 3.4 � 10-3 10,000 I-129 (77.1 %) 
Cl-36 (18.0 %) 
C-14 (4.8 %) 

PD-EXPELL 2.0 � 10-2 5,250 Mo-93 (97.6 %) 
I-129 (1.7 %) 
Cl-36 (0.7 %) 

PD-VOL-1 6.4 � 10-2 1,927 C-14 (100 %) 

PD-HISAL 4.6 � 10-4 10,000 I-129 (79.3 %) 
Cl-36 (18.1 %) 
C-14 (2.6 %) 
Se-79 (0.1 %) 

PD-LOGEOR 4.6 � 10-4 10,000 I-129 (79.2 %) 
Cl-36 (18.1 %) 
C-14 (2.6 %) 
Cs-135 (0.1 %) 

 

Calculation case Annual landscape 
dose maximum [mSv] 

Year Dose 
contribution 

DC 2.1 � 10-2 450 I-129 (96.5 %) 
Cl-36 (3.4 %) 

DC0 2.6 � 10-2 450 I-129 (96.7 %) 
Cl-36 (3.1 %) 
C-14 (0.2 %) 

DC3 4.1 � 10-3 10,000 Sn-126 (67.0 %) 
I-129 (25.4 %) 
Cl-36 (5.7 %) 
C-14 (1.1 %) 

SH-sal 2.6 � 10-4 450 I-129 (92.4 %) 
Sr-90 (4.7 %) 
Cl-36 (2.8 %) 
C-14 (0.1 %) 



In the KBS-3H calculation cases, the releases into the biosphere commence in the 
periods between 1,000 and 3,000 years. By then, the biosphere objects most 
dominating the annual landscape dose maxima, the forest objects, have reached their 
time-constant properties, such as area and catchment area. In addition, the discharge 
locations have become stationary. Thus, the shape of the landscape dose curves 
(Figures 5-3, 5-5 and 5-7) will, to a large degree, reflect the shape of the curve of the 
release rate of radionuclides from the geosphere in the biosphere.  

In the case with the TILA-99 calculation cases, radionuclides begin to enter the 
biosphere almost immediately, during the “sensitive” period of the time-varying 
landscape. This is also reflected in the results, where the results (Figures 5-4, 5-6 and 
5-8) show some peaks in the first 2,000 years, due to the initially smaller forest objects 
receiving the majority of the total release.  

PD-EXPELL and PD-VOL-1 are the two KBS-3H calculation cases resulting in the 
highest annual landscape doses maxima. In the case of PD-EXPELL the main 
contributing radionuclide is Mo-93 (97.6%), a nuclide that is insignificantly 
contributing in all other cases. In the PD-VOL-1 case only C-14 is responsible for the 
resulting dose. For the remaining release cases, the annual landscape doses maxima are 
explained almost fully by the contribution of only a small number of radionuclides (I-
129, Cl-36, and C-14). For the TILA-99 calculation cases a few more radionuclides 
have a significant contribution to the dose; in the DC3 scenario Sn-126 contributes to a 
large extent (67%) while in SH-Sal, a small contribution is also produced by Sr-90 
(4.7%). 

5.1.2 Safety indicators 

All biosphere calculation cases were evaluated applying the two safety indicators 
derived from the well scenarios (WELL-2007 and AgriWELL-2007). The landscape 
dose conversion factor for the far future, LDFmax, was also applied, but only on PD-
BC, and is further discussed in section 6.5. Resulting annual doses arising from the 
WELL-2007 scenario are presented in Figures 5-9 and 5-10. Resulting annual doses 
arising from the AgriWELL-2007 scenario are presented in Figures 5-11 and 5-12. The 
annual dose maxima, the year of their occurrence, and the relative contributions to the 
dose from the most significant radionuclides are presented for the KBS-3H and TILA-
99 cases in Tables 5-3 and 5-4, respectively. 

It could be noted that the well-scenarios do not take into account any accumulation of 
radionuclides in the biosphere, thus the shape of annual dose curves follows the shape 
if the curves for the release rates from the geosphere in the biosphere. For example, the 
shape of the dose curve in the PD-BC case (both in Figures 5-9 and 5-11) is: first a 
steep increase in dose due to the instant release fraction when a transport pathway from 
canister interior is created at 1,000 years, then slow dose increase until loss of transport 
resistance at 10,000 years, with apparent onset of increased dose at 9,000 years due to 
course time stepping in the geosphere model. 
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Calculation case AgriWELL-2007 WELL-2007 
 Annual dose 

maximum 
[mSv] 
(year) 

Dose 
contribution 

Annual dose 
maximum 

[mSv] 
(year) 

Dose 
contribution 

PD-BC 1.8 � 10-5 

(10 000) 
I-129 (74.0 %) 
Cl-36 (15.7 %) 
C-14 (10.3 %) 

8.0 � 10-6 

(10 000) 
I-129 (81.8 %) 
Cl-36 (6.1 %) 
C-14 (12.1 %) 

PD-LODELAY 1.8 � 10-5 

(2 300) 
I-129 (74.0 %) 
C-14 (22.5 %) 
Cl-36 (3.4 %) 

8.9 � 10-6 

(2 300) 
I-129 (74.5 %) 
C-14 (24.3 %) 
Cl-36 (1.2 %) 

PD-FEBENT3 1.5 � 10-4 

(10 000) 
I-129 (67.2 %) 
C-14 (18.2 %) 
Cl-36 (14.6 %) 

6.5 � 10-5 

(10 000) 
I-129 (73.3 %) 
C-14 (21.2 %) 
Cl-36 (5.6 %) 

PD-EXPELL 3.0 � 10-4 

(4 100) 
C-14 (36.7 %) 
I-129 (35.6 %) 
Mo-93 (19.3%) 
Cl-36 (8.2 %) 
Se-79 (0.1 %) 

1.6 � 10-4 

(4 100) 
C-14 (36.5 %) 
I-129 (33.1 %) 
Mo-93 (27.7 %) 
Cl-36 (2.7 %) 

PD-VOL-1 7.3 � 10-3 

(1 927) 
C-14 (100 %) 3.8 � 10-3 

(1 927) 
C-14 (100 %) 

PD-HISAL 1.8 � 10-5 

(10 000) 
I-129 (73.6 %) 
Cl-36 (15.6 %) 
C-14 (10.2 %) 
Se-79 (0.5 %) 

8.0 � 10-6 

(10 000) 
I-129 (81.7 %) 
C-14 (12.1 %) 
Cl-36 (6.1 %) 
Se-79 (0.1 %) 

PD-LOGEOR 1.8 � 10-5 

(10 000) 
I-129 (73.9 %) 
Cl-36 (15.7 %) 
C-14 (10.4 %) 

8.2 � 10-6 

(10 000) 
I-129 (81.7 %) 
C-14 (12.2 %) 
Cl-36 (6.1 %) 

 



Calculation case AgriWELL-2007 WELL-2007 
 Annual dose 

maximum 
[mSv] 
(year) 

Dose 
contribution 

Annual dose 
maximum 

[mSv] 
(year) 

Dose 
contribution 

DC 6.6 � 10-5 

(900) 
I-129 (88.7 %) 
C-14 (7.2 %) 
Cl-36 (3.7 %) 
Se-79 (0.2 %) 
Sn-126 (0.1 %) 

3.2 � 10-5 

(900) 
I-129 (90.6 %) 
C-14 (7.9 %) 
Cl-36 (1.3 %) 
Sn-126 (0.2 %) 

DC0 1.2 � 10-4 

(1 500) 
I-129 (71.1 %) 
C-14 (25.0 %) 
Cl-36 (2.9 %) 
Sn-126 (0.6 %) 
Se-79 (0.4 %) 

5.6 � 10-5 

(1 500) 
I-129 (71.3 %) 
C-14 (26.7 %) 
Cl-36 (1.0 %) 
Sn-126 (0.9 %) 
Se-79 (0.1 %) 

DC3 8.8 � 10-5 

(2 500) 
I-129 (66.9 %) 
C-14 (28.5 %) 
Cl-36 (3.5 %) 
Sn-126 (0.7 %) 
Se-79 (0.5 %) 

4.3 � 10-5 

(2 500) 
I-129 (67.1 %) 
C-14 (30.6 %) 
Cl-36 (1.2 %) 
Sn-126 (1.0 %) 
Se-79 (0.1 %) 

SH-sal 1.6 � 10-6 

(10 000) 
I-129 (79.1 %) 
C-14 (10.5 %) 
Cl-36 (7.6 %) 
Sn-126 (2.5 %) 
Se-79 (0.3 %) 

7.7 � 10-7 

(10 000) 
I-129 (81.8 %) 
C-14 (11.6 %) 
Sn-126 (3.8 %) 
Cl-36 (2.8 %) 
Se-79 (0.1 %) 

 

5.1.3 Complementary safety indicators 

Activity inventories, retained fractions and environmental activity concentrations are 
the three complementary safety indicators considered in the present analysis. 
Inventories and retained fractions for the five radionuclides contributing most to the 
annual landscape dose maxima originating from LSM (see Table 5-1) for the KBS-3H 
calculation cases are presented here. For environmental activity concentrations, ranges 
of radionuclide- and media-specific concentrations maxima in all biosphere objects for 
the KBS-3H cases are presented. In addition, selected detailed results are presented in 
Appendix E.  

Inventories and retained fractions 

Total activity inventories in the landscape model, excluding the Baltic Sea, and also 
retained fractions in the landscape are shown in Figures 5-13 and 5-14. C-14 is not 
included, since it is based on the derivation of conversion factors (see section 2.3.4). 
Numerical values are presented in Appendix E.  



The “squiggles” in the retained fractions in Figure 5-14 are numerical artefacts, caused 
by the applied interpolation technique, and are not caused by any radionuclide 
transport process.  

Figure 5-14 shows that two radionuclides, Se-79 and Cs-135, generally has a higher 
retained fraction. This is due to that these two radionuclides have a combination of 
high distribution coefficients in soil and high soil-to-vegetation concentration ratios, 
which results in high accumulation in forest objects. In addition to this, the 
bioaccumulation factor used in the river objects are also relatively high for Se-79 and 
Cs-135, compared to the other nuclides, resulting in further retention in these objects. 

Figure 5-14 also shows that there is a frequently occurring sudden decreases in the 
retained fractions at about year 9,000, which coincide with the time for a sudden 
increase in release rates in many cases. This is a coincidence, since the decrease in 
retained fractions, at around year 9,000, is due to the disappearance of the object outer 
coast in the landscape model. The consequence was, due to the way inheritance of 
radionuclides from contaminated seawater and sediments was calculated, that the 
majority of the activity inventory in the outer coast was regarded as a loss out of the 
system, hence the sudden dip in the retained fractions for many of the calculated cases. 
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Environmental activity concentrations 

The radionuclide-specific activity concentrations maxima in all biosphere objects in 
different environmental media were calculated for each KBS-3H case. The media are 
divided into: forest soil, wetland peat, lake sediment, river sediment, coastal sediment, 
lake water, river water and coastal water. The ranges of activity concentrations 
maxima are presented in Figures 5-15 to 5-17; the calculation case giving the highest 
values is marked in the figure, and bars starting at the x-axis means that the lowest 
maximum is zero. For C-14, the only results are for lake waters, since this is where 
dose conversion factor has been applied. Numerical values for the activity 
concentrations maxima are presented in Appendix E.  

For most radionuclides and ecosystems in Figures 5-15 to 5-17, PD-EXPELL is the 
calculation case resulting in the highest values. This is because the release rates 
maxima are generally the highest in PD-EXPELL. Further, in PD-EXPELL, a large 
portion of the total release enters the biosphere during a relatively small time period. 
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5.1.4 Evaluation of regulatory compliance 

In this analysis, the emphasis has been on estimating annual landscape dose maxima, in 
order to compare with the annual effective dose constraint for most exposed members 
of the public. In addition, the regulatory constraints for other biota have been addressed 
by performing a Tier 1 screening assessment using the ERICA assessment tool. Only 
calculation cases included in the KBS-3H safety analysis are considered in the 
evaluation of regulatory compliance. 

Dose constraint for most exposed members of the public 

The highest calculated annual landscape dose for the most exposed individual is 
0.064 mSv, which is a little less than a factor of two below the regulatory constraint of 
0.1 mSv. This dose arises from the calculation case PD-VOL-1, in which the only 
radionuclide present in the release term is C-14. For all other biosphere calculation 
cases, the maxima range from 0.46 �Sv to 0.020 mSv, and are thus around an order of 
magnitude or more below the regulatory constraint. It should be noted that 
conservative near-field and geosphere assumptions have been made that lead to release 
rates in PD-VOL-1 erring on the conservative side (Smith et al. 2007c). In addition, the 
DCF from the C-14 model applied in the present analysis is most likely over-
conservative, due to the used assumptions and data. 

The maximum annual doses for the AgriWELL-2007 and WELL-2007 scenarios are 
0.007 mSv and 0.004 mSv, respectively; as for the annual landscape doses, it is 
assessment case PD-VOL-1 that results in the highest doses.  

Figure 5-18 shows the highest annual doses from the landscape modelling and for the 
AgriWELL-2007 scenario (taking the highest dose for any of the KBS-3H calculation 
case at each time point); annual doses arising from PD-BC are included for 
comparison. 

Other biota 

The resulting risk quotient (RQ) in different environmental media from the Tier 1 
assessment using the ERICA tool is shown in Figure 5-19. Radionuclides lacking a 
predefined ERICA default EMCL are not included; which in this analysis primarily 
concerns Mo-93 and Sn-126. The results of this analysis indicate that, with high 
confidence, there will be no detrimental effects from the concentrations derived for the 
radionuclides considered. 
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5.2 Inter-comparison of KBS-3H cases 

As seen in section 5.1, the outcome of the biosphere analysis is dominated by a few 
radionuclides (I-129, Cl-36, C-14, Mo-93 and Se-79). This section focuses on 
comparing radionuclide-specific results for these radionuclides. In addition, a few 
figures summarising the results regarding the KBS-3H cases are presented. 

5.2.1 Landscape doses 

Landscape doses including all radionuclides in the KBS-3H cases are thoroughly 
described in section 5.1; only a figure summarising the results is included here. Three 
radionuclides, I-129, Cl-36 and C-14, dominate the annual landscape dose in most 
cases; it’s only in PD-EXPELL where Mo-93 is the most dominating radionuclide8. 
Annual landscape doses for I-129, Cl-36 and C-14 are presented below. 

Figure 5-20 summarises the annual landscape dose maxima for the seven KBS-3H 
calculation cases. Figures 5-21 to 5-23 show annual landscape doses for I-129, Cl-36 
and C-14 individually. On the right hand of the figures, the doses at each time step are 
normalized to the PD-BC dose at same time step, in order to highlight difference in the 
timing. 

 

                                                 
8 In the other cases, Mo-93 releases are from the instant release fraction, IRF, but constricted by the flow 
resistance of the small defect in the canister. In the case of PD-EXPELL, the gas pressure inside the 
canister pushes the whole IRF to the geosphere, where Mo-93 is assumed to be in anionic form with low 
sorption, resulting in significant release to the biosphere. Thus, despite of the later start of the release, 
due to the near field assumptions, the overall release of Mo-93 is much higher in PD-EXPELL than in 
the other KBS-3H PD-cases during the whole biosphere time frame. 
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5.2.2 Safety indicators 

The values for annual dose maxima, during the time frame for biosphere analysis, in 
the well scenarios are summarised in Table 5-3. The results are also presented as a bar 
plot and as a ratio of AgriWELL-2007 and WELL-2007 doses in the following figures 
(Figures 5-24 and 5-25). 
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5.2.3 Complementary safety indicators 

The four most dominating radionuclides, either in respect to the activity concentration, 
the risk quotient, or the landscape dose, are compared in this section; these are I-129, 
Cl-36, Mo-93, Se-79 and C-14. For C-14, only the activity concentration in lake water 
is considered, based on the concentration factor for the small lake. 

Inventories and retained fractions 

Total activity inventories and retained fractions in the landscape model (excluding the 
Baltic Sea), for the dominating radionuclides at the times for annual landscape dose 
maxima in the KBS-3H cases are shown in Figure 5-26 and 5-27. 

It would have been interesting to compare the calculated total activity inventory with 
the (expected) natural total activity inventory. However, this data is under compilation 
and not yet available. The results presented here will be used to compare with in future 
assessments.  

Environmental activity concentrations 

Environmental media activity concentration maxima for the four dominating 
radionuclides are shown in Figures 5-28 to 5-32. 

The most important use for these results is to provide values to use in the Tier 1 
assessment of affects on other biota (section 5.1.4). But, as for the activity inventory, it 
would have been interesting to compare the calculated activity concentrations with 
measured natural activity concentrations. This will be done in future assessments when 
data for natural activity concentrations is compiled. 
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5.3 Comparisons between KBS-3H and TILA-99 cases 

A broad comparison between the present analysis and the TILA-99 assessment is not 
feasible since no comprehensive biosphere assessment was performed in TILA-99. In 
order to be able to make some limited comparison, a few calculation cases from TILA-
99 have been analysed with the LSM in the present analysis; the results were presented 
in section 5.1. This section focuses on calculation cases in the KBS-3H safety analysis 
and the TILA-99 safety assessment that have rather similar assumptions (small hole in 
the canister and saline ground water): PD-HISAL and SH-sal.  

5.3.1 Landscape doses and safety indicators 

The calculated annual landscape doses for PD-HISAL and SH-sal are presented in 
Figures 5-33 and 5-34, and the corresponding annual doses for the well scenarios in 
Figure 5-35. Table 5-5 summarises the maximum doses from the two calculation cases. 
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Quantity PD-HISAL SH-sal PD-HISAL to 
SH-sal ratio 

Annual dose maximum [mSv] 
(year) 

   

LSM 
 

4.6 � 10-4 

(10 000) 
2.6 � 10-4 

(450) 
1.8 

AgriWELL-2007 1.8 � 10-5 

(10 000) 
1.6 � 10-6 

(10 000) 
11.2 

WELL-2007 8.0 � 10-6 

(10 000) 
7.7 � 10-7 

(10 000) 
10.4 

    
Dose ratio    
LSM / WELL-2007 58 338 0.17 

 

Table 5-5 and Figure 5-34 shows that the dose maxima are rather similar for PD-
HISAL and SH-sal, and that the doses are greatly dominated by the dose from I-129. 
The similarity in the dose maxima is likely to be pure coincidence, since the maximum 
in PD-HISAL occurs when the transport resistance of the small hole is lost. Sr-90 is a 



significant radionuclide in SH-sal but not in PD-HISAL. The reason for that is that Sr-
90 has a short half-life (28.8 years); thus the inventory of Sr-90 in the canister is 
negligible when the release commences in PD-HISAL (at year 1,000).  

The last row in Table 5-5, the ratio between the dose maxima derived from LSM and 
WELL-2007 shows that there is a significant different between PD-HISAL and SH-sal. 
This is explained by the fact that the annual landscape dose maxima occur at different 
times in the two cases. The annual landscape dose for unit release rate for I-129 at the 
year 450 is about 7 times higher than at year 10,000 (see Table 5-7 in Broed (2007b)). 
This is an effect of the evolving landscape, which is not considered in the well 
scenarios. 

5.3.2 Complementary safety indicators 

This section summarises the total activity inventories (Figure 5-36) and retained 
fractions (Figure 5-37) at the time of annual landscape dose maxima, and 
environmental activity concentration maxima for most significant radionuclides 
(Figures 5-38 to 5-40) for PD-HISAL and SH-sal. For C-14, only the activity 
concentration in lake water is considered, based on the concentration factor for the 
small lake. The result for Sr-90 follows the results for the landscape doses; the 
consequence of the short half-life is that the activity inventory is negligible in PD-
HISAL. 
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5.4 Comparisons with other biosphere analyses 

Following the approach of focusing on issues that differ between the KBS-3H and 
KBS-3V design alternatives, the outcome of the present biosphere analysis should 
primarily be compared to previous exercises and other assessments, where the analysis 
has been performed based on a landscape modelling approach. Such a comparison was 
performed in Broed (2007b), where recent biosphere assessments for Posiva (Broed 
2007a, Smith & Robinson 2006), and the Swedish SR-Can assessment for SKB (SKB 
2006, in more detail in Avila et al. 2006), were selected for comparison. This section 
addresses the key conceptual and methodological differences between the present 
analysis and other landscape modelling efforts. Furthermore, a few examples of 
differences in derived EDFs and DCFs are also identified.  

5.4.1 Conceptual and methodological aspects 

An important task when comparing assessments is to identify differences in key 
conceptual, methodological and modelling aspects. This was done in Broed (2007b) by 
comparing the approach to landscape modelling in the KBS-3H safety studies with the 
approaches used in Broed (2007a), Smith & Robinson (2006) and the SR-Can project 
(Avila et al. 2006, SKB 2006a-c). Below in Table 5-6, a slightly modified version of 
Table 7-4 in Broed (2007b) is presented. 



 

  

Aspect Approach in KBS-3H 
landscape modelling 

Main differences compared with the approach of 
Broed 2007a Smith & Robinson 2006 SKB 2006 ("SR-Can") 

CONCEPTUAL ASPECTS 

Endpoints a 
Terrain forecasts External results (Ikonen et al. 

2007) used, basically based on 
(Påsse 1996) as applied in 
(Löfman 1999) 

Derived from suitable depth 
contours of navigational 
chart 

Last time step used in 
(Broed 2007a) selected and 
agricultural areas added 
following the site data on 
resent clay sediments 

Based on modelling of the 
ongoing shoreline 
displacement (Avila et al. 
2006) 

Landscape model Time-dependent landscape 
model, landscape evolves 
0-8 ky and is static after that 

Static landscape at four 
different times ("snapshot 
approach"), each run for 10 
000 years in the LSM 

Static landscape represent-
ting far future and highest 
potential for, and variety of, 
exposure of the other biota 

Time-dependent landscape 
model for two different sites 

LSM endpoints a Inventory by object and 
compartment, radionuclide-
specific fraction retained in the 
landscape 

Total inventory of each 
object, radionuclide-specific 
fraction retained in the 
landscape 

- Inventory, fraction of 
releases retained in the 
landscape, excluding the 
Baltic Sea 

 Activity concentrations in 
environmental media 

- Maximum activity 
concentrations in each 
considered ecosystem 

Activity concentrations in 
environmental media 

 Annual landscape dose (time-
dependent landscape-specific 
dose) 

Time-dependent landscape 
dose conversion factors for 
each time frame 

- Time-dependent landscape 
dose conversion factors 

Exposed group(s) The critical group for the 
annual landscape dose is the 
most exposed human 
individual 

The critical group 
considered by the LDF is 
the most exposed human 
individual 

Various critical groups 
(reference and interest 
species) of the other biota 

Critical group derived from a 
complementary cumulative 
distribution function (Avila et 
al. 2006), see also 
discussion in section 8.1 

a Endpoints corresponding to the main content of this report; e.g. SR-Can addressed also submerged, permafrost and glacial conditions (see section 6.5). 



 

  

Aspect Approach in KBS-3H 
landscape modelling 

Main differences compared with the approach of 
Broed 2007a Smith & Robinson 2006 SKB 2006 ("SR-Can") 

Time frame of landscape development 
 0-8 ky, after which a static 

condition is used for simulation 
(usually up to 10 ky) 

Time frames corresponding 
0, 1450, 1985 and 5850 AP 
(coinciding with present 
depth contours), each run 
for 10 ky in the simulations 

Time frame corresponding 
5850 AP (coinciding with a 
present depth contour), run 
for 10 ky in the simulations 

Temperate period (8,000 
BC to 10,000 AD), evolving 
landscape. 

Release to biosphere 

Release pattern(s) A default time-dependent 
release pattern based on 
interpretation of 
hydrogeological modelling 
results (section 2.3.3), 
supported with alternative 
release patterns (section 6.1)) 

A time-independent release 
pattern to several objects in 
each time frame, based on 
observed fracture density in 
submarine bedrock surface 

A time-independent release 
pattern to several objects 
based on expert judgement 

A time-dependent and site-
dependent release pattern 
to several objects, based on 
results of hydrogeological 
modelling 

Future human activities (FHA) 
Agriculture No agricultural land in used 

landscape model (analysed 
through post-processing, see 
section 6.2) 

No agricultural land Agricultural land 
contaminated by irrigation 
from watercourses, areas 
defined as all present 
submarine clay deposits 
large enough, and within an 
assumed range, from 
nearest freshwater body 

Agricultural land considered 
where environmental 
conditions (such as 
excessive stoniness) do not 
exclude the possibility 

Wells No wells used in the landscape 
model (used as safety 
indicators, see section 3.2.1) 

No wells No wells A well used for irrigation and 
drinking water is analysed 
separately from the 
landscape model 

 



 

  

Aspect Approach in KBS-3H 
landscape modelling 

Main differences compared with the approach of 
Broed 2007a Smith & Robinson 2006 SKB 2006 ("SR-Can") 

Future human activities (FHA) 
Other FHA No specific features No specific features Transformation of a wetland 

accumulated contamination 
into agricultural land "hard-
wired" into the landscape 
model 

No specific features 

METHODOLOGICAL ASPECTS 
Evolution paths of the 
site 

Expected evolution Expected evolution 
("snapshot approach") 

Expected far future 
landscape 

Expected evolution 

Biosphere object 
module types 
considered 

Lake/wetland complex, coast, 
river, wetland, forest 

Coast, lake, river, wetland, 
forest 

Coast, lake, river, wetland, 
forest, agricultural land 

Coast, lake, river, wetland, 
forest and agricultural land 

Secondary 
contamination 

Daughter object inherits 
activity inventory of a parent 
object in proportion to the ratio 
of the areas 

No inheritance of inventory 
(static landscapes) 

Transformation of a wetland 
becoming contaminated into 
agricultural land; otherwise 
no inheritance 

Daughter object inherits 
activity inventory of a parent 
object based on transition-
specific rules 

KNOWLEDGE AND DATA BASE 

Terrain forecasts Expected evolution, best 
available data and models 

Expected evolution to the 
time points, only 
navigational chart used as 
elevation model 

Expected evolution to the 
time point, only navigational 
chart used as elevation 
model 

Expected evolution, best 
available data and models 

 



 

  

Aspect Approach in KBS-3H 
landscape modelling 

Main differences compared with the approach of 
Broed 2007a Smith & Robinson 2006 SKB 2006 ("SR-Can") 

KNOWLEDGE AND DATA BASE 
Biosphere objects See table 2-1 Same model versions as in 

the present analysis, 
although no lake/wetland 
complex used 

Same model versions as in 
the present analysis, 
although no lake/wetland 
complex used 
Agricultural land as in 
(Karlsson & Bergström 
2000) 

Coast, lake, wetland and 
forest similar to present 
analysis (Bergström et al. 
1999; Avila 2006a) with 
minor modifications (Avila 
2006b). 
No compartment model for 
rivers – instantaneous and 
complete mixing with the 
water flow assumed.
Agricultural land (Bergström 
et al. 1999) similar to (Smith 
& Robinson 2006) 
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5.4.2 Landscape doses 

Below, comparisons between landscape dose conversion factors, and ecosystem-
specific dose conversion factors, EDF, are presented and discussed. The landscape 
dose conversion factors presented in Broed (2007b) are the LDFmax used in this 
analysis, derived to be applicable for temperate conditions at a site near Olkiluoto with 
a static landscape in the far future. These are compared with the LDF values for 
Forsmark and Laxemar reported in safety assessment SR-Can (SKB 2006a). The EDF 
values, which applies for static ecosystems, in the present analysis have been derived 
using the same overly conservative approach as the LDFmax, thus denoted EDFmax, and 
are compared with values reported in the Swedish safety assessments SR-97 
(Nordlinder et al. 1999) and SR-Can (Avila 2006b) and work done for Posiva 
(Karlsson & Bergström 2000). 

Landscape dose conversion factors 

The LDFmax for temperate conditions at a site near Olkiluoto in the far future, derived 
in Broed 2007b and presented in more detail in section 6.5, are here compared with 
LDFs for Forsmark and Laxemar presented in SKB 2006a (Figure 5.41).  

As seen in Figure 5-41, the LDFmax for the present analysis are generally significantly 
higher than the values reported in SKB (2006b). The values for the most important 
radionuclides are generally one to two orders of magnitude higher in the present 
analysis. This will of course be reflected in the estimation of potential doses to 
humans, when applying them in assessment cases. Three main reasons for this rather 
large discrepancy between the reported values can be identified as: 

1. Identification of most exposed subgroup of the exposed population. SR-Can 
bases the LDFs on a log-normal fitting approach, where each resulting LDF is 
taken as the arithmetic mean between the max and one tenth of the max of the 
fitted LDF-distribution. The present analysis identifies the maximum possible 
dose to one single individual, see also discussion in section 8.1. 

2. Release pattern assumptions. In the present analysis, a single biosphere object 
usually produces the highest doses. This object receives a large fraction of the 
total release (in the order of 75%, see Broed 2007b). In a comparison with SR-
Can, it is important to examine the biosphere object producing the highest total 
dose (i.e. object type, area etc.), and its corresponding release fraction. In both 
Forsmark and the Laxemar models, the release fractions are much more 
dispersed among the objects, resulting in lower releases to individual objects 
(see also Fig. 5.46). 

3. The forest objects. Forest objects usually results in highest LDFmax in the 
present analysis. There are no forest objects in the Laxemar model, and only a 
few in the Forsmark model. 
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Ecosystem-specific dose conversion factors 

In the present analysis, ecosystem-specific dose conversion factors have been derived 
for the biosphere object modules applied (forest, coast, wetland, lake and river, and in 
addition also for the agricultural land), EDFmax, see section 6.6 for details. In this 
section, the EDFmax values are compared with results from two Swedish assessments, 
SR-Can and SR-97, and with an earlier analysis performed for Olkiluoto, denoted WR-
2000-20. The approaches to derive EDFs in these three works are briefly discussed 
below. A common feature of all three, and of the present analysis, is that they are based 
on an annual release of 1 Bq of each radionuclide considered during a 10,000 years 
period. Derived EDFs for the four analyses for selected radionuclides are presented in 
Figures 5-42 to 5-44.SR-Can. The most recent Swedish safety assessment SR-Can 
(SKB 2006a) used landscape modelling as the main approach. However, EDFs for the 
ecosystem models (sea, lake, agricultural land, forest and mire) in the landscape model 
were also derived (Avila 2006b). For sea ecosystems, the releases were directed to the 
water in the top sediment of the sea bed, while two cases were considered for the lake: 
one with releases to the lake water and another with releases to the water in the top 
sediment of the lake bottom. The agricultural land is described as a saturated zone with 
a near horizontal flow of groundwater where the water table is about one meter below 
the surface; the radionuclides are assumed to enter the system via an inflow to this 
groundwater. In the case of mires and forests the releases were directed to the peat and 
soil compartment, respectively. 

SR-97. In the earlier Swedish safety assessment SR 97 (SKB 1999), the biosphere 
modelling was performed by Bergström et al. (1999). EDFs were calculated for each 
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recipient ecosystem (well, lake, running waters, coast, agricultural land and peat bog), 
assuming that the biospheric conditions were the same as today. The biosphere was 
studied at three sites (in the study called Aberg, Beberg and Ceberg) for which site-
specific EDFs were calculated. Exposure pathways were: external exposure from 
radionuclides on the ground and internal exposure due to consumption of contaminated 
water and foodstuff, and inadvertent soil ingestion. 

WR-2000-20. EDFs have been estimated for Olkiluoto (Karlsson & Bergström 2000), 
for various recipients (well, lake, running waters, coast, agricultural land and peat bog).  
The EDFs are used to derive the effective dose to the most exposed individual. The 
ecosystem models used were the same as in SR-97. 

It can be noted that the EDFs for river/running water (Figure 5-44) in this analysis 
were calculated with a dynamical radionuclide transport model (Jonsson & Elert 2005), 
whereas in the other assessments a simplified model was used, that calculated the 
equilibrium activity concentration in the river water, based on the water volume and 
yearly water flow rate. The results produced for C-14 in this analysis was done using a 
specifically developed model (Avila & Pröhl 2007). 
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5.4.3 Safety indicators 

In the present analysis (see Appendix D), the DCFs derived for the AgriWELL 
scenario are compared with DCFs for a well at Forsmark and Laxemar (SKB 2006a). 
DCFs for selected radionuclides are presented in Figure 5-45. The results show that the 
DCFs for AgriWELL-2007 are generally higher than the DCFs valid at the Forsmark 
site, and generally about the same or lower than the DCF valid at the Laxemar site. The 
applied mixing capacities (denoted well capacity by SKB) at Forsmark and Laxemar 
are 167,680 m3/y and 15,680 m3/y, respectively; compared to the value of 100,000 
m3/y used in AgriWELL-2007. If hydrological assumptions would be excluded (i.e. if 
the conversion factors were scaled to same mixing capacities), AgriWELL has 
generally higher conversion factors than the corresponding wells used in SR-can 
(ranges from a factor 1 to 6). This reflects the differences in the applied radionuclide 
transport model (especially the irrigation assumptions) and/or dosimetric model. 

 
5.4.4 Complementary safety indicators 

The most interesting complementary safety indicator to compare is the fractions of 
radionuclides retained in the landscape, since this quantity not only has a direct effect 
on the radiological consequences, but also reflects the behaviour of the landscape 
model itself. A comparison of retained fractions in the present analysis and those 
reported in the SR-Can project (Avila et al. 2006) is shown in Figure 5-46; the results 
in the figure are based on unit release rates (1 Bq/y for each radionuclide) and show: 
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- KBS-3H. The fraction of total inventory retained in the landscape model, 
excluding the Baltic Sea, from the unit input at the end of the simulation period 
(10,000 y) 

- SR-Can – Forsmark. Derived from Figure 3-5 in Avila et al. 2006 - Total 
radionuclide inventory retained at the end of the simulation period (10,000 AD) 
for the variant 8,000 BC-All. 

- SR-Can – Laxemar. Derived from Figure 3-15 in Avila et al. 2006 - Total 
radionuclide inventory retained in all objects, excluding the Baltic Sea, at the end 
of the simulation period (10,000 AD). 

 
Figure 5.46 clearly shows that the total retained fractions are much higher in the 
present biosphere analysis compared with SR-Can. Answering the question “why” is 
not trivial. However, one main identified factor is that the way releases to the 
biosphere is modelled differ, in particular the type of recipient ecosystem objects. In 
the KBS-3H landscape model, the main receiving objects was a set of linked forest 
objects, with potentially high retention depending on the nuclide specific properties 
(see section 5.1.3). In the model for Forsmark, the more mobile radionuclides (Cl-36, 
Tc-99 and I-129) results in a higher retention than in the KBS-3H (and Laxemar) 
model, and also have a higher retention than the less mobile Ra-226. One explanation 
for this is that a large portion of the total release in the model for Forsmark initially 
goes to the sea, and eventually become available via inheritance to new forming 
ecosystem objects. 
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5.5 Remaining cases 

As discussed in section 4.2, a representative set of seven KBS-3H cases calculated in 
the near- and far-field has been selected for full biosphere analysis. The other 22 cases 
are considered to be bounded by the representative set, and doses are derived only in 
terms of the WELL-2007 safety indicator; the results are presented in detail in the 
Radionuclide transport report (Smith et al. 2007c). Figure 5-47 is derived from Figure 
8.2-1 in the Radionuclide transport report (Smith et al. 2007c). In Figure 5-47 it is 
indicated which cases are analysed in the present report and the cases that are not 
analysed, among those with releases to the biosphere within or beyond the time frame 
where regulatory dose constraints apply. For a full biosphere assessment, all cases with 
green bars should have been analysed. However, Figure 5-47 supports the assumption 
that the chosen set of biosphere calculation cases is representative for all cases, and 
that the most penalising cases in terms of doses over the 10,000 years time frame have 
been fully analysed. 
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Biosphere calculatio cases – analysed in the present report
Release into biosphere within 10 000 years – not analysed
Release into biosphere beyond 10 000 years – not analysed

Biosphere calculatio cases – analysed in the present report
Release into biosphere within 10 000 years – not analysed
Release into biosphere beyond 10 000 years – not analysed

Biosphere calculatio cases – analysed in the present report
Release into biosphere within 10 000 years – not analysed
Release into biosphere beyond 10 000 years – not analysed

Biosphere calculatio cases – analysed in the present reportBiosphere calculatio cases – analysed in the present report
Release into biosphere within 10 000 years – not analysedRelease into biosphere within 10 000 years – not analysed
Release into biosphere beyond 10 000 years – not analysedRelease into biosphere beyond 10 000 years – not analysed  
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6 COMPLEMENTARY ANALYSIS 

In addition to the main analyses, which included 11, some additional cases have been 
defined and studied in a complementary analysis. The purpose of the complementary 
analysis is to explore alternative evolutions of the system (the so called “what if” 
cases) and to study certain, possibly important, assumptions or uncertainties, or using 
alternative modelling approaches.  

The complementary analyses performed in this work addressed the following issues: 

- The impact on the landscape dose due to the assumed default release pattern 
(unit release rate) 

- The impact of including areas used for agricultural purposes would to be 
included in the landscape model (PD-BC) 

- The evolution of newly emerged sea bottom (PD-BC)  
- Exposure to other members of the public (PD-BC and PD-EXPELL) 
- Doses in a longer time perspective (unit release rate and PD-BC)  
- Derivation of ecosystem-specific dose conversion factors (unit release) 

 
The text in brackets indicates if the complementary case in question is evaluated using 
unit release rate (1 Bq/y) or release rates from a KBS-3H calculation case. 

6.1 Uncertainties in the default releases pattern  

As discussed in section 2.3.3, the approach in the analysis of KBS-3H calculation cases 
has been to use the default release pattern TILA-99m, and to explore the possible 
impact on the landscape dose due to uncertainties in the assumed release pattern as a 
separate task. In Broed (2007b), section 6.3, and in Broed & Ikonen (2008), a set of 
release patterns was applied on unit activity input rate into landscape models; this 
section summarises the main findings.  

Various cases of release patterns were considered: i) releases distributed to a large 
number of objects (TILA-99m with three variants: structures, lineaments, and equal 
share to each biosphere object), ii) releases received by one single object (7 forests, 1 
lake with 3 variants), and iii) a variant of the TILA-99m case with varying time of start 
of the release into the biosphere. Details of the release patterns are presented in Broed 
(2007b), and briefly described in Table 6-1. The radionuclide-specific annual 
landscape dose maximum to the most exposed individual was used as the quantity of 
interest in these analyses. The analyses were performed using the landscape model 
described in section 2.3.2. Resulting dose maxima for the cases addressing 
uncertainties in the spatial distribution of the release are shown in Figure 6-1 (for the 
three most important radionuclides). In the case addressing uncertainties in the timing 
of the release, the landscape model presented in this report was not applied. Instead, 
landscape dose conversion factors (LDFmax) were derived from the four static 
landscape configurations cases in Broed (2007a). Resulting values, for the five 
radionuclides generally resulting in the highest LDFmax, for four different starting 
release times, for the TILA-99m release pattern, are shown in Figure 6-2.  
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NAME BRIEF DESCRIPTION 
Default release pattern 
TILA-99m Expected release, non-localised location of failed canister: Release areas 

originates from the TILA-99 assessment, assumed to move between the 
modelled positions at 100, 1000 and 10,000 AP. 

Cases addressing uncertainties in the spatial distribution 
TILA-99m north Expected release with known location of failed canister: Same as 

TILA-99m, but releases are assumed only to the northern areas. 
TILA-99m south Expected release with known location of failed canister: Same as 

TILA-99m, but releases are assumed only to the southern areas. 
Structures Widely distributed release to land area above the repository. Bedrock 

structures, boreholes and shafts intersecting, close to or having hydraulic 
contact to, or near, the repository function as release routes to the 
biosphere. 

Lineaments Widely distributed release to objects on potential discharge locations. 
Release locations assumed to coincide with observed fractured bedrock 
along interpreted bedrock lineaments, weighted by fracturing category. 

Equal Release equally distributed to all objects within the expected area of 
possible releases (defined by the expected hydrological repository block). 

ForestX Release to a single forest object X. The forest objects are selected to 
represent the highest dose contributions in the default case from both the 
southern and northern surface water flow route and the forest object 
furthest upstream (N1, N4, S0, S4 and S5). 

Forest – wetland 
as a sink 

Release into Liiklanmetsä (forest) from where the runoff is collected by 
the Liiklansuo (wetland) without any discharge to other objects. 

Lake Release into a single lake object, selected to represent the highest dose 
contribution in the default case – three variants with the release directed 
to the water column or through the bottom sediment. 

Cases addressing uncertainties in the timing of the release 
TILA-99m timing Variant of the TILA-99m case with four different release times (applied 

on the four static landscape configurations cases in Broed (2007a). 
 
On the basis of these results, it seems that the highest dose occurs for the release 
pattern including a single forest object with maximal amount of downstream terrestrial 
objects. The variation in doses in between the different forest object is explained by 
their different areas and catchment areas. However, these kinds of scenarios appear to 
be pessimistic. In reality the discharges of deep groundwater would be directed 
towards the lowest location within about a 1 km range – probably a single shoreline 
forest. Furthermore, there is relatively little difference between the different 
hypothetical release patterns; if the release is received by a terrestrial object, then that 
will dominate the dose according to the current models. The doses in the case were the 
releases go into the (water compartment of the) lake are generally lower. This is mainly 
an effect of the high water flow rate among the aquatic objects, resulting in very short 
water retention time. Considering the timing of the release, there are no significant 
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differences between the time frames since the present forest objects dominate the dose. 
Further, the four landscape models used were static in time without any time-varying 
properties, resulting in a steady state for most of the radionuclides included (Broed 
2007a). The runoff from the forest object was directly to aquatic objects, again with a 
very high yearly average water flow rate, resulting in a fast transport of the 
radionuclides to the coast objects. 
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6.2 Agricultural practices 

The reference landscape model applied (section 2.3.2) does not contain any biosphere 
object used for agricultural purposes. A complementary analysis has been performed in 
order to consider the possible impact of such an object on the estimated potential 
radiological consequences. Note, that these cases concerning agricultural land are only 
indicative, they are not providing a comprehensive treatment of the issue. This will be 
addressed in future assessments. Two situations have been considered: 

- what if - a forest is transformed into agricultural land at the end of the time frame 
for biosphere analysis, and 

- what if – agricultural lands would be initially present in the landscape during the 
time frame for biosphere analysis? 

 
The release rates from the geosphere to the biosphere in KBS-3H case PD-BC is used 
in this analysis. To simplify the calculations, the release pattern ForestN1 (all releases 
are routed into forest N1) is applied. The endpoint studied is the annual landscape 
dose, for which I-129 and Cl-36 totally dominate the result; this analysis is limited to 
these two radionuclides. Applied parameter data are summarised in Appendix B. 

6.2.1 A forest is transformed into agricultural land 

The following addresses the situation when a forest is turned into agricultural land. The 
forest is transformed at year 10,000, which is also the time when the landscape dose 
maxima occur for PD-BC. The calculations are performed both with and without the 
use of contaminated irrigation water (see Appendix C). In addition, the following 
assumptions were made:  

- the model is run for a further 10,000 y after the transformation into agricultural 
land, 

- the full activity inventory from the forest is inherited by the agricultural land, 
- the inherited activity is assumed to be located in the top soil layer (plough layer) 

of the agricultural land, and 
- the area of the object does not change during the transformation or during the 

simulation time. 
 

Results 

The annual landscape doses for I-129 and Cl-36 for the PD-BC release rate, assuming a 
release pattern where all releases are routed into biosphere object N1, are plotted in 
Figures 6-3 and 6-4. The biosphere object N1 is a forest for the time frame 0 to 10,000 
years (PB-BC N1 in the plots) and agricultural land thereafter (PD-BC Agriland in the 
plots). As seen in the results, irrigating the crops with contaminated water, the 
Agriland (irr) variant, does not affect the dose significantly since in the Nordic climate 
irrigation has a minor role in the overall water balance. Thus, the transport pathway 
totally dominating the dose for is the direct uptake of key radionuclides from the soil. 
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The sudden increases near year 9,000 are explained by the corresponding increase in 
the release rates from geosphere to biosphere in PD-BC. The sudden increase in the 
dose for Cl-36 immediately after 10,000 years (Figure 6-4) is due to that the 
aggregated transfer factor used for agricultural lands is around 2–3 times higher than 
for forests. The results show, that for both studied nuclides, contamination of the top 
soil via irrigation has only a minor effect. The main transport pathway is the inflow 
with ground water. 
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6.2.2 Agricultural lands initially present in the landscape 

A second situation is also studied, assuming that each contaminated freshwater 
biosphere objects downstream from N1 is supplying irrigation water to an area of 
agricultural land. The forecast of the location of the agricultural areas potentially 
contaminated by freshwater, and the simplified landscape model used in this case are 
shown in Figures 6-5 and 6-6. In total, nine agricultural lands (denoted Agriland 1, …, 
Agriland 9) were identified. The model was run during the standard time frame (0 to 
10,000 years). In addition, the following assumptions were made: 

- even though some agricultural areas increase in size with time, the maximum 
size for the whole simulation is (conservatively) assumed, 

- the irrigation water is taken from, and the runoff goes to, the same freshwater 
object, 

- the agricultural lands appears when the related freshwater object is formed, 
- areas overlapping with lakes are included since the forming wetland can be used 

for agriculture purposes, 
- zero catchment areas for the agricultural lands – it is assumed that there are 

ditches all around them, and 
- arable land more than 500 m away from contaminated freshwater is excluded 

  
Results 

The annual landscape doses for I-129 and Cl-36 for the PD-BC release rate, assuming a 
release pattern where all releases are routed into biosphere object N1, resulting in 
contaminated agricultural lands downstream, are plotted in Figures 6-7 and 6-8. 

The shapes of the dose curves in Figures 6-7 and 6-8 reflects the radionuclide activity 
concentration in the freshwater used for irrigation. Thus, for example, no dose is 
obtained for a given agricultural object until the associated freshwater object has 
contaminated water. Furthermore, due to the land uplift, some of the lakes will 
disappear, resulting in that the dose drops to zero for the agricultural objects that was 
provided with (contaminated) irrigation water from these lakes.  

For both I-129 and Cl-36, the object Agriland 8 results in the highest doses. This is due 
to the small area (the second smallest object in area), and the relatively high activity 
concentration in the irrigation water (supplied from a small river object, NMT3); more 
details art to be found in Broed (2007a). 
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6.3 Emerging sea sediments 

To study the potential impact on estimated annual landscape dose due varying 
evolutionary paths for newly emerged sea bottoms, a few cases have been defined and 
calculated. This has been performed by studying a newly emerged sea bottom with 
fixed size and catchment area, containing a maximum possible inherited radionuclide-
specific activity inventory from coast objects in the landscape model. Annual 
landscape doses are then calculated for 10,000 years for the newly emerged land, using 
different alternative evolutionary paths.  

6.3.1 Newly emerged sea bottom becomes a forest or agricultural land 

A former sea bottom with an area of 10,000 m2 and an equally sized catchment area is 
assumed to become a forest or agricultural land that exists for 10,000 years. The 
inherited amount of activity in the forest or agricultural land is, in this exercise, chosen 
to be the maximum concentration in sediment in the coast objects in the landscape 
model for the case PD-BC. These initial conditions are summarised in Table 6-2. No 
irrigation of the agricultural land with contaminated water is assumed. 

Results 

The resulting radionuclide-specific annual landscape dose maxima for 10,000 years 
simulations starting at the times given in Table 6-2 are summarised in Table 6-3. The 
annual landscape doses for the two dominating radionuclides, I-129 and Cl-36, are also 
presented in Figure 6-9. 

Radionuclide Coast object Time 
[year] 

Activity 
[Bq] 

Cl-36 Kaukojärvi Basin 5000 6.11E-01 
I-129 Kaukojärvi Basin 5000 2.19E-01 
Mo-93 Kaukojärvi Basin 5000 3.13E-06 
Se-79 Outer Coast 7656 8.92E-11 
Sn-126 Kaukojärvi Basin 5000 4.55E-10 
Pd-107 Baltic region 10000 5.46E-11 

 

Radionuclide Annual landscape dose maxima [mSv] 
 Agri. Land Forest 
Cl-36 1.0E-09 2.7E-06 
I-129 4.4E-10 1.3E-05 
Mo-93 4.8E-16 8.9E-12 
Se-79 2.5E-19 1.1E-16 
Sn-126 3.8E-20 3.5E-16 
Pd-107 1.3E-23 5.6E-19 
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6.4 Exposure to other members of the public 

In addition to the primary endpoint, annual landscape dose maxima, the annual average 
and annual collective doses to the public inhabiting the modelled region was calculated 
for selected cases. This was done to put the derived annual landscape doses in this 
work into a broader perspective. It should be stressed that C-14 is not included in this 
exercise. The two quantities derived in this exercise are: 

- The annual average dose (AAD), which is calculated by multiplying the dose 
from an object by the number of individuals the object can sustain (i.e., provide 
with food), summing over all object, and dividing the sum with the total number 
of individuals sustained (i.e. population-weighted average).  

- The annual collective dose (ACD) to the public, which is approximated as the 
sum of the object-specific doses multiplied by the number of exposed 
individuals. 

 
It should be emphasized that the annual average dose derived here is not used in the 
demonstration of compliance to the regulatory criterion for doses to other members of 
the public (section 1.2). However, it is one possible methodology to be implemented in 
the future for this purpose. In the present report, the annual average doses are 
considered to give an indication on the order of magnitude of the average annual 
effective dose to the other members of the public. Two KBS-3H calculation cases have 
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been selected, PD-BC (the base case) and PD-EXPELL (the calculation case with 
highest annual landscape dose, excluding C-14). 

Results 

The maxima for the annual average and collective doses are summarised in Table 6-4. 
The full time series are presented in Figures 6-10 and 6-11; the annual landscape doses 
(as in Figure 5-5) are also included in the figure for annual average doses for 
comparison. 

The results suggests that the average doses to a whole population living at Olkiluoto is 
several orders of magnitude below the annual landscape dose maxima, as defined in 
this work. Thus, this is a strong indication that, if the analysis meets the regulatory 
dose criteria for the most exposed members of the public, the second dose criterion 
regarding other members of the public (the dose shall not be more than 1/100 to 1/10 
of the constraint for the most exposed individuals) is also fulfilled. 

Case AADmax 
[mSv] 

ALDmax
(1) 

[mSv] 
ACDmax 
[manSv] 

Contribution to ACD from BSO types 
[%] 

    Coasts Forests Lakes Rivers Wetlands 
PD-BC 9.1 � 10-10 4.5 � 10-4 8.0 � 10-5 87.8 12.1 0.1 0.1 0.0 
PD-EXPELL 3.5 � 10-6 2.0 � 10-2 3.4 � 10-1 99.8 0.1 0.0 0.0 0.0 

(1) The contribution from C-14 is not included. 
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6.5 Considerations beyond 10,000 years 

The regulatory time frame of biosphere analysis, when dose constraints apply, is, in the 
present analysis, interpreted to end in about 10,000 years. It is, however, beneficial for 
the confidence of the outcome of the biosphere analysis, especially the application of 
the novel landscape modelling approach, to perform an exercise involving a longer 
time period. In addition, it is particularly interesting to extend the analysis beyond 
10,000 years, since, in many KBS-3H cases, the doses are still rising at this time. This 
is due to the assumed 10,000 years timing of loss of defect transport resistance - an 
assumption that is subject to significant uncertainty (Smith et al.2007c). In this section, 
landscape dose conversion factors applicable for a landscape near the Olkiluoto site 
existing at the end of the assessment period are derived and applied on the base case 
PD-BC. To also incorporate future variations in climatic conditions, correction factors 
are derived on the basis of results presented in SR-Can (SKB 2006a). 

It should be underlined that this exercise only aims at giving an illustrative example of 
a possible methodology to derive safety indicators for the far future; it is not an 
analysis of possible radiological consequences to future human populations. 

6.5.1 Landscape dose conversion factors for the far future 

In the definition of the landscape model (Broed 2007b), it becomes static after 10,000 
years (then neither the structure nor the parameters change). Thus, landscape dose 
conversion factors for a steady-state situation can be derived by running the landscape 
model from year 10,000 and on. Results for a simulation with unit release rates in the 
time period from year 10,000 to 20,0009, including the most important radionuclides, 
are shown in Figure 6-13; see section 5.3.4 in Broed (2007b) for more details. The 
landscape dose conversion factor far future is taken to be the peak annual landscape 
dose during this time period, due to a constant release rate of 1 Bq/y. The climatic 
condition is temperate at the time when the landscape model becomes static (Smith et 
al. 2007a). Thus, derived factors are valid for temperate conditions. These are the 
LDFs denoted LDFmax in this report (see section 5.4.2). For convenience, the quantity 
LDFmax is denoted LDFtemperate in this exercise; these are summarised in Table 6-5, 
together with LDFs estimated for other climatic conditions (see below). 

During the million year time period considered in the KBS-3H and KBS-3V safety 
studies, the climatic conditions are expected to change. Two scenarios for future 
climatic evolution have been selected on which to base the description of the evolution 
of a repository (either KBS-3H or KBS-3V) at Olkiluoto: the Weichselian-R scenario 
(Scenario B in Cedercreutz 2004) and the Emissions-M scenario (Scenario D in 
Cedercreutz 2004). The Weichselian-R scenario assumes a repetition (R) in the future 
of the last glacial cycle from the Eemian interglacial to the end of the Weichselian 
glaciation, which lasted about 125,000 years. The Emissions-M scenario takes into 

                                                 
9 Even at year 20,000, the doses for some radionuclide are still increasing, in particular Th-230 and U-
234. This is because of a combination of accumulation and ingrowth of daughter-nuclides in the 
landscape. Thus when simulating a constant unit release, for these radionuclides a longer simulated 
time-period should probably be applied to reach steady-state conditions. This is an issue for future 
assessments. 
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account the warming effects of moderate (M) levels of greenhouse gases (especially 
CO2) from human activities. The Weichselian-R and the Emissions-M scenarios 
provide alternative timelines for climate evolution, consistent with current 
understanding. Both the Weichselian-R and Emissions-M scenarios are described 
further in Smith et al. 2007a and Pastina & Hellä (eds.) (2006). The Emission-M 
scenario contains three stylised climatic conditions lasting up to about 200,000 years in 
the future (Pastina & Hellä (eds.) (2006)): temperate, permafrost and 
temperate/permafrost. The Weichselian-R scenario contains five stylised climatic 
conditions lasting up to about 125,000 years in the future (Pastina & Hellä (eds.) 
(2006)): temperate, temperate/permafrost, permafrost, glacial and submerged. 

Landscape dose conversion factors will be dependent on the prevailing climatic 
condition at the site. In the present analysis, no attempt has been made to derive site-
specific LDFs for climatic conditions other than temperate. However, to get an idea of 
how LDFs depend on the climate, results from SR-Can have been used to derive 
indicative correction factors for the other four climatic conditions. The derivations of 
corrections factors are described below, and the results are presented in Table 6-5. 
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Permafrost conditions  
The LDF for permafrost conditions, LDFpermafrost, is calculated by multiplying 
LDFtemperate by a correction factor derived as the ratio of LDF Permafrost Variant with 
forests and LDF interglacial for Laxemar (SKB 2006c). Two radionuclides of interest 
in this analysis are not included in SR-Can: C-14 and Mo-93. The correction factor for 
these two was chosen as the arithmetic mean of the correction factor of all other 
radionuclides. It should be noted that this approach is not very well justified and might 
lead to large uncertainties in the LDF for these two radionuclides. However, it is 
considered adequate enough for this indicative exercise, since the resulting annual 
doses are dominated by I-129 and Cl-36.  

Glacial conditions  
The LDF for glacial conditions, LDFglacial, is calculated by multiplying LDFtemperate by a 
correction factor derived as the ratio of LDF Glacial and LDF interglacial for Laxemar 
(SKB 2006c). The correction factor for C-14 and Mo-93 where derived with the same 
approach as for LDFpermafrost. 

Temperate/Permafrost conditions  
The LDF for temperate/permafrost conditions, LDFtemp/erm, is calculated as the 
arithmetic mean between LDFtemperate and LDFpermafrost. 

Submerged conditions 
In SKB (2006b), it is stated that the submerged period gives LDFs that are generally 3 
to 4 orders of magnitude lower than those for the coastal and terrestrial period (i.e., 
during the interglacial period in the SKB calculations). Here, the LDF for submerged 
conditions, LDFsubmerged, is chosen to be 4 orders of magnitude lower than LDFtemperate. 
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 LDFtemperate LDFtemp/perm LDFpermafrost LDFglacial LDFsubmerged 
 [Sv/Bq] [Sv/Bq] [Sv/Bq] [Sv/Bq] [Sv/Bq] 
C-14 4.8E-14 5.2E-14 5.6E-14 2.0E-17 4.8E-18 
Cl-36 1.5E-12 1.4E-12 1.4E-12 5.6E-16 1.5E-16 
Ni-59 2.8E-13 3.3E-13 3.8E-13 8.7E-18 2.8E-17 
Se-79 5.4E-12 4.0E-12 2.5E-12 5.1E-15 5.4E-16 
Mo-93 8.1E-12 8.7E-12 9.3E-12 3.4E-15 8.1E-16 

Zr-93+d 4.5E-14 5.5E-14 6.6E-14 9.0E-18 4.5E-18 
Nb-94 4.6E-11 2.6E-11 6.6E-12 5.1E-15 4.6E-15 
Tc-99 5.9E-14 4.3E-14 2.8E-14 5.7E-17 5.9E-18 
Pd-107 1.7E-13 2.9E-13 4.0E-13 8.4E-17 1.7E-17 
Sn-126+d 1.6E-11 1.2E-11 7.7E-12 1.7E-14 1.6E-15 

I-129 6.0E-11 5.2E-11 4.5E-11 4.8E-15 6.0E-15 
Cs-135 1.6E-10 1.4E-10 1.3E-10 1.1E-12 1.6E-14 
Ra-226 +d 1.5E-09 1.5E-09 1.5E-09 2.2E-14 1.5E-13 
Th-229 +d 8.4E-12 8.0E-12 7.6E-12 3.4E-15 8.4E-16 
Th-230 5.0E-09 6.2E-09 7.4E-09 1.4E-12 5.0E-13 

Pa-231 +d 8.1E-11 4.7E-11 1.4E-11 3.1E-18 8.1E-15 
U-233 4.9E-12 6.0E-12 7.1E-12 1.4E-15 4.9E-16 
U-234 1.2E-10 1.1E-10 9.3E-11 4.3E-14 1.2E-14 
U-235 +d 8.8E-12 5.5E-12 2.2E-12 4.1E-16 8.8E-16 
U-236 2.4E-12 2.4E-12 2.5E-12 7.1E-16 2.4E-16 

Np-237 +d 6.7E-12 7.4E-12 8.1E-12 1.1E-15 6.7E-16 
U-238 +d 3.0E-12 4.0E-12 5.1E-12 6.3E-16 3.0E-16 
Pu-239 1.5E-12 1.4E-12 1.3E-12 8.8E-17 1.5E-16 
Pu-240 1.3E-12 3.6E-12 5.9E-12 6.8E-17 1.3E-16 

Pu-242 1.5E-12 1.9E-12 2.3E-12 1.2E-16 1.5E-16 

Am-243 +d 2.0E-12 2.1E-12 2.1E-12 5.6E-16 2.0E-16 
Cm-245 +d 9.3E-12 9.0E-12 8.6E-12 5.4E-16 9.3E-16 
Cm-246 5.4E-12 3.3E-12 1.1E-12 1.5E-18 5.4E-16 
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6.5.2 Example of annual doses in a far future perspective 

The concept of a climate condition dependent LDF has been applied to the base case 
for initial penetrating defect in the KBS-3H safety studies (PD-BC) for the time period 
beyond 10,000 years that normally represents the limit of biosphere analysis. For the 
Weichselian-R scenario, the glacial cycle has been repeated eight times in order to 
derive the annual dose up to one million years. For the Emission-M scenario, the 
annual dose has been derived up to 200,000 years. The results are shown in Figure 6-
14; in the figure, the annual landscape dose and the annual doses resulting from the 
two well scenarios are also included for comparison. 

Generally, LDFtemperate is slightly higher than the LDFtemp/perm and LDFpermafrost, and 
about three to five orders of magnitudes higher than LDFglacial and LDFsubmerged (Table 
6-5). Due to this, the resulting annual doses (based on LDF) in Figure 6-14 follow the 
same pattern. And since the climate in the Emission-M scenario is warmer, or the 
same, than in the Weichselian-R scenario, the doses are generally higher in the 
Emission-M scenario.  
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6.6 Ecosystem-specific dose conversion factors 

Due to the sparse availability of results from similar assessments, based on a landscape 
modelling concept approach, ecosystem-specific dose conversion factors (EDF) have 
been derived in this work for the purpose of comparing with other studies. The EDF-
approach has, for example, been used in the Swedish safety assessment SR-97 
(Nordlinder et al. 1999), and work done by Posiva (Karlsson & Bergström 2000) to 
apply the SR-97 methodology on the TILA-99 assessment (Vieno & Nordman 1999). 
In addition, EDFs have been derived for the Swedish safety assessment SR-Can (Avila 
2006b). The comparison of EDFs derived in this work with the EDFs reported in the 
works mentioned above was performed in section 5.4.2; this section describes the 
approach to derive the EDFs in the present analysis. 

In this work, the EDFmax were obtained using the same “static landscape” approach that 
was used for deriving the LDFmax (section 6.5.1). The models was run using unit 
activity release rates in the time period from year 10,000 to 20,000, and the peak 
annual landscapes dose were derived for all biosphere objects. The EDFmax were then 
chosen from the objects resulting in the highest doses; for example, the EDFmax for 
lakes is equal to the highest peak annual landscape dose for all lake objects. For C-14, 
the EDFmax are equal to the dose conversion factors presented in Table 2-4. The 
resulting factors are presented in Table 6-6, and more data for the underlying biosphere 
objects are found in Appendix B.  

 EDFmax [Sv/Bq]     

  Forest Wetland 
Agricultural 

land Lake River Coast 
C-14 7.9E-16  4.4E-15 4.8E-14  1.5E-15 
Cl-36 2.4E-13 1.3E-14 8.8E-14 1.1E-15 3.4E-18 4.6E-20 
Ni-59 8.1E-14 1.8E-15 2.1E-14 1.5E-16 4.6E-19 9.4E-19 
Se-79 1.3E-11 2.2E-13 5.9E-12 1.4E-13 4.2E-16 5.6E-16 
Zr-93 5.8E-14 6.0E-16 1.3E-15 5.2E-15 1.6E-17 5.5E-18 

Mo-93 1.6E-12 1.6E-14 1.9E-12 1.0E-13 3.1E-16 2.1E-16 
Nb-94 2.3E-11 2.3E-11 1.2E-11 1.2E-14 3.7E-17 8.5E-18 
Tc-99 9.6E-15 9.2E-16 1.4E-13 3.0E-16 9.3E-19 9.6E-19 
Pd-107 3.9E-14 1.0E-15 7.6E-15 8.8E-17 2.7E-19 1.8E-20 
Sn-126 7.5E-12 5.9E-13 1.8E-12 3.4E-13 1.0E-15 2.3E-16 

I-129 9.6E-12 3.5E-13 7.2E-11 5.2E-13 1.6E-15 1.6E-16 
Cs-135 6.3E-11 6.7E-13 5.3E-13 4.8E-13 1.5E-15 2.0E-17 
Ra-226 2.7E-09 1.5E-11 1.7E-12 3.3E-13 1.0E-15 7.0E-16 
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7 KNOWLEDGE QUALITY ASSESSMENT 

The concept of knowledge quality assessment (KQA) was introduced in Posiva 
Biosphere Assessment by Ikonen (2006), and further developed by Hjerpe (2006) for 
some components. Briefly, the KQA concept aim to assess and demonstrate the quality 
of knowledge (data, facts, concepts, models, judgments, expectations, methodologies 
and know-how) used throughout the assessment. In this respect, high quality means 
that the underlying knowledge is applied in a consistent manner and is optimal for use 
in the site-specific assessment of long-term radiological impacts of the repository. 
Implementing the KQA concept can, in a condensed way, be described as developing a 
set of tools and recommending which tools should be utilised in the different parts of 
the biosphere assessment. The results from the KQA tools should always be 
summarised by giving an overall view of the main issues compiled, together with 
recommendations for the further improvement. To best utilise the KQA concept, it 
should be used iteratively and implemented as early as possible in the assessment 
work. The tools include methodology for classifying uncertainties, standardised 
protocols for assessing the overall confidence and consistency, pedigree analysis for 
quantifying the quality of knowledge and data basis, relative importance assessment of 
data and parameters, and the Biosphere assessment database for management of the 
quality assurance of data. 

The application of the KQA concept in the present KBS-3H biosphere analysis mainly 
focuses on the modelling process that starts by producing the forecasts of the future 
biosphere (through TESM) and ends with assessment of potential radiological 
consequences to humans and other biota, as shown in Figure 2-1. The same modelling 
process can be applied on the C-14 model with the difference that it does not contain 
the terrain and ecosystem development process, and that the “landscape modelling set-
up” is very simplistic. The KQA concept has been applied to the main line of the 
modelling process in Figure 7-1 in Broed (2007b), using unit release rates; in addition, 
the sensitivity to the BSA outcome due to uncertainties in the release pattern was 
examined. The additional inputs to the process in the present report are the outcome 
from the geosphere modelling (release rates) and the application of safety indicators. 

This chapter summarises the main findings of the KQA presented in Broed (2007b) 
and, in addition, some aspects of the well scenarios and the release rates in the 
biosphere are addressed. The approach is to follow the modelling process as outlined in 
Figure 2-1 and treat each process component on the main line separately. For each 
process component, the knowledge quality in the input, modelling process and it’s 
product is assessed. The uncertainty in the product of a process is divided into two 
categories: i) caused by uncertainty in the input data and ii) caused by the uncertainty 
in the process itself. This approach is taken to better elucidate quality issues related to 
the products created by each component and to make the tracking of how uncertainties 
propagate during the rather complex modelling process easier. The assumptions 
underlying the models have been classified according to Table 7-1, which is a modified 
version of the approach presented by Swiss National Cooperative for the Disposal of 
Radioactive Waste (Nagra 2002). It should be stressed that the present KQA focuses 
only on key issues, details can be found in supporting reports, such as Broed (2007b), 
Ikonen et al. (2007) and Avila et al. (2006). 
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Categorisation of assumptions for the broad characteristics and evolutionary path 
followed by the system and conceptualisation of phenomena 
LE Conceptual assumption corresponds to the likely/expected characteristics and 

evolution of the system 
PCA Pessimistic conceptual assumption within the reasonably expected range of 

possibilities 
WRP Within the range of possibilities but likelihood not currently possible to evaluate – 

other (and sometimes more pessimistic) assumptions may not be unreasonable 
ST Stylised conceptualisation of system characteristics and evolution 

Categorisation of simplifications made for modelling purposes 
MS Modelling simplification – not significantly affecting numerical results 
CS Modelling simplification – intrinsically conservative 
CP Modelling simplification – conservative given the assumed model parameters 

 

7.1 Terrain and ecosystem development 

This modelling process produces predictions of future terrain and ecosystems, termed 
forecasts, by using the Terrain and Ecosystems Development Model of the Olkiluoto 
Site (section 2.2 and Ikonen et al. 2007). The forecasts are used as input in the creation 
of the model for assessing the transport and fate of radionuclides in the biosphere, the 
landscape model. Below, the data sources used, main assumptions in the TESM and 
main uncertainties in the forecasts are addressed, together with a knowledge quality 
statement of the terrain and ecosystem development process. 

Main assumptions 

Table 7-2 lists and comments on the main assumptions used in the derivation of the 
terrain and ecosystem forecasts used in the present analysis (modified from Broed 
2007b). 

Main uncertainties in the product 

The product of the TESM is the forecasts of future terrain and ecosystems at the 
Olkiluoto site, to be used as input into the landscape model. Two main uncertainty 
issues are identified and presented in Table 7-3. 
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ASSUMPTION CLASS COMMENT 
Land uplift is the only driver of 
terrain development within the 
assumed climate scenario 

LE See (Mäkiaho 2005, Ikonen et al. 2007). 

Crust tilting in the model area is a 
flat plane  

MS The model area is small enough to justify 
the assumption (Mäkiaho 2005). 

Erosion of land areas is negligible 
(concerning the terrain model). 

MS The erosion is expected be within the 
uncertainty range of the elevation model. 

The sedimentation rate depends only 
on the basin volume, reed growth 
occurs only in areas of shallow 
enough water 

ST Assumptions inherent to the model 
applied (Brydsten 2004) 

The Lapinjoki river will follow the 
major direction of geological 
lineaments 

LE Based on the results of Ojala et al. 
(2006) rather than Ikonen et al. (2007), 
since it is more likely that the rivers will 
follow the major direction of geological 
features (i.e. SE-NW) than select the 
longer route around Kaunissaari Island. 

 

UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

Due to the input data 

Uncertainties in the 
elevation model, which is 
caused by sparse 
information density and 
low data accuracy. 
 

Low geographical 
resolution in areas with 
high uncertainty in the 
elevation model, 
especially sea areas. 

Acquire more data (especially depth 
in sea areas), with focus on areas 
near the thresholds of identified 
future lakes and their catchments 
(site work done in 2008). 
 
Alternative elevation models or 
statistical representation of the best-
supported model (work 
commissioned in 2009). 

Due to the process 

Limitations in the models 
for sedimentation and 
growth of aquatic 
vegetation, due to 
uncertainty in process 
understanding. 

Adds uncertainty in 
predicted sedimentation 
rates, depth of lakes and 
sea, area of wetlands, 
thickness of organic soil 
(peat) 

Model improvement (on-going work 
for the next TESM). 
Alternative models, although 
available ones cover only parts of 
our model.  
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Considered data sources 

In the TESM version 2006 (Ikonen et al. 2007) the best available methods and data at 
the time was utilised. The terrain forecasts and parameter data related to them is 
considered the best available, although some improvements can be identified. 
Specifically, the flow rates of the regional rivers and their potential to change with time 
are based on a separate state-of-the-art study (Ojala et al. 2006). 

Knowledge quality statement 

The first version of the terrain and ecosystems development model used here is rather 
simplistic, but can be considered adequate for the purpose of giving the basis for 
defining the biosphere objects and their interconnections into a landscape model. In 
future assessments, a considerably more reliable model shall be used, but no major 
differences in the overall site development are expected; the possible changes would 
most likely lie in the more accurate object properties than in the identified ecosystem 
patches themselves. 

7.2 Landscape model set-up 

In this chapter, the landscape model has been divided into two parts: landscape model 
set-up and biosphere object modules; this section addresses the former, which includes: 

- The interpretation of the forecasts into a stylised configuration of biosphere 
objects 

- The connections between biosphere objects 
- The transitions between biosphere objects 
- The transport of radionuclides between biosphere objects 
- The release pattern 
 

The model used for assessing the exposure from C-14 release is also addressed here. 

Main assumptions 

Table 7-4 lists and comments the main assumptions used in the derivation of the terrain 
and ecosystem forecasts used in the present analysis (modified from Broed 2007b). 

Main uncertainties in the product 

The product of this modelling process is the time-dependent structure of the reference 
landscape model (see Figure 2-5), and the properties of the biosphere objects used in 
the C-14 model, with emphasis on the “small lake”. Identified main uncertainties are 
presented in Table 7-5. 
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ASSUMPTION CLASS COMMENT 

Landscape model  
The connections between biosphere 
objects are derived from the terrain 
forecasts for the period from the present 
to 8000 AP with 500-year intervals. 

MS Temporal resolution is limited by 
the needed effort in data transfer. 

When one object is forming from another, 
the radionuclide inflow from the 
disappearing object to the appearing one 
follows a linear function over 500 years. 

MS The interval of 500 years is chosen 
since this is the resolution of terrain 
forecasts. 

Newly emerged areas inherit the 
radionuclide inventory from the former 
coast area as a transfer over a 500-year 
period. 

LE Discussed in section 3.2.1. 

All dry land is forested (typical forest 
type) unless specified as wetland. 

WRP Agricultural use addressed as a 
complementary case (section 6.2). 

All areas colonised by aquatic vegetation 
are modelled as wetland (in a lake-
wetland complex). 

CP Required due to limitations of the 
current biosphere object module 
library and process descriptions 
(improvement shall be made for 
process descriptions in Biosphere 
Description 2009 and for biosphere 
object modules parallel to that). 

River water flow from catchment areas 
external to the model area (Eurajoki and 
Lapinjoki) does not change significantly 
within the modelling time frame. 

MS Calculated in (Ojala et al. 2006). 

Contaminated sediment of the lake part, 
and all contaminated water in the lake 
water body, is transferred to the wetland 
part while the lake area is decreasing. 

PCA Discussed in Broed 2007b, section 
3.1. 

Release pattern  
Release areas assumed to move between 
the modelled positions, at 100, 1,000 and 
10,000 AP, in the default case. 

WRP For alternative patterns, see section 
6.1. 

C-14 model 
The biosphere objects in the used model 
are not connected 

ST The C-14 model derives DCF for 
different ecosystems, with site-
specific properties. 
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UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

In the input data 

Landscape model 
Low resolution in parts of 
the forecasted areas, 
especially present sea areas, 
and also uncertainties in 
forecasted lakes and sea 
depths, wetland areas, 
organic soil (peat) thickness.  

Adds uncertainties in 
the position, 
interconnections and 
geometry of objects in 
the landscape model. 
 
Reduces the capability 
to identify small-scale 
landscape objects (esp. 
wetlands and small 
lakes). 

Uncertainty propagated from the 
forecasts – improved forecasts 
needed (see Table 7-3). 

Release pattern 
Uncertainties in the spatial 
and temporal distribution of 
the release routes into the 
biosphere, mainly due to the 
separate modelling domains 
of geosphere and biosphere. 

Adds uncertainty to 
the time-dependent 
release fractions for 
individual biosphere 
objects. 

Improved analyses of the 
groundwater flow paths (on-going 
project). 
 
Employ bounding calculations, 
similar to the calculations in section 
6.1. 

Forest objects delineated by 
judgement (visual 
interpretation of topography 
in relation to the release 
locations). 

Uncertainty in areas 
and catchment areas of 
forest objects. 

Automated delineation on basis of 
suitable variables in the forecasts 
(implemented in 2008). 

C-14 model 
The specific model applied 
does not support its used in 
the landscape model 
structure. A pessimistic 
object detached from the 
landscape model was used to 
estimate the dose from C-14. 
This small lake object has 
been defined conservatively 
taking into account the 
TESM results regardless of 
the possibility of releases 
reaching such object. 

Contributions from C-
14 releases need to be 
assessed separately 
from the landscape 
model and includes 
extra pessimism in the 
results. 

Further development of the model 
to allow estimation of the C-14 
activity transported downstream of 
the modelled system (planned but 
degree of improvement uncertain at 
the moment). 

 



129 

UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

During the process 

Landscape model 
Expert judgement and 
interpretation of topography 
as the main driver of 
hydrological relationships 
between the objects in the 
linking of the biosphere 
objects into the landscape 
model. 

Potential errors in the 
biosphere object 
relationships (flow and 
radionuclide transport 
network) in the 
landscape model. 

Hydrological (runoff) analysis of 
the terrain forecasts and automated 
delineation and linkage of the 
biosphere objects (implemented in 
the tools in 2008). 

 

Considered data sources 

The main data source for creating the landscape model set-up is the forecasts produced 
by the TESM. The release pattern is based on results for the previous safety 
assessment, TILA-99, (Vieno & Nordman 1999, Löfman 1999). 

Sensitivity assessment 

Deriving the landscape model – No specific sensitivity assessment has been done so 
far on deriving the landscape model from the biosphere forecasts due to complications 
in defining suitable endpoints and computational complications. However, the 
landscape-specific dose conversion factors do not appear to be especially sensitive to 
details of the landscape configuration since they remain rather similar between this and 
earlier implementations of landscape models (e.g. Broed 2007a). This is a consequence 
of the high contribution from the first forest object(s) contaminated, and for definitive 
conclusions on the issue more elaborated study is needed. Ways of quantifying the 
sensitivity to assumptions and uncertainties identified in Tables 7-4 and 7-5 will be 
developed in the biosphere assessment of 2009. 

Release pattern – The exercise in section 6.1 concludes that a higher dose could be 
obtained by using single object release pattern, such as a single forest. However, these 
types of scenarios are considered to be over-conservative. For the more realistic release 
pattern discussed in section 6.1, there is relatively moderate difference between the 
obtained doses, relative to the overall uncertainties. 
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Knowledge quality statement 

The derived landscape model represents, rather realistically, the expected development 
path of the Olkiluoto site. There are some uncertainties and assumptions affecting to 
the radionuclide transport and dose calculations (e.g. only partial inheritance of the 
radionuclide inventory to the objects forming from the sea bottom), but even then the 
model is expected to capture the essential features in the radionuclide transport and 
accumulation from the releases to the bedrock throughout the biosphere in the limits of 
validity of the biosphere object modules, see the following section.  

The landscape model is complemented with a separate "small lake" evaluation of the 
dose contribution from C-14, which is considered pessimistic. This approach is due to 
the limitations of the present version of the C-14 model, and some decrease in the 
pessimism is expected in the versions under development. 

7.3 Biosphere object modules 

As mention earlier, the landscape model has been divided into two parts in this chapter. 
This section addresses the ecosystem-specific transport models underlying the different 
types of biosphere object modules. Also, the C-14 model (section 2.3.4) and the well 
models (Appendix D) are addressed. The discussion is limited to the aquatic C-14 
model, which includes the most penalising ecosystem, the small lake (Avila & Pröhl 
2007). The product from the (landscape) transport modelling is time-dependent 
radionuclide activity concentrations in the biosphere objects included in the landscape 
model. The product from the C-14 transport modelling is the maximum concentration 
of C-14 in the defined biosphere object. The products from the well models are 
radionuclide activity concentration factors in drinking/irrigation water, crops and 
animal products. 

Main assumptions 

Table 7-6 lists, and comments on, the main assumptions used in the biosphere object 
modules, the C-14 (aquatic) model and the well models (modified from Broed 2007b). 

Main uncertainties in the product 

The products of this modelling process are radionuclide concentrations in biosphere 
objects, derived by applying the landscape model, the C-14 (aquatic) model and the 
well models. Identified main uncertainties are presented in Table 7-7. 
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ASSUMPTION CLASS COMMENT 

All biosphere object modules in the landscape model 
Radionuclides in water, sediment and 
soil due to long-term release are in 
steady state, fully mixed 
compartment volumes within the 
time step in the model. 

ST A standard approach to the modelling of 
the transport and fate of radionuclides in 
the environment. 

All releases are in solute form in the 
groundwater 

LE Gaseous releases of C-14 are assessed 
with the C-14 model. 

Radionuclides are treated as trace 
elements in the biosphere  

LE That is, release rates of radionuclides 
are low enough to not disturb the 
transport or accumulation of natural 
elements 

Lake (lake/wetland complex) module 
All the lakes are surrounded by a 
wetland area (lake-wetland complex) 

CP  

Constant thickness of the sediment. CP The thickness of the sediment is not 
explicitly included in the current model. 

Releases from the geosphere enter 
directly to the water compartment. 

CS The model does not account for vertical 
migration through sediment – discussed 
in Broed 2007b, section 6.3.4. 

Coast module 
The retention time in all coast objects 
is assumed to be the same. 

MS Determining the retention times in 
detail, a research model needed to be 
used. However, since compartment 
models are used, i.e. assuming instant 
mixing in the compartments, the water 
compartment volume largely determines 
the activity concentrations in the water 
and thus the doses to man are rather 
insensitive to this assumption. For other 
endpoints the sensitivity should be 
further analysed in the future 
assessments. 

Constant thickness of the sediment. CP The thickness of the sediment is not 
explicitly included in the current model 
(will be improved to the next 
assessment). 

Releases from the geosphere enter 
directly to the water compartment. 

CS The model does not account for vertical 
migration through sediment – discussed 
in Broed 2007b, section 6.3.4. 
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ASSUMPTION CLASS COMMENT 

River module 
The sediment is represented as a 
surface and a deeper layer with a 
zero net sedimentation over one year 

MS  

Rivers have a rectangular cross-
sectional area with fixed width and 
depth  

MS Due to the lack of site data. 

Forest module 
Radionuclides are homogeneously 
distributed in one soil layer from 
which radionuclides, nutrients and 
water are taken up by plants. 

CS Distributed in one soil layer, that is the 
rooting zone, thus maximising the 
uptake of radionuclides to the food 
chains. 

The C-14 (aquatic) model 
Isotopic equilibrium between C-14 
and C-12 is achieved and a constant 
isotopic ratio (specific activity) is 
established 

LE The same specific activity will be 
observed in all system components. 

Equilibrium in different components 
of the system will be reached for 
continuous long-term releases.   

LE The carbon turnover in the environment 
is relatively fast. 

C-14 specific activity reduces as C-
14 migrates away from the release 
source. 

LE This is a direct consequence of the 
irreversibility of the isotopic dilution, 
i.e. re-concentration of C-14 will not 
occur once it has mixed with a certain 
amount of C-12 (Sheppard et al. 2006). 

For releases occurring when 
photosynthesis is active, the totality 
of the C-14 released to the sediment 
reaches the water layer as CO2 or in 
other forms that can be readily 
assimilated by primary producers. 

PCA In reality, C-14 might be released in 
other forms that are not directly 
available for assimilation by plants, for 
example as methane (CH4). See Avila & 
Pröhl (2007) for more details 

All C-14 is released to the water 
layer during periods when it can be 
assimilated by photosynthesis. 

PCA For instance, no release during night-
time. 

Losses of C-14 to the atmosphere are 
neglected. 

PCA Only the C-14 that is transported with 
water fluxes is considered. 
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ASSUMPTION CLASS COMMENT 

Safety indicators (WELL-2007 and AgriWELL-2007) 
The effective mixing capacity of the 
well is 100,000 m3/y 

PCA See appendix D for a discussion about 
the chosen value. 

Safety indicators (AgriWELL-2007) 
The production at the farm is based 
on the arithmetic average of region-
specific farm statistics 

ST  

Irrigation habits mainly based on 
interviews with regional farmers  

WRP  

All irrigation water is taken up both 
by plants and soil  

CS  

 

UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

In the input data 

All modules in the landscape model 
Most of the input data is 
from earlier assessments 
and do not necessarily be 
most suitable for the 
Olkiluoto site. 

See discussion below, in 
section Sensitivity 
assessment. 
 

Derivation and use of site-
specific data sets (ongoing, will 
be significantly improved in the 
biosphere assessment of 2009). 

Module-specific (LSM and C-14) 
Uncertainties in forecasted 
sedimentation rates and 
reed colony areas (lake-
related wetlands). 

Adds uncertainty in the 
derived activity 
concentration. 

Uncertainty propagated from the 
forecasts – improved forecasts 
needed (see Table 7-3). 

Geometry of the biosphere 
objects due to limited 
accuracy of the elevation 
model. 
 

From marginal to moderate 
(see Sensitivity assessment 
below). Likely more 
significant for catchment 
areas than the geometry of 
the object themselves. 

Uncertainty propagated from the 
forecasts - improved forecasts 
needed (see Table 7-3). 

 



134 

UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

Release rates 
Uncertainty in the release 
rates calculated separately 
for near-field and 
geosphere, and attached 
case assumptions 
especially concerning the 
timing of the release. 

The release rates determine 
the doses, whereas the 
uncertainties in the 
biosphere assessment affect 
only to the dose/release 
ratio. 

Uncertainty propagated from 
external modelling - 
improvements require efforts in 
the overall safety case level. 

During the process 

All modules in the landscape model 
Uncertainty due to the 
number of model 
compartments, esp. for 
wetlands where a single-
compartment 
representation is used. 

Impact not quantified – 
affects the overall 
confidence in derived 
activity concentrations. 

Improved multi-compartment 
model (planned for 2008–2009). 

Module-specific (LSM and C-14) 
Uncertainty in the process 
understanding whether 
releases enter aquatic 
objects through the bottom 
sediment or directly to the 
water column. 

Generally, releases to water 
give higher doses to man, 
addressed in Broed (2007b) 
section 6.3.4. 

Improved surface hydrological 
model - Case studies with 
surface hydrological model 
(Karvonen 2008), planned for 
2008-2009. 

Safety indicators (WELL-2007 and AgriWELL-2007) 
Uncertainties in the 
effective mixing capacity. 

The calculated activity 
concentrations are direct 
affected by the chosen 
mixing capacity. 

Improved surface hydrological 
model (planned for 2009) 

Safety indicators (AgriWELL-2007) 
Uncertainties in irrigation 
habits (what is irrigated, 
and amount of water used). 

Adds uncertainty to the 
activity concentration 
factors for crops. 

Comprehensive literature review 
and data selection procedure, 
work planned for 2008-2009. 

Soil to plant conc. ratios – 
unreliable data and data 
gaps. 

Adds uncertainty to the 
activity concentration 
factors for crops due to root 
uptake. 

Comprehensive literature review 
and data selection procedure, 
work planned for 2008-2009. 

Transfer coefficients – 
unreliable data and data 
gaps. 

Adds uncertainty to the 
activity concentration 
factors for animal products. 

Comprehensive literature review 
and data selection procedure, 
work planned for 2008-2009. 
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Considered data sources 

Mathematical models 

- The models underlying the biosphere object modules in the landscape model are 
mostly those that have been used in the earlier assessments (see Table 2-2) and 
represent state-of-the-art among nuclide-generic models.  

- The C-14 model (Avila & Pröhl 2007) is recently developed and has not been 
used in earlier analysis by Posiva.  

- Two models are used in the AgriWELL-2007 scenario for calculating 
radionuclide concentration due to i) surface deposition and ii) root uptake. Both 
are based on the work by Bergström & Barkefors (2004) 

 
Parameter data  

- Similarly to the mathematical models, the parameter data for the biosphere object 
modules is taken from earlier assessments (Karlsson & Bergström 2002, Jonsson 
& Elert 2005, Avila 2006) 

- The data used in the C-14 models are default data given in Avila & Pröhl (2007), 
based on both general information and data provided by SKB for the Forsmark 
site considered to be reasonably representative also to Olkiluoto.  

- The effective mixing capacity for the well in both WELL-2007 and AgriWELL-
2007 is the same as in the earlier assessments (Vieno 1994,1997, Vieno & 
Nordman 1996,1999), and is supported by results in Kattilakoski & Suolanen 
(2000). 

- The most important sources of data used in the AgriWELL-2007 scenario are:  
Farm statistics: TIKE (2006)  
Irrigation data: Pajula & Triipponen (2003), Bergström & Barkefors (2004) 
Soil to plant CR: Karlsson & Bergström (2000, 2002), OPG (2002, 2004a,b, 
2005a,b), US DOE (2004) and Uchida et al. (2007) 
Transfer coefficients:  IAEA (1994), Karlsson & Bergström (2002), US 
DOE (2004), OPG (2002, 2004a, 2005a) and Thorne et al. (2001a-c) 

 

Sensitivity assessment 

Biosphere object modules in the landscape model 

The biosphere object modules provide the link in the modelling chain for which the 
impact on the outcome has been most assessed. The present analysis includes: 

1) a global sensitivity analysis (SA) for each type of biosphere object module used in 
the KBS-3H landscape model, using constant input of 1 Bq/y for 10,000 year. The 
aim of the analysis was to study the impact of uncertainties in model parameters on 
the resulting uncertainty in the retained fraction of released radionuclides in the 
ecosystem at equilibrium, and the concentrations in soil, water and sediments at 
equilibrium. The method of Morris (Morris 1991) was used for identifying the most 
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important parameters, and Sobol's method (Sobol 1993) for quantitative sensitivity 
analysis was used to derive total sensitivity indices (TSI) for these parameters.  

2) a simplified pedigree analysis assessing the quality in the data used for the 
parameters identified as significant by the SA, in order to capture both the 
quantitative and qualitative dimensions of the total uncertainty. A simple two-
criteria matrix for evaluating the quality of the data was used, and the scoring was 
compressed to a three-graded scale (Table 7-8). The pedigree scoring campaign was 
carried out by the biosphere assessment team and the resulting values were based on 
consensus in the team. In order to emphasise that the approach is not a full pedigree 
analysis, the resulting average of the scores is denoted Data Quality Index (DQI). 

In Figures 7-1 and 7-2, the outcomes from a two-dimensional uncertainty analysis are 
presented, where the TSI are plotted against the DQI (see Broed 2007b for more 
details). 

Category Empirical, statistical and  
methodological quality a 

Appropriateness for            
the Olkiluoto site b 

III Controlled experiments, direct measurements, 
historical or field data. Good (or better) fit to a 
reliable statistical model by most fitting tests.  
Best available practise, or reliable method 
common within established discipline. 

Site-specific, regional or at 
least likely site-independent 
data, or data from similar 
sites; likely that the data is 
appropriate. 

II Modelled data, indirect measurements, 
handbook estimates. 
Acceptable method but with limited consensus 
on its reliability. 

Data from other similar 
sites, medium likelihood 
that the data is appropriate. 

I Educated guesses, very indirect 
approximations, rules of thumb. 
Preliminary methods of unknown reliability. 

Data from other sites, or 
data from similar sites; 
unlikely that the data is 
totally appropriate. 

a Applied from (Ellis et al. 2000a,b) and (Jeroen et al. 2002). 
b Similar site is used as sites with similar conditions/properties to Olkiluoto (well-reasoned comparison). 
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The C-14 (aquatic) model 

A sensitivity and uncertainty analysis was carried out to study the effect on the model 
predictions of variations in the model parameters (Avila & Pröhl 2007). The analysis 
was carried out by performing probabilistic simulations with the software package 
Eikos (Ekström & Broed 2006). The Spearman Rank Correlation Coefficient (SRCC) 
was used as sensitivity index, which is an appropriate sensitivity measure for the 
models studied herein, with monotonic relationships between parameters and outputs. 
A continuous unit release rate (1 Bq/y) to a lake was one of the cases considered. 
Parameter values used for the lake (area of 1.6x106 m2 and a catchment area of 1.4x107 
m2) were taken from the Swedish SFR 1 safety assessment (Bergström et al. 2008). 

The results indicate that a few parameters have a dominant effect on the dose 
predictions. These are parameters that are relatively easy to measure or evaluate, such 
as the wind speed, the concentration in water of dissolved inorganic carbon (DIC), the 
water residence time (RT), the net primary production (NPP). 

Knowledge quality statement 

The biosphere object modules used in the landscape model represent the international 
level in the comparable assessments, although their use in the interconnected system 
creates some difficulties. For future assessments, a number of improvements have 
already been planned, but the key features seem to prevail in the modules. This is a 
reflection of the fact that the current versions also capture the essential processes. 

The data used for the radionuclide transport modelling is originating from earlier 
assessments and does not represent the best knowledge on the site condition. However, 
this was an acknowledged decision in favour of comparability to other recent 
assessments. There is major potential for improving the data base into more site-
specific, and this development has been planned for the biosphere assessment in 2009. 

The C-14 model is new, and important experience of its use has been gained for the 
future development. The specific activity approach describes the transport, 
subsequently also dose consequences, more correctly than the earlier use of the same 
models for the trace-element level nuclides and the carbon, but at present the model 
does not allow connection to other biosphere objects. 

In the well scenarios, the model for calculating radionuclide activity concentration in 
the water is associated with high quality; it has been used for several years and its 
characteristics are supported by independent modelling results (Kattilakoski & 
Suolanen 2000). 

The first version of the agricultural well scenario, with site- and regional-specific 
properties, AgriWELL scenario, has been used here. It is considered adequate for use 
as a safety indicator. However, there are a number of issues for improvement: many of 
the underlying parameter values used in AgriWELL-2007 needs to be scrutinized 
through a comprehensive review and data selection procedure, and regional, or at least 
national, dietary data should be acquired and implemented. 
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7.4 Radiological consequence analysis 

The products from the radionuclide transport process discussed above (activity 
concentrations and activity concentrations factors) are key inputs to the analysis of 
potential radiological consequences. The products discussed in this section are the 
endpoints annual landscape dose to most exposed individual (section 3.1.1), dose 
conversion factors for WELL-2007 and AgriWELL-2007 (section 3.2.1) and the risk 
quotient for other biota (section 3.1.2). The ways of converting activity concentrations 
into these endpoints differ substantially. 

Main assumptions 

Table 7-9 lists and comments the main assumptions used in the analysis of radiological 
consequences (modified from Broed 2007b). 

Main uncertainties in the product 

The product of this modelling process is either estimated doses or dose conversion 
factors. Identified main uncertainties are presented in Table 7-10. 
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ASSUMPTION CLASS COMMENT 

Landscape dose (to most exposed individual) 
Exposure pathways – inhalation of 
contaminated air is assumed to occur 
only outdoors. 

PCA The contamination of the air comes 
from resuspension of soil particles; 
assuming outdoors exposure generally 
overestimates the dose. 

Exposure pathways – only the 
external exposure due to 
radionuclides accumulated in soils 
are included. 

MS Other pathways are negligible for 
radionuclides of interest (Bergström et 
al. 1999, Karlsson & Bergström 2000, 
Avila & Bergström 2006). 

The dose is calculated for the single 
most possible exposed person.  

PCA/CP This assumption results in a 
conservative dose estimate that might be 
regarded as over-conservative, see 
further the discussion in section 8.1. 

The most exposed person occupies a 
single landscape object and obtains 
all resources from that object.  

PCA  

All consumed water and food are 
contaminated. 

PCA  

Dose calculations are based on food 
energy (carbon) intake, with no 
dietary assumptions. 

CP See discussion in (Avila & Bergström 
2006). Might perhaps not be fully 
conservative concerning certain crops. 

The dose due to C-14 from the 
stylised small lake is added to dose 
from the other radionuclides from the 
dynamic landscape model. 

PCA The dose summation of these two 
modelling results has been rather 
simplistically, but conservatively, 
implemented. Further refinement 
needed. 

Safety indicators (WELL-2007 and AgriWELL-2007) 
All consumed water and food are 
contaminated. 

PCA  

Risk quotient for other biota 
Penalising biota are the limiting 
reference organisms in the ERICA 
tool. 

PCA This is a generic assumption, not 
considering the site-specific properties 
of Olkiluoto; a better basis will be 
provided by Biosphere description 2009. 

The habitat is assumed to exist 
entirely in the biosphere object 
resulting in the highest risk quotient. 

PCA This assumption is equivalent to the 
fourth assumption (the individual live in 
a single biosphere object) for the annual 
landscape dose. 
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UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

In the input data 

Landscape dose (to most exposed individual) 
Uncertainties in activity 
concentrations 

Adds uncertainty in dose 
estimates 

Not here – uncertainty propagated 
from both the forecasts (BSO 
geometry) and transport modelling. 

Uncertainties in 
aggregated transfer 
factors taken from 
literature. 

Adds uncertainty in dose 
estimates. 

Review of the data and using site 
data (will be done in Biosphere 
description 2009). 

Uncertainties in carbon 
content data of edible 
products taken from 
literature. 

Adds uncertainty in dose 
estimates. 

Review of the data. 

Safety indicators (WELL-2007 and AgriWELL-2007) 
Uncertainties in activity 
concentrations 

Adds uncertainty in dose 
estimates 

Uncertainty due to the effective 
mixing capacity estimation 
(WELL-2007 and AgriWELL-
2007) – see Table 7-7. 
 
Uncertainty due to uncertainties in 
concentration ratios and transfer 
factors (AgriWELL-2007) – see 
Table 7-7. 

Risk quotient for other biota 
Uncertainties in the 
EMCL for the limiting 
reference organisms and 
activity concentrations 

Affects directly on the 
calculated risk quotient.  
However, not necessarily 
affecting the outcome of a 
Tier 1 assessment. 

More elaborated and site-specific 
assessment (outlined by Smith & 
Robinson (2006), to be further 
refined in respect of data in 
Biosphere description 2009). 

Due to the process 

Landscape dose (to most exposed individual) 
The EDFsmall_lake was used 
for the C-14 dose 
estimate, regardless of 
such a lake existed or not 
in the landscape model, 
especially at the time of 
occurrence of dose 
maximum. 

See table 7-5  See table 7-5  
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UNCERTAINTY AND 
CAUSE 

EFFECT ON THE 
PRODUCT 

MEANS TO REDUCE THE 
UNCERTAINTY 

Landscape dose (to most exposed individual) 
Doses from C-14 is 
simply added to doses 
calculated by the 
landscape model; thus, 
the yearly needs of 
carbon and water are 
taken into account twice 

Overestimates the doses 
to humans 

Merging of the C-14 model and the 
landscape model (work planned for 
2008–2009). 

Safety indicators (WELL-2007 and AgriWELL-2007) 
Uncertainty in the 
consumption rate of 
water  

Dose estimates are 
linearly dependent on the 
consumption rate  

Not an essential issue, due to the 
stylised nature of the well 
scenarios. 

Safety indicators (AgriWELL-2007) 
Dietary data used are 
valid for Sweden 

May add uncertainties in 
the dose estimates 

Acquiring region-specific dietary 
data 

Risk quotient for other biota 
The modelling was based 
on the first screening 
level in the graded 
approach of the ERICA 
assessment. 

The results can be 
considered only 
indicative, which is 
consistent with the chosen 
aims of the assessment. 

Calculation of the actual typical 
doses to biota from the results of 
the landscape model (planned to be 
incorporated into the biosphere 
assessment in 2009). 

 

Considered data sources 

The landscape doses are derived using the concept proposed by Avila & Bergström 
(2006). Most important data sets are dose coefficients for ingestion and inhalation, 
which are taken from EUR (1996) and from NRC (1999) for Rn-222. Other important 
parameter data are intake rates of water and carbon and inhalation rate; these are based 
on values given by ICRP (1975, 2004). 

The dose coefficients for ingestion are the same in the well scenarios as for the 
landscape dose concept. 

The underlying data for food consumption of used in the AgriWELL-2007 scenario is 
based on data reported for Sweden (SJV 2006, Karlsson & Aquilonius 2001). 

The important data set for the analysis of consequences to other biota is the 
environmental media concentration limits (EMCL). In this work, the ERICA default 
EMCL, included in the ERICA Tool 1.0 – August 2007 version, was used. 
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Sensitivity assessment 

Doses estimated with the landscape dose concept are most affected by the assumptions 
underlying the identification of the critical group containing the most exposed 
individuals. Currently, this critical group contains only the single most possible 
exposed person. Adding a few more individuals to the critical group will substantially 
lower the calculated landscape dose (see also discussion in section 8.1). 

The WELL scenario is a linear system, only depending on the assumed effective 
mixing capacity, water intake rate and dose coefficients. Since dose coefficients are 
said to be associated with zero uncertainty (ICRP 1991), the effective mixing capacity 
and water intake rate are the only parameters affecting the results. The AgriWELL 
scenario, on the other hand, is more complex and is subject to future sensitivity 
assessment. 

A sensitivity analysis aiming at identifying key parameters affecting the estimates of 
the potential impact on other biota is planned to be conducted during next year within 
the BIOPROTA forum (BIOPROTA 2008). 

Knowledge quality statement 

The doses derived for humans address the pessimistic case of the single most exposed 
person utilising the landscape maximally, which may not be directly compared to the 
regulatory endpoints for somewhat larger critical group. The results give an upper 
boundary of the doses to individuals, though, and can be used to reflect the upper end 
of the uncertainty range of dose calculations. In that respect the approach taken 
satisfies the aims of the study. 

The well dose indicators applied represent the traditional approach of a stylised 
drinking water well (WELL-2007) and the expanded concept including other exposure 
pathways (AgriWELL-2007). Both can be judged to be robust indicators of the 
magnitude of doses and by their comparison also indicators of the most significant 
exposure pathways. The key data, the mixing capacity, is consistent with independent 
modelling results. Thus, the safety indicators are well based and reliable. 

Analysis of the potential impacts to the other biota was not originally planned to be 
included but for complementary information it was later added to the analysis. The 
simplistic approach is based on an EC project, which derived an assessment method 
compatible to other major development lines and the later international consensus. The 
approach, and the results, can thus be stated to be valid, although they do not fully 
comply with the regulatory guidance. Further development to meet the expectations is 
in due progress. 
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7.5 Overall knowledge quality assessment 

The approaches taken and the data utilised is fit for the purpose of the analysis, 
although it is acknowledged that more development is needed to fulfil the regulatory 
criteria and expectations. The major development needs lie in the usage of the site-
relevant data, avoiding unnecessary pessimism and establishing dose quantities 
consistent and comparable to the set limiting quantities. All in all, the assessment gives 
an upper boundary to the potential consequences of a failure in the repository 
performance. In respect of the aims of the study, the knowledge and data basis is 
sufficient. 
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8 DISCUSSION AND CONCLUDING REMARKS 

The chapter is divided into three parts:  

- A discussion about selected issues that arose during the analysis 
- A discussion about on-going work and issues needing further attention 
- Concluding remarks, addressing the outcome from the analysis in a regulatory 

perspective and reflections on the applied methodology for conducting biosphere 
analysis in the KBS-3H safety studies in an overall perspective 

 

8.1 Selected issues 

This section summarises and further discusses some particular issues that arose during 
the process of conducting a biosphere analysis that were considered especially 
interesting, or more challenging than anticipated. 

8.1.1 Conservativeness of calculated landscape doses 

The landscape doses calculated in the present analysis are quite much higher than dose 
derived from safety indicators. Also, the derived landscape dose conversion factors in 
the present analysis are higher than corresponding factors presented in SR-Can. The 
main reason for the difference in the derived doses and dose conversion factors is the 
chosen level of conservativeness. In the present biosphere analysis, there are 
components in the modelling process for estimating landscape doses that, knowingly, 
have inherent overly conservative assumptions. The reason for this is that the whole 
landscape dose concept is in a rather early stage, and the optimising of the level of 
conservativeness is not a straight-forward procedure. The aim is to have a reasonable 
level implemented in the assessment for the biosphere assessment in 2009. This section 
discusses the most important issues regarding the conservativeness of the calculated 
landscape dose.  

Identification of the dose to most exposed members of the public 

As mentioned in section 3.1.1, the present approach to derive ALDmax as the primary 
quantity for evaluating the compliance to regulatory constraints is not optimal. This 
approach has been selected for two reasons: i) it ensures that the potential radiological 
consequences are not underestimated, and ii) it is simple to implement into the 
landscape modelling tool. As an illustrative example, the ALD have been calculated in 
case PD-BC for the 75 hypothetically most exposed individuals at the time when 
ALDmax occur (Figure 8-1). 



148 

4.6·10-4

2.5·10-4

7.2·10-5

4.7·10-5

3.0·10-5

Exposed individual number

A
nn

ua
ll

an
ds

ca
pe

do
se

 [m
Sv

]

1.8·10-5

1.3·10-5

1 10 20 30 40 50 60 70 80
10-5

10-4

10-3

4.6·10-4

2.5·10-4

7.2·10-5

4.7·10-5

3.0·10-5

Exposed individual number

A
nn

ua
ll

an
ds

ca
pe

do
se

 [m
Sv

]

1.8·10-5

1.3·10-5

1 10 20 30 40 50 60 70 801 10 20 30 40 50 60 70 80
10-5

10-4

10-3

 

Figure 8-1 clearly shows that the choice of how many persons there are in the most 
exposed group is crucial to the resulting dose. The approach of identifying this group 
in the evaluation of compliance with the regulatory dose constraint for the most 
exposed members of the public is to be revised. The present approach could be argued 
to be excessively conservative, even pessimistic. A more optimal landscape dose 
concept could e.g., estimate the average dose in a small group of individuals, or apply 
the ICRP concept of estimating the dose to a “representative person” (ICRP 2007b). 

Radionuclide transport models and data 

The radionuclide transport models represent the current development within 
assessment models and are inherently conservative. Assessing the degree of 
conservativeness of such a model is difficult and can never be complete due to gaps in 
scientific knowledge and uncertainties in experimental set-ups or interpretation of field 
tests. Attempts are a part of the long-term agenda of the assessments, though, and with 
the biosphere description work there are now genuine possibilities to identify hidden 
assumptions and bias in the necessarily simplified models by evaluation and discussion 
with experts in the various disciplines of environmental sciences.  

The other part of the conservativeness is in the parameter data used in the modelling. 
In the present study, data from relevant previous assessments was used for the 
comparison basis. It is acknowledged that the data derives from partially unknown 
sources and assumptions during the few decades and its relevance to the Olkiluoto site 
has not been fully assessed. By the work of the biosphere description team also here 
significant advance is expected in the following assessments. Using the site data as a 
basis and making assessment decisions is rather straightforward but laborious and thus 
more exact evaluation of the conservativeness of the data applied is left for the future 
comparisons. However, the data basis of the present study is believed to be pessimistic 
to the site conditions following from the established practise of choosing assessment 



149 

data, but in the more detailed judgement in the near future there might be cases that 
some parameter needs to be adjusted to the direction of increasing doses although the 
general trend is expected to be opposite. 

Furthermore, it needs to be mentioned that the pessimism in the results is not due to the 
biosphere analysis alone: the order of magnitude of calculated activity concentrations 
(and subsequently doses) is dictated by the release rates from the geosphere, resulting 
from various assumptions and data in the steps previous to the biosphere analysis, and 
the effect of accumulation and exposure in the biosphere and their uncertainties is 
minute in comparison to the range of releases in the various cases reported. 

8.1.2 Comparisons of calculation cases 

Comparing biosphere calculation cases within the analysis is a rather straightforward 
task, as the dominating source of variations in endpoint results between cases is 
differences in the release rates from the geosphere. 

Comparing estimated doses from the present analysis to results from other biosphere 
assessments proved to be a more challenging task. Significant differences in 
underlying scenarios, concepts, models, assumptions and the data used had first to be 
identified, which was not always easy. Thus, the comparison put the emphasis on 
identifying conceptual and methodological similarities and differences, and on 
comparing various kinds of dose conversion factors. 

The only other comprehensive biosphere assessment based on landscape modelling 
with which to compare is the SR-Can assessment. The methodologies used in SR-Can 
and in the present analysis are rather similar. However, there is a rather large 
difference in the reported LDFs for these two projects (Figure 5-41). This is mainly 
caused by differences in the identification of most exposed group of the exposed 
population and assumptions about the release pattern. It is not a result of differences in 
the radionuclide transport landscape modelling. 

8.1.3 Effects on other biota 

The present limited analysis of radiological consequences to other biota consisted of a 
Tier 1 assessment using the ERICA Tool. The EMCL library in the tool includes all 
key radionuclides, except Mo-93. As seen in Figure 5-19, the most penalising (highest 
risk quotients) combinations of radionuclides and environmental media are generally 
Cl-36 and I-129 in forest soils, wetland peat and river sediments. The activity 
concentration of Mo-93 is about 4 to 7 order magnitudes lower than the activity 
concentration of Cl-36 and I-129 in these media, for all cases except PD-EXPELL (see 
Appendix E). For PD-EXPELL, the Mo-93 activity concentration is about 10 to 100 
times higher than for Cl-36 and I-129. Since no EMCL for Mo-93 is included in the 
ERICA library, no decisive conclusions can be drawn about the risk quotient of Mo-93. 
However, the order of magnitude of activity concentrations of Mo-93, Cl-36 and I-129 
indicates that Mo-93 will likely have a very low risk quotient for most cases. For PD-
EXPELL, the risk quotient for Mo-93 might be the most penalising one. 
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8.1.4 Complementary analysis 

Release pattern.  

Section 6.1 shows that the highest dose occurs for the release pattern including a single 
forest object with maximal amount of downstream terrestrial objects. However, these 
kinds of scenarios appear to be pessimistic: in reality the discharges of deep 
groundwater would be directed towards the lowest location within about a 1 km range 
– probably a single shoreline forest. Furthermore, there is relatively little difference 
between the different hypothetical release patterns. Considering the timing of the 
release, there are no significant differences between the time frames since the present 
forest objects dominate the dose. 

Agricultural practices.  

Two situations were considered in section 6.2: a forest was transformed into 
agricultural land at the end of the time frame for biosphere analysis and agricultural 
lands were assumed to be initially present in the landscape. The results show that, in 
general, agricultural lands do not increase the doses compared with those evaluated 
with the reference landscape model. 

Considerations beyond 10,000 years. 

An illustrative exercise was performed (section 6.5) to get an indication of how future 
climatic changes can impact on radiological consequences for humans. Landscape dose 
conversion factors for Olkiluoto for a approximately steady-state situation were 
derived. These LDFs are valid for present (temperate) prevailing conditions, and will 
depend on the climate. To account for future climatic conditions, results from SR-Can 
have been used to derive indicative correction factors for other conditions, such as 
permafrost, glacial and submerged conditions. Applying the LDFs to the two climatic 
scenarios considered indicates that the potential radiological consequences to humans 
will decrease during glacial and submerged conditions. 

8.2 On-going work and remaining issues 

Biosphere description and site studies  

During 2008, a number of site studies were launched that complement the ongoing 
environmental monitoring program and are currently in the interpretation phase. The 
most important of these are 

- studies that extend and complement existing sea bottom sediment mapping and 
sampling,  

- transect studies at shoreline, 
- sampling of both terrestrial and aquatic ecosystems, and 
- fauna surveys and a new animal sample collection programme.  
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Development of a statistical high-resolution elevation model and an update of the 
existing land uplift model have been launched to improve key data sets. The next 
version of the Biosphere Description is planned for mid-2009. The work on the 
Biosphere Description was started in early 2008, partly in parallel to collection of 
literature data from potential reference lakes and mires. The work of the group 
assigned to the Biosphere Description has been further defined. This include analysing 
the site data, improving understanding of aspects of the site related to the biosphere 
and providing descriptions of long-term transfer processes and site-specific parameter 
data for the various models used in biosphere assessment. The work will ensure major 
advances in the site-specificity of the models used in the biosphere assessment planned 
for 2009. 

Terrain and ecosystems development modelling  

Major development of the modelling tools within the 2006 version of the terrain and 
ecosystem development model (TESM) has been undertaken. A GIS toolbox named as 
UNTAMO is reaching maturity, and will be taken into full use in the 2009 biosphere 
assessment. In addition to forecasting relevant properties of the future biosphere, 
UNTAMO is now also able to delineate the relevant interconnected biosphere objects 
automatically from given release points, based on runoff formation rules and the 
required relatively homogeneous properties of the objects. These objects will be given 
their properties as attributes that are further conveyed as input parameter data to 
radionuclide transport modelling. Furthermore, the modelling tools are adequately 
consistent with the near-surface and surface hydrology modelling code applied to the 
present-day situation at Olkiluoto and later extended to the simulation of future 
situations, ensuring the approaches to support each other. 

Radionuclide transport modelling  

A new landscape model will be compiled for the 2009 biosphere assessment on basis 
of the improved biosphere forecasts. Updated biosphere object modules will be used in 
the new landscape model.  The underlying models are being fine-tuned and harmonised 
in the period 2008-2009. However, according to current resource planning, further 
major developments will be left until later. These include optimising conservativeness 
by using the site-specific data and quality reviewing literature data (see below). 
Furthermore, the ongoing project to acquire suitable sorption data by site sampling, 
experiments and literature review will greatly contribute to the improved reliability of 
modelling results. 

Radiological consequence analysis  

As discussed above, the current dose estimates are pessimistic. More realism will be 
introduced by using site-specific data and by reviewing and optimising model 
assumptions and literature data., However, more significant advances are expected 
from  

- improved identification of the "most exposed members of the public" and the 
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"other members of the public", in accordance with regulatory guidance and 
international practice, and  

- proper derivation of the corresponding dose quantities from the landscape 
modelling results. 

 
Such improvements are being undertaken in connection with the updating the 
biosphere object modules (see above). In the 2009 biosphere assessment, dose 
quantities directly comparable to the regulatory safety criteria will be used, and these 
are expected to significantly lower the doses calculated from given radionuclide 
releases compared with those presented in this report. The dose calculations will be 
supported by using safety indicators, such as WELL-2008 and AgriWELL-2008. The 
latter will be updated on basis of the more detailed site data and sensitivity analysis. 
The role of the safety indicators will also be better defined. 

The present assessment of radiological consequences for other biota is only indicative. 
To better assess these consequences, typical doses to flora and fauna of the types 
currently present at the site will be calculated in the 2009 biosphere assessment. The 
assessment will follow the ERICA-compatible approach outlined by Smith & 
Robinson (2006), and will be supported by site data to be reported in the Biosphere 
Description of 2009. In addition, there are plans to undertake further work to determine 
certain exposure parameter values, since not all of these are currently available for 
relevant nuclides and organisms. Some support is expected from a BIOPROTA project 
on knowledge quality assessment of similar approach (www.bioprota.com). 

Biosphere assessment in the overall safety case  

Consistent with the new structure of safety case reporting presented in the 2008 Safety 
Case Plan (Posiva 2008), which was developed during the present biosphere analysis, 
the biosphere assessment will be fully integrated in the discussions presented in the 
main safety case reports. This does not remove the need to produce specific biosphere 
assessment reports and associated background reports. The Biosphere Description will 
be summarised in the main report on the Description of the Disposal System and in the 
Process Report. The terrain and ecosystem development model (TESM) will provide 
input to both the Formulation of Scenarios Report, especially in its description of the 
Base Scenario, and to the Analysis of Scenarios Report, in its assessment of calculation 
cases for scenarios leading to radionuclide releases. For the calculation cases where 
radionuclide releases to the biosphere occur in the biosphere-relevant time frame, the 
radionuclide transport and radiological consequence analyses will be included in the 
latter main level report. A prerequisite to the analysis of scenarios, the Models and 
Data Report, will also summarise the models applied and the main data used in the 
biosphere assessment. This report will include a description of the link between the 
main biosphere assessment models and data, the site studies and the Biosphere 
Description process. In addition to the safety case reporting, the status and detailed 
plans of the biosphere assessment for the forthcoming years will be presented in the 
three-year research programme, TKS-2009. Thus, the earlier plans of the full content 
of the biosphere assessment (e.g. Ikonen 2006) are mostly valid and the safety case 
main level reporting will be an additional summarising and integration step. 
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8.3 Concluding remarks 

The present analysis shows that none of the analysed cases exceeds the regulatory dose 
constraint for most exposed members of the public, even though the applied approach 
to derive doses is considered to be pessimistic. In addition, the present analysis 
indicates that, with high confidence, there will be no detrimental effects to other biota 
from the activity concentrations derived for the radionuclides considered.  

The analysis, with its background reports, also demonstrates significant advance in the 
biosphere assessment in the last few years. However, some important open issues 
remain, especially concerning the definition of dose quantities matching the regulatory 
criteria and the level of pessimism of the dose estimates, both in terms of 
dose/concentration and as dose/release relationships. Despite of the deficiencies of the 
present approach, no obstacles to the development of a fully balanced biosphere 
assessment in 2009 and/or 2012 are foreseen, although the developments that will be 
necessary have to be worked out in detail. 

The present biosphere assessment, as summarised in this report, has been a useful 
rehearsal for the future assessments, raising discussion points and identifying the need 
for improvement to the integration with the near- and far-field analyses. The 
pessimistic doses calculated here demonstrate that the analysed cases do not exceed the 
regulatory constraints. However, the fact that some come close to doing so shows the 
potential danger of accumulating conservative assumptions in the assessment as a 
means of ensuring that no higher doses could conceivably arise in reality. On the other 
hand, it can be seen that there is great potential to decrease the unnecessary 
conservativeness with improved exposure analysis and data. 
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APPENDIX A. KBS-3H safety studies case definitions 

Cases assuming an initial penetrating defect are the only group of cases that result in a 
release of radionuclides within the 10,000 years time frame of biosphere analysis; an 
overview of these cases is presented here. 

The evaluation of radionuclide release and transport in the hypothetical case of a 
canister with an initial penetrating defect is useful in illustrating the impact of a range of 
uncertainties affecting release and transport processes in the event of canister failure. 
Furthermore, assuming that the penetrating defect is present at the beginning of 
operations covers other scenarios of canister failure regardless of the cause or timing of 
such events. Radionuclide release and transport calculations in the geosphere are carried 
out for a Base Case and a set of variant cases, all of which are based on the assumption 
of an initial penetrating defect affecting a single canister. The cases, each of which is 
assigned a unique identifier, are briefly discussed in Table A-1; detailed case definitions 
are given in the Radionuclide Transport Report (Smith et al. 2007c). Note that only 
those cases considered in the present biosphere analysis using landscape modelling or 
ecosystem-specific modelling are shown. The treatment of toher cases is indicated in 
Table 4-1. 

 



 

  

Identifier Brief description 
PD-BC Base Case for cases assuming a single canister with an initial penetrating defect. 

General assumptions 
- The defect is assumed to affect a single canister of BWR fuel from the Olkiluoto 1-2 reactors. The reference spent fuel is assumed 

to have a burnup of 40 MWd/kgU and an enrichment of 4.2 %. 
- The diameter of the defect is taken to be 1 mm. 
- Groundwater conditions are assumed to be reducing and dilute/brackish. 
- The drift section containing the canister with the defect is assumed to be intersected by a single transmissive fracture. 
- The buffer/rock interface is treated as a zero flux boundary, except where it is intersected by the transmissive fracture. 
- Radionuclides are transported entirely as dissolved species (any colloids formed when solubility limits are exceeded are assumed to 

remain in the canister interior). 
- Solubility limits are applied in the near field model inside the canister and at the buffer / rock interface. 

Radionuclide transport inside the canister  
- It is assumed to take 1000 years for contact of water with the fuel/metallic parts to take place and for transport pathways to be 

established.  
- The IRF is released instantaneously upon the creation of a transport pathway from the canister interior to the buffer. 
- After the ingress of water, fuel dissolution is assumed to take place at a constant fractional rate of 10-7 per year, with congruent 

release of radionuclides.  
- The inventory of activation products in metallic parts is released congruently with the corrosion of the metal; Zircaloy fractional 

corrosion rate and fractional corrosion rate for other metal parts are 10-4 and 10-3, respectively. 
Radionuclide transfer to the buffer/evolution of the defect  

- The transport of dissolved radionuclides from the canister interior to the defect is conservatively assumed to be instantaneous. 
- Prior to 10 000 years, the transfer resistance of the defect is calculated based on the assumption that it is filled with water, with a 

diffusion coefficient of 2 � 10-9 m2 s-1 for all migrating species, the defect ceases to provide transport resistance at 10 000 years 
after deposition.  



 

  

Identifier Brief description 
PD-BC Base Case for cases assuming a single canister with an initial penetrating defect. 

Radionuclide transport in the buffer 
- Radionuclides are transported through the buffer predominantly by diffusion, retarded by sorption. 

Radionuclide transfer to the geosphere 
- Radionuclides are transferred by diffusion from the buffer to the nearest fracture intersecting the drift. 

Radionuclide transport in the geosphere 
- Transport of dissolved radionuclides through the geosphere occurs along multiple transport paths, which are represented in the 

geosphere model as a single fracture, characterised by a transport resistance (WL/Q) of 50 000 a m-1.  
- Transport is retarded by matrix diffusion and, for many dissolved species, sorption on matrix pore surfaces. 
- Gas and colloids are assumed not to affect geosphere transport. 

PD-
LODELAY 

Reduced delay until loss of transport resistance 
Differences compared with PD-BC 

- The defect ceases to provide transport resistance at 2 000 years after deposition. 
PD-
FEBENT3 

Perturbed buffer-rock interface - perturbed zone extends across 50 % of the buffer thickness (20 cm) 
Differences compared with PD-BC 

- The buffer outer radius is calculated to 0.725 m 
- The perturbed buffer/rock interface is treated as a mixing tank, the transfer coefficient from the buffer into the rock (QF) is 

3.1 � 10-3 m3 a-1, (BC value is 2 � 10-4 m3 a-1). 
PD-
EXPELL 

Dissolved radionuclides expelled by gas from canister interior and across buffer to geosphere  
Differences compared with PD-BC 

- Gas generated inside a defective canister has impact on radionuclide transport. 
- The gas-driven water pulse begins 2 800 years after deposition and last for 1 300 years. 
- Radionuclides in the Zircaloy and other metal parts are combined with the IRF and are released at a fractional rate of 7.7 � 10-4 y-1. 
- Solubility limits are not applied (for reasons of conservatism, and to simplify the calculations). 



 

  

Identifier Brief description 
PD-VOL-1 
 

Transport of C-14 as volatile species by gas – high gas generation rate 
Differences compared with PD-BC 

- C-14 is transported by gas (only radionuclide considered in these cases). 
- The gaseous C-14 released from the Zircaloy and other metal parts mixes with IRF C-14 and the hydrogen generated by steel 

corrosion.  
- It takes 1 000 years for the canister insert to become breached and for corrosion of the inner surfaces of the cast iron insert to begin.  
- When the gas pressure inside the canister reaches the breakthrough pressure of the bentonite (20 MPa), 50% of the C-14 inventory 

present in gaseous form in the void space inside the canister is transferred directly and instantaneously to the geosphere. 
- The gas pathways will remain open, transporting gas at a rate equal to the rate of gas generation, until gas production ceases or is 

greatly reduced such that it can be dissipated solely by diffusion, at which time the pathways are expected to close and re-seal.
- The rate of steel corrosion is 1 �m per year in PD-VOL-1 (representing a long-term conservative rate value). 
- The gas breakthrough pressures are reached 900 years after the canister insert is breached.  
- The equivalent flow rate is 8 � 10-4 m3 a-1. 
- The gas generation ceases 51 000 years after the canister insert is breached. 

PD-HISAL Saline water present at repository depth (all time) 
Differences compared with PD-BC 

- Groundwater is saline 
- Kd values in the near-field for Ni, Sr, Zr, Tc, Sn, Cs, Sm, Ra, Th, Pu, Np, Am, and Cm (see Smith et al. (2007b) for details). 
- Near-field solubilities differ for most radionuclides (see Smith et al. (2007b) for details). 
- The geosphere matrix porosities for anions are 0.2 % and 0.04 % in the regions < 1 cm and 1 – 10 cm from the fracture, 

respectively (both a factor of 2 higher than in the BC). 
- The effective matrix diffusion coefficient for anions are 5 � 10-14 and 5 � 10-15 m2 s-1 in the regions < 1 cm and 1 – 10 cm from the 

fracture, respectively (both a factor of 5 higher than in the BC). 
- Kd values in the geosphere for Ni, Se, Pd, Sn and Cs (see Smith et al. (2007b) for details) 



 

  

Identifier Brief description 
PD-
LOGEOR 

Reduced geosphere transport resistance 
Differences compared with PD-BC 

- The transport resistance of the geosphere (WL/Q) is assigned a value of 5 000 (a factor of 10 lower than in the BC). 
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APPENDIX B. Parameter data applied in complementary cases 

This appendix summarises key data used in the complementary analysis, not reported 
in the main text. 

Agricultural practices 

Parameter values applied for the complementary analysis where a forest is transformed 
into agricultural land or agricultural lands are initially present in the landscape are 
summarised in Tables B-1 and B-2. 

Parameter: Value   Reference 
Area of forest object N1 23,090 m2 TESM 
Bioturbation rate 2 kg/m2/y Müller-Lemans & van Dorp 

(1996) 
Depth, Deepsoil 5 m Expert judgement 
Depth, Saturated Zone 3 m Expert judgement 
Depth, Topsoil 0.3 m Karlsson & Bergström (2000) 
Erosion rate 0.25 m3/m2/y Karlsson & Bergström (2000) 
Waterflow, Deepsoil to Saturated Zone 0.2 m3/m2/y Avila et al. (2006) 
Waterflow, Deepsoil to Topsoil 0.1 m3/m2/y Karlsson & Bergström (2000) 
Waterflow, Saturated Zone to Deepsoil 0.2 m3/m2/y Karlsson & Bergström (2000) 
Number of irrigation events per year 5 y-1 Bergström & Barkefors (2004) 
Porosity, Saturated zone 0.5 - Ikonen et al. (2008) 
Porosity, Deepsoil 0.3 - Karlsson & Bergström (2000) 
Porosity, Topsoil 0.4 - Karlsson & Bergström (2000) 
Density of soil 2,400 kg/m3 Karlsson & Bergström (2000) 
Runoff 0.22 m/y Karlsson & Bergström (2000) 
Halftime to reach equilibrium (Tk) 0.001 y Karlsson et al. (2001) 
Water amount per irrigation event 0.03 m3/m2 Bergström & Barkefors (2004) 
Distribution coefficient in soil (1)     

I-129 0.3 m3/kg (d.w.) Karlsson & Bergstöm (2002) 
Cl-36 0.001 m3/kg (d.w.) Karlsson & Bergstöm (2002) 
Mo-93 0.1 m3/kg (d.w.) Karlsson & Bergstöm (2002) 
Se-79 0.01 m3/kg (d.w.) Karlsson & Bergstöm (2002) 
Sn-126 0.1 m3/kg (d.w.) Karlsson & Bergstöm (2002) 
Pd-107 0.2 m3/kg (d.w.) Karlsson & Bergstöm (2002) 

Ni-59 0.5 m3/kg (d.w.) Karlsson & Bergstöm (2002) 
Nb-94 0.5 m3/kg (d.w.) Karlsson & Bergstöm (2002) 

(1) Best estimates  
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Parameter: Value  
Area of agriland objects   
    Agriland 1 2,921,471 m2 

Agriland 2 63,816 m2 
Agriland 3 206,593 m2 
Agriland 4 1,029,111 m2 
Agriland 5 265,407 m2 
Agriland 6 569,214 m2 
Agriland 7 214,588 m2

 

Agriland 8 120,212 m2 
Agriland 9 430,716 m2 
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Ecosystem-specific dose conversion factors 

Table B-3 summarises data used for deriving the ecosystem-specific dose conversion 
factors (EDF) report in the present analysis. 

Ecosystem type (object) 
 Parameter  

 
Value 

  
Comments 

Forest (Tankarienmetsä)    
 Area 31,401 m2  
 Catchment area 1,112,710 m2  
    
Coast (Baltic region)    
 Area 100 km2  
 Depth 80 m  
 Retention time 0.5 y  
 Sedimentation rate (net) 0.2 Kg/m2/y Dry weight 
    
Wetland (Liiklansuo)    
 Area 29,705 m2  
 Depth 11.7 m  
    
Lake (Korvensuo)    
 Area 1,000 m2  
 Depth 2 m  
 Retention time 0.00274 y Based on Eurajoki flowrate 
 Sedimentation rate (net) 0 kg/m2/y Dry weight 
    
River (Pätkä)    
 Depth 2 m   
 Width 10 m   
 Length 95 m   
 Water flowrate 227,214,720 m3/y The flowrate of Eurajoki 
    
Agriland (-)    
 Area 31,401 m2 No Agriland object in the landscape 

model – value same as Forest 
object. 
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APPENDIX C. Irrigation module 

Radionuclides in freshwater may, by use of the water for irrigation, reach biota and 
thus man. This is due to two main pathways: 

- external contamination due to surface retention of radionuclides contained in 
irrigated water, 

- root uptake from soil, contaminated by radionuclides in the irrigation water. 
 

Below, a revised method for estimating the surface contamination of vegetation is 
described. The method can also be further developed regarding contamination of 
vegetation due to root uptake. Tables with values of the parameters needed for the 
calculations are also summarised. 

The approach described is based on that part of water passing through surfaces of 
vegetation due to aerial irrigation is retained on the surfaces (Bergström & Barkefors 
2004). This interception, which is frequently studied in hydrology, implies that the film 
of retained water contains radionuclides. The amount of water remaining on vegetation 
surfaces can therefore be modelled as a function of the leaf area index (LAI) and a 
specific storage capacity, parameters which are used in hydrological studies for 
estimating interception. In this context, LAI is defined as half the total green leaf area 
(one-sided area for broad leaves) in the plant canopy per unit ground area (Chen & 
Black 1992). LAI is an important parameter when describing plant interaction with the 
atmosphere, especially concerning radiation, energy, momentum and gas exchange 
(Monteith & Unsworth 1990). LAI values vary with time and type of crop.  

The amount of radionuclides contained might be higher than that corresponds to the 
layer of water, based on the concentration of radionuclides in the irrigated water. This 
is due to adsorption effects on the vegetation surfaces. The observations after the 
Chernobyl fallout see e.g. Pröhl et al (1995) confirmed that the chemical properties of 
the elements are of importance for retention. They showed that cations were retained 
more effectively than anions. This was explained by the negative charge of vegetation 
surfaces (Schönherr 1977, Ertel et al. 1992). Hoffman et al. (1989) also support these 
findings. In order to take such retention into account a parameter, Kret, was introduced 
with values according to Table C-1. 

It is further on assumed that there is no loss of activity due to rain splash, wind effects 
and so on. On the other hand, there is a continuous growth that will have a diluting 
effect on the concentration of radionuclides, but, as the suggested expression contains 
yield values, the growth effect will be taken into account automatically, while the other 
are neglected. 
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The expression used for calculating activity concentration in vegetation from surface 
contamination is according to Bergström & Barkefors (2004): 

p

w
IRRp

Y
CKretStoCapLAI

Nr =C
���

�   (C-1) 

where: 

Cp =  Concentration of radionuclides in plants due to retention [Bq/kg]. 
NrIRR =  Number of irrigation events per year.  
LAI =  Leaf Area Index [m2/m2].  
StoCap =  Water storage capacity in vegetation due to interception [m3/m2]. 
Kret =  Element dependent retention factor [–]. 
Cw =  Concentration in water [Bq/m3]. 
Yp =  Yield values [kg/m2].  
 
Applied parameter values are summarised in Table C-1. For root crops the expression 
above is multiplied by an element dependent translocation factor, varying in value due 
to elements properties. In BIOPROTA (a forum to address uncertainties in the 
assessment of the radiological impact of releases of long-lived radionuclides into the 
biosphere) a specific task was to review and compare assessments models for the spray 
irrigation pathway (Bergström et al. 2006). The comparison showed that, although 
various concepts were applied, all results were within a factor of ten of each other, 
showing a high robustness in various approaches.  

The other main pathway for contamination of vegetation is through root uptake from 
soil, where the radionuclides are brought to the soil by irrigation; this pathway is not 
included in the present irrigation module. 

Parameter Unit Best 
estimate 

Min 
value 

Max 
value 

NrIRR – 4 3 5 
LAI, vegetables m2/m2 5 4 6 
LAI, root crops m2/m2 4 3 5 
StoCap, vegetables m3/m2 3·10–4 2·10–4 4·10–4 
Yield, vegetables kgfw/m2 2 1.5 4 
Yield, root 
vegetables 

kgfw/m2 2.0 1.9 2.3 

Kret Anions 
 Cs 
 Cations 

– 0.5 
1.0 
2.0 

0.3 
0.5 
1.5 

0.7 
1.5 
2.5 
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APPENDIX D. Well concepts used as basis for safety indicators 

The Finnish regulation (STUK 2001) states that the annual effective dose to the most 
exposed members of the public shall remain below 0.1 mSv, and the average annual 
effective doses to other members of the public shall remain insignificantly low. 
Furthermore, the regulation requires that the unlikely disruptive event of boring a deep 
water well at the disposal site is to be included in the safety assessment. Guidance on 
the potential exposure pathways to be considered are also given, including the use of 
contaminated water as household water, for irrigation of plants, and for watering 
animals. To comply with regulations, safety indicators are implemented based on two 
stylised well scenarios: a well only used only for human drinking water (WELL), and a 
well used for human drinking water, watering cattle and irrigation of crops 
(AgriWELL). These two scenarios can also be applied in a tiered approach, which is 
envisaged for future safety assessments, where first safety indicators are used, with 
detailed simulations carried out only for those radionuclides contributing significantly 
to the assessment endpoints. It should be recognized that results from analysing these 
scenarios are safety indicators, thus the estimated dose quantities should be used as an 
indication of the possible magnitude of doses. This Appendix discusses the two well 
scenarios used in the present analysis. 

WELL - drinking water well scenario 

The application of simple biosphere systems, often focusing on a single exposure 
pathway, has often proven to be a useful component of a comprehensive safety or 
performance assessment for nuclear waste facilities. The WELL scenario was 
introduced in the Finnish assessment of deep repositories by Vieno (1994) and has 
been applied, with minor modifications, such as updated dose coefficients, in 
assessments since (Vieno & Nordman 1996, Vieno 1997, Vieno & Nordman 1999); the 
version in the present report is denoted WELL-2007. The WELL-2007 scenario is very 
simple and robust, it is based on an assumption that the annual releases from the 
geosphere into the biosphere are mixed in 100,000 m3 of water and an individual 
annually consumes 500 litres of contaminated water. An effective mixing capacity of 
100,000 m3/y is obtained, for example, if 1% of the total releases from the geosphere 
into the biosphere end up in a well and the water for mixing in the well is 1,000 m3/y. 
Drinking of water is the only exposure pathway considered (see Figure D-1), thus the 
annual effective dose in the WELL-2007 scenario is identical to the committed 
effective dose from intakes of radionuclides in that year. Dose conversion factors 
(DCF) for WELL-2007 are presented in Table 3-1. The only significant difference 
between WELL-2007 and the previous version, WELL-97, is that the dose coefficient 
for Rn-222 has been updated (based on NRC 1999 in WELL-2007). 
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WELL

DCFWELL

Humans

WELL

DCFWELL

Humans

 

According to groundwater flow analyses published by STUK, the effective mixing 
capacity of a well could vary from 30,000 m3/y to 460,000 m3/y (Kattilakoski & 
Suolanen 2000). Furthermore, STUK states that, in many cases, no flow routes hit the 
volume affected by the well if the location of the well is chosen randomly, thus a value 
around 90,000 m3/y can be regarded as a representative expectation value of the 
effective mixing capacity in conservative considerations (Kattilakoski & Suolanen 
2000). The WELL-2007 scenario is based on an effective mixing capacity of 100,000 
m3, consequently, applying WELL-2007 is considered to result in hypothetical doses 
received by a representative (adult) member of the most exposed group. 

AgriWELL - agricultural well scenario 

To better comply with the regulatory requirements and to better encompass the variety 
of possible future human activities within the landscape, more than the single exposure 
pathways in the WELL scenario must be included. This is done in AgriWELL; the first 
version, AgriWELL-2007, has been developed for and implemented in the present 
analysis. The underlying well has the same properties as in the WELL-2007 scenario, 
with the additional assumption that the well capacity is sufficiently high that the 
amount of water is enough for human consumption, watering the livestock, and for 
irrigation of crops. Added exposure pathways (see Figure D-2) are consumption of 
irrigated crops (vegetables, fruits and berries), consumptions of animal products (milk, 
meat and eggs).  

AgriWELL utilises data for a fictive farm, denoted AgriFARM. The first version of 
this farm, AgriFARM-2007, has properties corresponding to the of region-specific 
farm statistics. The farm statistics (such as composition, land-use, yields, and 
production) of AgriFARM-2007 is mainly based on the arithmetic average of data for 
year 2004 in the yearbook of farm statistics (TIKE 2006), for farms in the Satakunta 
region (“TE-keskus”), which includes Olkiluoto. The assumptions regarding the 
irrigation at AgriFARM-2007 are mainly based on regional data, derived from Pajula 
& Triipponen (2003).  
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The irrigation water is contaminating the crops by both direct uptake of surface 
deposited activity and secondary uptake via the roots. The radionuclides in the 
irrigation water contaminate animal products due to the animals water consumption 
and consumption of contaminated fodder. The model for calculating the radionuclide 
concentration due to surface contamination and root uptake was based on the work by 
Bergström & Barkefors (2004), see also Appendix C. The dietary assumptions for 
adults have been derived by combining data for consumption of food and nutritive 
values for Sweden (SJV 2006) with age-dependent consumption data in Karlsson & 
Aquilonius (2001). 

Applying the AgriWELL scenario on unit release rates of radionuclides from the 
geosphere into the biosphere results in dose conversion factors (DCFs) for deriving in 
hypothetical doses received by a representative (adult) member of the most exposed 
group. The most exposed group is in this case member of the family running the 
AgriFARM, who satisfy the nutrient need by eating and drinking products from the 
own farm and the own well. 
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APPENDIX E. Detailed results 

In addition to the results presented in chapter 5, a few more selected results regarding 
the KBS-3H calculation cases are presented here. Radionuclide-specific landscape 
doses are shown in Figures E-1 to E-5, also including the four TILA-99 calculation 
cases. Numerical values for the total activity inventory and retained fractions are 
summarised in Table E-1. Maximum concentrations in environmental media during the 
first 10,000 years after disposal are summarised in Tables E-2 to E-8. The 
concentration of C-14 in lake water is based on the concentration factor derived by the 
C-14 model. 
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PD- BC HISAL LOGEOR FEBENT3 LODELAY EXPELL 
Year 10,000 10,000 10,000 10,000 2,850 5,250 

Inventory [Bq]     
Cl-36 1.4E+07 1.4E+07 1.4E+07 1.0E+08 5.5E+06 1.2E+08 
Ni-59 - 1.6E+02 2.3E+04 - - 5.4E-04 
Se-79 1.7E+01 2.4E+05 4.8E+01 1.7E+02 7.9E+00 2.5E+06 
Mo-93 2.1E+01 8.7E-01 7.2E+01 2.1E+02 4.4E+01 1.9E+09 
Zr-93 - - 5.3E-04 - - - 
Pd-107 2.6E-01 2.6E+00 3.4E+00 6.4E+02 4.0E-04 4.1E+05 
I-129 2.2E+06 2.2E+06 2.2E+06 1.6E+07 3.3E+06 4.0E+06 
Sn-126 1.6E-02 3.1E-01 6.8E-02 2.8E+01 - 7.4E+05 
Cs-135 - 8.4E-02 1.3E+04 - - - 

       
Retained fractions     
Cl-36 0.23 0.23 0.23 0.23 0.28 0.09 
Ni-59 - 0.58 0.58 - - 0.34 
Se-79 0.61 0.61 0.61 0.61 0.89 0.83 
Mo-93 0.38 0.36 0.39 0.40 0.61 0.39 
Zr-93 - - 0.63 - - - 
Pd-107 0.67 0.64 0.63 0.57 0.36 0.75 
I-129 0.31 0.31 0.31 0.31 0.35 0.03 
Sn-126 0.71 0.76 0.75 0.76 - 0.95 
Cs-135 - 0.58 0.59 - - - 

 

 Forest 
soil 

Wetland 
peat 

River 
water 

Lake 
water 

Coastal 
water 

River 
sediment 

Lake 
sediment 

Coastal 
sediment 

C-14    4.1E-03     
Cl-36 2.3E-02 2.4E-02 2.2E-01 2.9E-02 8.1E-17 2.4E-03 2.5E-06 2.4E-13 
I-129 7.5E-03 4.7E-03 2.3E-02 3.0E-03 1.2E-15 6.9E-04 7.7E-05 3.0E-11 
Mo-93 9.6E-08 1.7E-08 1.2E-07 1.6E-08 5.3E-24 3.7E-09 1.3E-12 1.3E-18 
Pd-107 1.1E-09 2.0E-10 2.9E-10 4.0E-11 1.7E-23 1.9E-10 7.3E-12 1.7E-17 
Se-79 2.5E-08 8.1E-10 3.1E-08 4.8E-09 8.2E-23 5.2E-08 2.0E-09 3.2E-16 
Sn-126 7.0E-11 4.1E-12 1.5E-11 2.2E-12 4.0E-27 3.1E-11 6.9E-12 5.8E-19 
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Forest 

soil 
Wetland 

peat 
River 
water 

Lake 
water 

Coastal 
water 

River 
sediment 

Lake 
sediment 

Coastal 
sediment 

C-14    1.2E-02     
Cl-36 1.8E-02 2.1E-02 1.7E-01 7.5E-02 2.6E-14 1.9E-03 6.8E-06 1.1E-10 
Se-79 5.5E-07 9.4E-08 1.9E-07 8.8E-08 9.1E-20 3.3E-07 3.8E-08 3.2E-13 
Mo-93 2.2E-06 5.0E-07 2.3E-06 1.3E-06 5.9E-21 7.0E-08 1.2E-10 1.2E-15 
Pd-107 2.6E-05 5.4E-06 5.3E-06 7.2E-07 4.9E-19 3.5E-06 1.4E-07 4.8E-13 
Sn-126 7.8E-08 4.8E-09 1.7E-08 2.5E-09 5.4E-24 3.5E-08 7.7E-09 9.4E-16 
I-129 1.2E-02 1.5E-02 2.4E-02 1.5E-02 4.6E-13 7.2E-04 7.3E-04 1.1E-08 
 

 Forest 
soil 

Wetland 
peat 

River 
water 

Lake 
water 

Coastal 
water 

River 
sediment 

Lake 
sediment 

Coastal 
sediment 

C-14    5.8E-02     
Cl-36 1.7E-01 1.8E-01 1.6E+00 2.2E-01 6.1E-16 1.8E-02 1.9E-05 1.1E-12 
I-129 5.4E-02 3.4E-02 1.6E-01 2.2E-02 3.8E-15 5.0E-03 5.6E-04 1.2E-10 
Mo-93 9.7E-07 1.7E-07 1.2E-06 1.6E-07 2.3E-23 3.7E-08 1.3E-11 6.2E-18 
Pd-107 2.9E-06 2.1E-07 1.4E-06 2.0E-07 1.0E-20 9.5E-07 3.5E-08 7.0E-15 
Se-79 2.5E-07 7.6E-09 3.1E-07 4.8E-08 3.7E-22 5.3E-07 2.0E-08 1.5E-15 
Sn-126 1.2E-07 1.1E-08 1.8E-08 2.5E-09 2.1E-23 3.8E-08 8.2E-09 4.4E-15 
 

 Forest 
soil 

Wetland 
peat 

River 
water 

Lake 
water 

Coastal 
water 

River 
sediment 

Lake 
sediment 

Coastal 
sediment 

C-14    2.7E-01     
Cl-36 3.2E-01 4.1E-01 1.4E+00 7.7E-01 7.2E-13 1.5E-02 2.1E-04 1.9E-09 
I-129 1.1E-01 9.5E-02 1.5E-01 8.5E-02 4.2E-12 4.8E-03 6.3E-03 5.9E-08 
Mo-93 8.3E+00 1.9E+00 8.7E+00 5.4E+00 2.6E-14 2.7E-01 4.7E-04 4.5E-09 
Nb-94 3.3E-11 9.7E-12 1.1E-11 2.0E-12 1.2E-25 1.8E-11 1.4E-12 6.9E-16 
Ni-59 5.6E-11 2.7E-11 6.7E-12 1.9E-12 9.1E-25 6.3E-12 4.0E-12 1.3E-15 
Pd-107 6.8E-02 1.9E-02 8.8E-03 1.4E-03 3.1E-15 5.8E-03 2.4E-04 2.7E-09 
Se-79 3.0E-03 7.6E-04 2.2E-03 1.4E-03 1.7E-15 3.9E-03 5.8E-04 4.7E-09 
Sn-126 9.7E-03 1.8E-03 8.7E-04 3.8E-04 1.2E-17 1.8E-03 1.0E-03 2.0E-09 
 
 
 



APPENDIX E 

  
Forest 

soil 
Wetland 

peat 
River 
water 

Lake 
water 

Coastal 
water 

River 
sediment 

Lake 
sediment 

Coastal 
sediment 

C-14    4.1E-03     
Cl-36 2.3E-02 2.3E-02 2.2E-01 2.9E-02 8.1E-17 2.4E-03 2.5E-06 2.4E-13 
Ni-59 7.2E-07 3.7E-08 3.4E-07 4.9E-08 2.8E-23 3.0E-07 3.9E-08 1.6E-15 
Se-79 3.4E-04 1.1E-05 4.2E-04 6.5E-05 1.1E-18 7.2E-04 2.7E-05 4.6E-12 
Mo-93 4.0E-09 7.2E-10 4.8E-09 6.4E-10 3.0E-25 1.5E-10 5.5E-14 4.7E-20 
Pd-107 1.1E-08 2.1E-09 3.1E-09 4.3E-10 8.0E-22 2.0E-09 7.7E-11 7.9E-16 
Sn-126 1.3E-09 1.1E-10 2.2E-10 3.1E-11 1.9E-25 4.5E-10 9.8E-11 3.9E-17 
I-129 7.5E-03 4.7E-03 2.2E-02 3.0E-03 1.2E-15 6.9E-04 7.7E-05 3.0E-11 
Cs-135 2.8E-10 1.8E-11 1.8E-10 2.5E-11 4.6E-25 5.0E-11 2.0E-11 9.8E-19 
 

  
Forest 

soil 
Wetland 

peat 
River 
water 

Lake 
water 

Coastal 
water 

River 
sediment 

Lake 
sediment 

Coastal 
sediment 

C-14    4.2E-03     
Cl-36 2.3E-02 2.4E-02 2.2E-01 2.9E-02 8.3E-17 2.4E-03 2.6E-06 2.4E-13 
Ni-59 1.1E-04 5.3E-06 5.0E-05 7.2E-06 4.1E-21 4.3E-05 5.7E-06 2.4E-13 
Se-79 7.1E-08 2.2E-09 8.7E-08 1.4E-08 1.6E-22 1.5E-07 5.7E-09 7.7E-16 
Mo-93 3.3E-07 5.8E-08 4.0E-07 5.4E-08 1.0E-23 1.2E-08 4.5E-12 3.2E-18 
Zr-93 2.1E-12 1.5E-14 4.6E-13 1.2E-13 6.8E-28 2.4E-12 1.0E-14 5.9E-21 
Nb-94 1.8E-06 1.0E-07 5.5E-07 8.5E-08 5.6E-23 9.2E-07 6.9E-08 1.7E-14 
Pd-107 1.4E-08 2.7E-09 4.2E-09 5.8E-10 1.2E-21 2.8E-09 1.0E-10 1.3E-15 
Sn-126 3.0E-10 2.2E-11 5.4E-11 7.9E-12 3.3E-26 1.1E-10 2.5E-11 6.3E-18 
I-129 7.6E-03 4.8E-03 2.3E-02 3.0E-03 1.2E-15 7.0E-04 7.8E-05 3.0E-11 
Cs-135 4.1E-05 3.1E-06 2.6E-05 3.5E-06 2.6E-19 6.9E-06 2.8E-06 6.0E-13 
 

  
Lake 
water 

C-14 1.6E+01 
 




