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Preface
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safety of the low- and intermediate-level waste repository SFR in Forsmark. The report forms part
of the SR-PSU safety assessment, which supports SKB’s licence application to extend SFR.

A number of authors have contributed to the various sections of the report, as listed in Section 1.1.
The report has been reviewed by Jordi Bruno, Ari Ikonen and Mike Thorne.

Stockholm, November 2014
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Abstract

This report presents the biosphere part of the SR-PSU safety assessment, which means that the report
is focused on the surface systems where humans and non-human biota potentially could be exposed to
radionuclides released from the SFR repository. The report summarises and analyses the data, process
descriptions and models that have been used to develop and parameterise models for calculating radi-
onuclide transport, exposure and resulting doses in the biosphere, including the support for various
simplifications and assumptions made in this process of model development and parameterisation.

The focus of the present report is on models and data used in the biosphere component of the model-
ling chain employed in the overall safety assessment calculations, but it also contains some model-
ling results not presented elsewhere. This modelling was performed with the aim of investigating
processes, properties and parameters specifically associated with the biosphere, without having the
influence of other parts of the system confounding the interpretations. Most chapters of this report
summarise background reports produced within the SR-PSU biosphere modelling project, which
means that more detailed descriptions are provided in those background reports.

Following a general introduction and descriptions the methodological and regulatory background to
the work, the actual model descriptions begin with a summary of relevant parts of the site descrip-
tive model (SDM) describing the present conditions at Forsmark. This presentation includes central
underlying models such as the digital elevation model (DEM) and the regolith depth and stratigraphy
model (RDM). These models provide important geometrical descriptions used not only within the
biosphere modelling but also in other parts of the safety assessment. The SDM is the basis for the
development of models describing future conditions.

The first part of the description of future developments in Forsmark deals with climate and the asso-
ciated shoreline displacement, as expressed by the SR-PSU climate cases, and their implications for
processes and ecosystems in the Forsmark area. The site-specific coupled regolith-lake development
model (RLDM) is an important tool for the modelling of landscape succession and possible future
geometrical-geological conditions. In the next step, human land use is introduced and analysed, with
emphasis on the conditions for agriculture in potential future Forsmark landscapes. The results of the
coupled analysis of natural conditions and effects of human interventions are formulated as a time-
dependent landscape development model (LDM).

The LDM is used in combination with results of hydrogeological modelling and information on pre-
sent and future geometrical conditions to develop a model for biosphere objects. Thereby, areas where
groundwater potentially carrying radionuclides from SFR discharges are identified and described. The
resulting model for biosphere objects under temperate climate conditions, which is used in the major-
ity of the safety assessment calculations, consists of seven biosphere objects. However, one biosphere
object (referred to as object 157 2) receives most of the potentially radionuclide-containing water
from the repository, and hence is the object of main interest in the safety assessment.

The SR-PSU biosphere objects are of two main types: objects that have a lake stage in their succes-
sion, which means that they go from sea (bay) to lake to wetland and then possibly are developed
further into agricultural land, and objects without a lake stage in their succession. The object of main
interest in the safety assessment (object 157 2) is of the type that lacks a lake stage. The modelling
of radionuclide transport under periglacial climate conditions considers two biosphere objects, of
which one is included also in the modelling of temperate climates.

One major step is the analysis of features, events and processes (FEPs) and exposure pathways, and
the formulation of calculation cases. The FEP and exposure analysis utilises and combines external
input in the form of recommendations and requirements with the site-specific knowledge from data
and models, in order to identify and describe what is relevant and needs to be included in the model
calculations of transport, exposure and doses. The analysis of potentially most-exposed groups
results in the identification of four potentially exposed populations representing four alternative land
use variants considered in the modelling. Exposure routes for these four populations in natural and
agricultural systems are identified, and the exposure analysis also includes an identification of non-
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human biota endpoints based on an analysis of organism types in terrestrial, marine and limnic eco-
systems. The exposed populations are assessed in seven biosphere calculation cases (BCC), which
are mapped to the main calculation cases considered in the safety assessment.

After the identification and description of what needs to be modelled, the development of a numeri-
cal compartment model for calculating radionuclide transport and doses in the Forsmark biosphere is
presented. Modelled biosphere objects on land are subdivided into one mire part and one aquatic part,
where the aquatic part decreases in size with time due to infilling. Objects that lack a lake stage (such
as object 157 _2) consist solely of a mire during the whole model period after the marine stage. The
general vertical subdivision of the model is based on the geological layers identified and described in
the RDM and the RLDM. The description of models is completed by a summary of the data used in
the parameterisation of the radionuclide transport model.

The report presents modelling results for a constant unit radionuclide release rate (one becquerel per
year), i.e. results expressed in terms of radionuclide inventories and activity concentrations in differ-
ent media and associated doses to humans and dose rates to non-human biota. The unit release results
for doses to humans are presented in the form of landscape dose conversion factors (LDFs). These
results are used to make comparisons with previous safety assessments, and to provide a detailed
analysis for selected radionuclides, including an evaluation of sources of uncertainty. For non-human
biota, dose rates to various types of organisms in different ecosystems (marine, freshwater and ter-
restrial) are presented. Finally, the effects of assumptions and uncertainties in the biosphere modelling
are synthesised and discussed, including an evaluation of their implications for the overall safety
assessment.
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Sammanfattning

Denna rapport presenterar biosfarsdelen av sékerhetsanalysen SR-PSU, vilket innebér att den ar
fokuserad pé de ytndra system dir ménniskor och andra organismer kan exponeras for radionuklider
som eventuellt 1acker ut fran SFR-forvaret i Forsmark. I rapporten sammanstélls de data, process-
beskrivningar och modeller som har anvénts for att beskriva platsen och utveckla och parametrisera
modeller for berdkningar av radionuklidtransport och exponering. Vidare analyseras resultat fran
stiliserad modellering och information som stoder de forenklingar och antaganden som gjorts i sam-
band med modellutveckling och parametrisering redovisas.

Rapportens viktigaste funktion dr att ge en samlad och sammanfattande redovisning av modeller

och data som utgor biosfarsdelen av den modellkedja som anvinds for berdkningar av radionuklid-
transport och doser i SR-PSU. Flertalet kapitel 1 rapporten utgdrs diarfor av sammanfattningar av
underlagsrapporter, i vilka de detaljerade beskrivningarna av modelleringsaktiviteter och resultat
ges. Utdver detta innehéller rapporten en redovisning av resultat frdn modelleringar med sa kallade
enhetsutsldpp, vilka inte presenteras i ndgon underlagsrapport. Denna stiliserade modellering genom-
fordes i syfte att undersoka effekterna pé radionuklidtransport av processer, egenskaper och parame-
trar som specifikt beskriver forhdllandena i biosféren, utan inverkan av andra delar av systemet som
skulle kunna komplicera tolkningarna.

Efter en allmén introduktion och redovisningar av arbetets bakgrund vad géller metodik och lag-
stiftning, inleds sjdlva modellbeskrivningarna med en presentation av relevanta delar av den plats-
beskrivande modell (’site descriptive model”, SDM) som beskriver dagens forhallanden i Forsmark.
Denna presentation innefattar viktiga underlagsmodeller sasom hdjdmodellen (”digital elevation
model”, DEM) och jordlagermodellen (’regolith depth and stratigraphy model”, RDM). Dessa
modeller utgor centrala geometriska beskrivningar som anvinds inom flera modelleringsdiscipliner.
Beskrivningen av dagens Forsmark utgdr utgdngspunkten for framtagandet av modeller som beskri-
ver de framtida forhallandena i omradet.

Forsta delen av beskrivningen av det framtida Forsmark handlar om klimatet och strandlinjefor-
skjutningen. Dessa beskrivs i enlighet med projektovergripande klimatfall, vilkas inverkan pa pro-
cesser och ekosystem i omradet diskuteras. Den platsspecifika utvecklingsmodellen for jordlager
och sjdar (“regolith-lake development model”, RLDM) &r ett viktigt verktyg i modelleringen av
landskapets succession och mdjliga framtida geometriska férhillanden. Dérefter introduceras mén-
niskans markanvindning, varvid férutséttningarna for olika typer av markanvéindning i framtida
Forsmarkslandskap analyseras. Resultaten av den kopplade analysen av naturliga férhéllanden och
minsklig pdverkan formuleras i termer av en landskapsutvecklingsmodell (’landscape development
model”, LDM), dir fem varianter av framtida landskapsutveckling beskrivs.

LDM anvinds sedan tillsammans med resultat fran hydrogeologisk modellering och information om
nuvarande och framtida geometriska forhéllanden for att identifiera och beskriva utvecklingen av

de omraden i landskapet dir radionuklider frain SFR kan né ytekosystemen. Dessa omraden kallas
biosférsobjekt och anvénds i sdkerhetsanalysens modellering av radionuklidtransport och straldoser.
Sammanlagt sju stycken biosfarsobjekt ingér i berdkningarna for tempererade klimatforhéllanden,
vilket dr den typ av klimat som anvinds i de flesta av sékerhetsanalysens berdkningsfall. De hydro-
geologiska analyserna visar dock att huvuddelen det utstrémmande grundvatten som har passerat
forvaret sannolikt kommer att hamna i ett av objekten. Det konstateras dérfor att detta biosfarsobjekt,
som betecknas objekt 157 2, &r av storst intresse for sédkerhetsanalysen.

Biosfarsobjekten i SR-PSU ér av tva huvudtyper: objekt som gér igenom ett sjostadium i sin succes-
sion, vilket betyder att de gar fran hav (havsvik) till sj6 till vatmark och sedan mojligen anvinds som
jordbruksmark efter drénering, och objekt som saknar sjostadiet i sin succession. Biosfarsobjektet
som dr av storst intresse i1 sdkerhetsanalysen (objekt 157 2) dr av den typ som saknar sjostadium och
kénnetecknas av att varken vattendrag eller storre ssmmanhéngande ytvatten uppstar dér efter havs-
stadiet. For modelleringen av radionuklidtransport och strdldoser under periglaciala klimatforhéllan-
den identifieras tvé biosfédrsobjekt, av vilka ett anvénds dven i modelleringen av tempererade klimat.
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Viktiga steg 1 modelleringsprocessen ér analysen av egenskaper, handelser och processer (“features,
events and processes”, FEP) som kan paverka landskapsutvecklingen, transport och ackumula-
tion av radionuklider i biosfaren, och analysen av exponeringsvigar. Dessa analyser &r grunden till
formuleringen av de berdkningsfall som illustrerar effekter av de radionuklider som eventuellt nar
ytekosystemen. Analyserna av FEP och exponering anvinder en kombination av externa krav och
rekommendationer och modelleringsteamets samlade kunskap om platsen for att identifiera och
beskriva vad som &r relevant och ska inkluderas i berdkningarna av transport, exponering och doser.
Fyra typer av mest exponerade grupper identifierades. Dessa grupper representerar fyra olika mark-
anvandningsalternativ (varav tre utgors av olika former av jordbruk) och for varje grupp kartlades
relevanta exponeringsvagar. Exponeringsanalysen innefattar ocksa exponering av andra organismer
an ménniskan i terrestra, marina och limniska ekosystem. De exponerade populationerna utgér grund
for formuleringen av de biosfarsberdkningsfall som ingar i den 6vergripande sidkerhetsanalysen.

Efter identifieringen och beskrivningen av det som behdver modelleras, presenteras den numeriska
berdkningsmodell som anvinds vid berdkningarna av radionuklidtransport och doser i biosfaren.

I modellen delas biosfirsobjekt under landperioden upp i en terrester del (vatmark/myr) och en
akvatisk del (sj0), dir den akvatiska delen minskar i storlek med tiden till f6ljd av sedimentation
och igenvixning. Biosfarsobjekt som saknar sjostadium (exempelvis objekt 157 2) gér direkt fran
ett havsstadium till ett vitmarksekosystem. Den vertikala indelningen av berdkningsmodellen i olika
lager baseras pa de geologiska beskrivningarna i RDM (dagens forhallanden) och RLDM (fram-
tiden). Rapportens modellbeskrivningar avslutas med en summering av de data som anvénts for att
parametrisera radionuklidmodellen for biosfaren.

I rapporten presenteras modelleringsresultat fran berdkningar med randvillkor i form av ett konstant
enhetsutslapp till biosfaren (en Bq per ar) av studerade radionuklider. Resultaten omfattar berdknade
inventarier och aktivitetskoncentrationer i olika medier (vatten, jord och luft) och delar av ekosys-
temen, samt doser till minniska och dosrater till andra organismer. Dosresultaten for enhetsutsléapp
presenteras i form av doskonverteringsfaktorer och jamfors med motsvarande resultat fran tidigare
sikerhetsanalyser. En detaljerad utvirdering av resultaten for fyra utvalda radionuklider (kol-14,
klor-36, molybden-93 och nickel-59) redovisas ocksa. For andra organismer &n manniskan, presen-
teras dosrater till olika typer av organismer i terrestra, marina och limniska ekosystem. Slutligen
redovisas en analys och diskussion av effekterna av antaganden och osékerheter pa biosfarsmodelle-
ringen, samt en virdering av deras betydelse for den dvergripande sékerhetsanalysen.
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1 Introduction

11  The SR-PSU project

The final repository for short-lived low- and intermediate-level radioactive waste, SFR 1, is located
in Forsmark in the Osthammar municipality (Figure 1-1), in the immediate vicinity of the Forsmark
nuclear power plant (Figure 1-2). A map of the Forsmark area is presented in Appendix 1. The SFR 1
repository consists of a set of disposal chambers situated in rock at ca 60 m depth beneath the sea
floor, and is built to receive and after closure serve as a passive repository for low- and intermediate-
level short-lived radioactive waste. The radioactive waste stored in SFR includes operational waste
from Swedish nuclear power plants and from the interim storage facility for spent nuclear fuel, Clab,
as well as radioactive waste from other industries, research institutions and medical care.

Forsmark

0 100 200 300 400 km
—_—

Figure 1-1. Location of the Forsmark site in Sweden (right) and in context with the countries in Europe (left).
The site is situated in the Osthammar municipality, which belongs to the County of Uppsala.

Figure 1-2. The surface part of the SFR facility in the Forsmark harbour with the Forsmark nuclear power
plant in the background.
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In order to be able to also store decommissioning waste from the Swedish nuclear power plants in
SFR, an extension of the repository, referred to as SFR 3, is planned. An SFR repository extension
called SFR 2 was included in earlier plans for disposal of reactor core components and internal parts.
However, according to present plans a separate repository (SFL) will be built for disposal of these
types of waste (SKB 2013a).

As a part of the license application for the extension of SFR, the Swedish Nuclear Fuel and Waste
Management Company (SKB) has performed the SR-PSU project. The objective of SR-PSU is

to assess the long-term radiological safety of the entire future SFR repository, i.e. both the exist-
ing SFR 1 and the planned SFR 3. SR-PSU is reported in a series of SKB reports, which includes
a main report, here referred to as the SR-PSU Main report, and a set of main references. These
include, among others, the reports denoted as Climate report, Radionuclide transport report, FEP
report, FHA report and Biosphere synthesis report (the present report) in the SR-PSU report-
ing (see Section 1.2). In addition to these main references, the safety assessment is based on a large
number of background reports and other references.

The biosphere is a key part of the system considered in a safety assessment of a nuclear waste
repository. This is where the consequences of potential future radionuclide releases from the reposi-
tory arise, and hence near-surface radionuclide transport and dose calculations are performed within
the framework of the biosphere assessment. This report belongs to the sub-project of SR-PSU called
SR-PSU Biosphere. SR-PSU Biosphere mainly describes the information needed to calculate effects
on humans and the environment in the case of a radionuclide release from SFR. The calculated
effects are then used to show compliance with regulations related to future repository performance
for time spans up to 100,000 years after closure. Because of the uncertainties associated with the
prediction of future development of the site in this time frame, a number of calculation cases are
analysed to describe a range of possible site developments.

The SR-PSU Biosphere project is divided into the following tasks:

1. Identification of features and processes of importance for modelling radionuclide dynamics in
present and future ecosystems in Forsmark.

2. Description of the site and its future development with respect to the identified features and
processes.

3. Identification and description of areas in the landscape that may be affected by releases of radio-
nuclides from the existing repository and its planned extension.

4. Calculation of the radiological exposure to a representative individual of the most exposed group
of humans in the future Forsmark landscape, and the radiological exposure to the environment.

The SR-PSU biosphere assessment builds on previous safety assessments for the existing and planned
nuclear waste repositories in Sweden. Between 2002 and 2008, SKB performed site investigations
for a repository for spent nuclear fuel in Forsmark. Data from these site investigations were used to
produce a comprehensive, multi-disciplinary site description (SKB 2008a). This description has been
used as a basis for understanding and modelling the site and its development.

The SFR repository has been in operation since 1988 and a number of safety assessments have been
performed for the repository since SKB received permission to start building SFR 1 in 1983, includ-
ing the SAFE project (Lindgren et al. 2001, Kautsky 2001) and SAR-08 (SKB 2008b). In addition,
safety assessments have been performed for a planned repository for spent nuclear fuel, i.e. within
the SR-Can (SKB 2006a) and SR-Site (SKB 2011) projects, for which SKB handed in an application
in 2011. This implies that the SR-PSU biosphere assessment is based on knowledge gathered from
site data, site modelling and the previous safety assessments, together with modelling performed and
data collected during the SR-PSU project.

The work done within the SR-PSU Biosphere project has been conducted by a number of people.
Many of the project participants have been involved from the site investigation, via the site charac-
terisation and modelling tasks, through to the SR-PSU safety assessment; several members of the
project group also have experience from previous safety assessments for SFR and for the planned
repository for spent nuclear fuel. The project members in alphabetic order, their roles and affiliations
are listed in Table 1-1.
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Table 1-1. Project members of SR-PSU Biosphere in alphabetical order and their roles in the project.

Boris Alfonso, Facilia AB
Eva Andersson, SKB

Karin Aquilonius, Studsvik Nuclear AB
Rodolfo Avila, Facilia AB
Sten Berglund, HydroResearch AB

Lars Brydsten, Umea University

Per-Anders Ekstrom, Facilia AB
Christin Eriksson, DHI Sverige AB
Sara Grolander, Sara Grolander Miljdkonsult AB

Fredrik Hartz, Hartz Technology AB
Thomas Hjerpe, Facilia AB

Ben Jaeschke, SKB

Emma Johansson, SKB

Ulrik Kautsky, SKB

Sven Keesmann, SKB

Tobias Lindborg, SKB

Anders Lofgren, EcoAnalytica
Sara Nordén, SKB

Veronika Rensfeldt, Facilia AB
Peter Saetre, SKB

Mona Sassner, DHI Sverige AB
Gustav Sohlenius, SGU

Viktor Smide, Hartz Technology AB
Marten Stromgren, Umea University
Mats Trojbom, MTK AB

Kent Werner, EmpTec

Per-Gustav Astrand, Facilia AB

Numerical modelling of impacts on non-human biota.

Project manager SR-PSU Biosphere, process descriptions, limnic
ecosystems.

Marine ecosystems.
Radionuclide modelling and dose assessment.

Hydrology and near-surface radionuclide transport, editor of the
present report.

GIS (geographical information system) analysis, regolith dynamics
and lake development modelling.

Numerical modelling of radionuclide transport and doses.
Oceanography.

Distribution coefficient (K;) and concentration ratio (CR) analysis,
parameter report editor.

GIS analysis and landscape development.
FEP handling.

Non-human biota.

Hydrology.

Overall biosphere coordinator at SKB, scientific and method
development.

Radionuclide model report.

Site modelling and landscape development.

Terrestrial ecosystems.

Non-human biota, K; and CR analysis.

K, and CR analysis.

Radionuclide model development, data evaluation, synthesis.
Hydrology.

Regolith and future land use.

GIS analysis and illustrations.

GIS analysis, landscape development.

Ks and CR analysis, water chemistry.

Hydrology, wells, water resources management.
Numerical modelling of radionuclide transport and doses.

1.2

The SR-PSU report hierarchy

The SR-PSU project is reported in a series of SKB reports, which includes a main report and a set of

main references that are referred to by abbreviated names in the SR-PSU reporting. The main references
and the names used (bold, in text) when referring to them in this and other SR-PSU reports are shown in
Figure 1-3 and listed in Table 1-2. In addition to the main references, the safety assessment is based on a
large number of background reports and other references.

SR-PSU
Main report

Main references

. : Geosphere Biosphere
FEP report In|§|:l :::tate Wastr(: p;t:tcess Barrl:eer ;:)r:cess process synthesis
P P P report report
. Model Radionuclide
Gimte || slmmay || o || mudme || ma ] S
report report

Additional references

Figure 1-3. Relationship between reports produced in the SR-PSU safety assessment.
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Table 1-2. The SR-PSU Main report and main references to it produced within SR-PSU. FEP
stands for features, events and processes and includes FEP for all disciplines in the assessment
(e.g. waste, geosphere and climate). FHA is short for future human actions.

Report Short name used when Full title

number referred to in the text

TR-14-01 SR-PSU Main report Safety analysis for SFR. Long-term safety. Main report for the safety
assessment SR-PSU.

TR-14-02 Initial state report Initial state report for the safety assessment SR-PSU.

TR-14-03 Waste process report Waste form and packaging process report for the safety assessment
SR-PSU.

TR-14-04 Barrier process report Engineered barrier process report for the safety assessment SR-PSU.

TR-14-05 Geosphere process report Geosphere process report for the safety assessment SR-PSU.

TR-14-06 Biosphere synthesis report Biosphere synthesis report for the safety assessment SR-PSU.

TR-14-07 FEP report FEP report for the safety assessment SR-PSU.

TR-14-08 FHA report Handling of future human actions in the safety assessment SR-PSU.

TR-14-09 Radionuclide transport report  Radionuclide transport and dose calculations for the safety
assessment SR-PSU.

TR-14-10 Data report Data report for the safety assessment SR-PSU.

TR-14-11 Model summary report Model summary report for the safety assessment SR-PSU.

TR-14-12 Input data report Input data report for the safety assessment SR-PSU.

TR-13-05 Climate report Climate and climate-related issues for the safety assessment SR-PSU.

Table 1-3 presents the background reports produced within SR-PSU Biosphere. For these reports,
conventional references are used in the present report (e.g. “Stromgren and Brydsten (2013)” for the
DEM report); however, the short names/descriptions are in some cases used in the biosphere work
and reporting, and are therefore listed in the table together with references and titles. The relation-
ships between the background biosphere reports and the main references are shown in Figure 1-4.
The present report, the Biosphere synthesis report, is one of the main references listed in Table 1-2.
The report is a summary and synthesis of the biosphere assessment; see Section 1.3 for an overview
of the work performed and Section 1.4 for a description of the role and contents of the report. As
indicated in Figure 1-4, it is based on input from a large number of background reports and provides
input to the SR-PSU Main report.

Table 1-3. Biosphere background reports produced within SR-PSU Biosphere; FEP stands for
features, events and processes.

Report Short description and reference in text Full title

number

R-12-03  DEM report, Strémgren and Brydsten (2013) Digital elevation model of Forsmark. SR-PSU Biosphere.
R-13-01 K, and CR report, Tréjbom et al. (2013) Ky and CR used for transport calculations in the

biosphere in SR-PSU.

R-13-18  Biosphere parameter report, Grolander (2013) Biosphere parameters used in radionuclide transport
modelling and dose calculations in SR-PSU.

R-13-19  Surface hydrology report, Werner et al. (2013a)  Hydrology and near-surface hydrogeology at Forsmark —
synthesis for the SR-PSU project. SR-PSU Biosphere.

R-13-20  Hydrological data report, Werner et al. (2013b) Meteorological, hydrological and hydrogeological moni-
toring data from Forsmark — compilation and analysis for
the SR-PSU project. SR-PSU Biosphere.

R-13-22  RDM report, Sohlenius et al. (2013a) Depth and stratigraphy of regolith at Forsmark. SR-PSU
Biosphere.

R-13-27  RLDM report, Brydsten and Stréomgren (2013) Landscape development in the Forsmark area from the
past into the future (8500 BC to 40,000 AD).

R-13-43  Biosphere process definition report, SKB (2013b) Components, features, processes and interactions in the

biosphere.
R-13-46  Biosphere radionuclide model report, Saetre The biosphere model for radionuclide transport and dose
et al. (2013a) assessment in SR-PSU.
R-14-02  Biosphere FEP handling report, SKB (2014) Handling of biosphere FEPs and recommendations for

model development in SR-PSU.
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Figure 1-4. Relationship between reports produced in the SR-PSU Biosphere project (dark green boxes).
The present report is marked in orange and bold. Supporting documents produced within other biosphere
projects at SKB are shown as light green boxes, whereas other reports in the SR-PSU project are shown
in white except the SR-PSU Main report, which is shown in blue.

1.3  Overview of the biosphere assessment

1.3.1 Site description and process understanding

The past and present biosphere at Forsmark has been thoroughly described in a number of SKB
reports and articles published in peer-reviewed scientific journals. This knowledge, which constitutes
the foundation for the development of scenarios describing future conditions at the Forsmark site,
is summarised and synthesised in Lindborg (2008, 2010), S6derbick (2008), SKB (2010) and in a
series of papers in a special issue of the AMBIO journal (e.g. Lindborg et al. 2013, Berglund et al.
2013a, b, Saetre et al. 2013b). The SR-PSU biosphere modelling is based on these earlier works and
additional studies focused on specific subject areas (e.g. hydrology), parameters (e.g. distribution
coefficients) or issues (e.g. transport of radiocarbon, C-14) performed in connection with SR-PSU.

As in the previous safety assessments, emphasis was in SR-PSU put on improving the understand-
ing of features, processes and parameters where uncertainties are likely to have a large influence on
estimates of exposure. This includes updated descriptions of landscape development (Brydsten and
Stromgren 2013, Chapter 5 of the present report), present and future hydrology and hydrodynamics
(Werner et al. 2013a, Karlsson et al. 2010, Chapters 3 and 4 of the present report), and the distribu-
tion coefficients (i.e. Ky and CR values) that quantify radionuclide retention in the transport model
employed in the safety assessment (Trojbom et al. 2013, Chapter 9 of the present report).

The identification and handling of features and processes that are important for transport and accu-
mulation of radionuclides in the environment are also of importance to the assessment of impacts on
human health and the safety of the environment. Understanding of the site and its development over
time is crucial for a successful identification and handling of relevant features and processes. Thus,
SKB has updated the description of biosphere features and processes for the SR-PSU safety assess-
ment to reflect the current understanding of ecosystem processes and radionuclide behaviour at the
investigated site (SKB 2013b, 2014).
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1.3.2 Discharge areas and biosphere objects

The discharge of groundwater in future landscapes has been used to identify areas that may be
directly affected by radionuclides released from the SFR repository. These areas are referred to

as biosphere objects, and extensive work has been performed in this and previous safety assess-
ments to obtain detailed descriptions of the ecosystems that are likely to develop in these areas
(Andersson 2010, Aquilonius 2010, Lofgren 2010), and of their successional development (Bryd-
sten and Stromgren 2010, 2013). Transport within and between biosphere objects has been mod-
elled (Werner et al. 2013a, Karlsson et al. 2010) and the present retention of elements in regolith
and in biota in similar environments at the site has been characterised (Trojbom et al. 2013). The
focused description of the biosphere objects and their development in time has been the foundation
for a site-specific parameterisation of the models used to assess human safety and the protection of
the environment (Grolander 2013).

1.3.3 Radionuclide modelling

Transport and accumulation of radionuclides that could potentially be released to biosphere objects
was simulated with a radionuclide transport model implemented in the Ecolego software (Saetre

et al. 2013a). The model is based on process understanding from the site, incorporates the develop-
ment of discharge areas at the site, and has been parameterised primarily from site data. For the
safety assessment, the exposure of the most exposed group was calculated using modelled time-
variant releases from the repository (Radionuclide transport report). However, for the purposes
of understanding biosphere processes, calculations based on simplified inputs to the biosphere were
also carried out. That is, transport and accumulation in the biosphere was assessed assuming a con-
stant release, and the results of these calculations are presented herein. Environmental activity con-
centrations were used to assess the potential for radiological impacts on the environment.

1.4 This report

This report is the main document for reporting the biosphere analyses performed within the SR-PSU
safety assessment, and as such it provides the background information for conclusions on the biosphere
communicated in the SR-PSU Main report. The report gives the context of the biosphere assessment,
describes the methodologies used, and summarises the most important results. The findings are synthe-
sised and discussed, and the effects of assumptions and uncertainties on the final results are assessed.
All information necessary for a detailed review and for a reconstruction of the work done can be found
in the background reports, which communicate primary analyses and results (Figure 1-4).

The main contents of each chapter of the present report are described below. Where applicable, the
main references providing the basis for the chapter are also given.

Chapter 1 (this chapter) gives a short background to the SR-PSU safety assessment, and an introduc-
tion to the SR-PSU Biosphere work, including a brief description of the framework and workflow of
the project and a list of the persons involved in the biosphere part of the safety assessment.

Chapter 2 puts the biosphere analyses into the context of the SR-PSU safety assessment. The chapter
describes the legal requirements related to the assessment of long-term safety of a repository for
radioactive waste, and reviews conclusions of previous SKB safety assessments. The SR-PSU safety
assessment is put in relation to international recommendations.

Chapter 3 provides a description of the present-day conditions at Forsmark. The site description
focuses on features and processes that are important for transport and accumulation of radionuclides.
The chapter is structured in terms of descriptions of the Forsmark landscape with respect to topography,
regolith, climate, hydrology, coastal oceanography, chemistry, ecology and utilisation of the landscape
by humans. The main inputs to this chapter are the most recent site descriptions of Forsmark, i.e. SDM-
Site (SKB 2008a) and SDM-PSU (SKB 2013c¢), and the references given therein.

Chapter 4 describes the long-term development of the site in terms of the main driving forces, i.e.
climate and climate-related processes, and their effects on the processes and systems considered
in the description of present site conditions (Chapter 3). A summary of the SR-PSU climate cases,
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based on the Climate report, is given, followed by short descriptions of possible future development
of biosphere processes and systems. These descriptions are based on results from SR-Site (Lindborg
2010, SKB 2010) and additional modelling performed for SR-PSU (e.g. Stromgren and Brydsten
2013, Brydsten and Stromgren 2013, Werner et al. 2013a).

Chapter 5 describes the landscape development modelling, which essentially integrates the descrip-
tions of present site conditions (Chapter 3) and future development of processes and systems
(Chapter 4) with an analysis of possible future land uses under different conditions and assumptions
in terms of climate and human utilisation of the area. The modelling results in a set of landscape
development variants presented as maps of future Forsmark for selected combinations of climate
and land use, and which are used as a basis for the development of biosphere transport models.

Chapter 6 presents the modelling of biosphere objects. This modelling starts with the identification

of the areas in the landscape that are most likely to be affected by potential future releases of radio-
nuclides from the SFR repository, i.e. the biosphere objects. The identification uses modelled dis-
charge areas of groundwater that has passed through the repository at different times in the future, as
obtained from results of hydrogeological modelling (Odén et al. 2014). This is followed by a presenta-
tion of the principles for delineating biosphere objects and how they are connected in the landscape.
Finally, a description of the resulting model for biosphere objects is given. This part of the biosphere
assessment is similar to SR-Site in terms of principles and methodology (see Lindborg 2010), and the
description in the present report is therefore focused on differences from the previous assessment.

Chapter 7 includes a description of the handling of biosphere FEPs (features, events and processes),
an exposure pathway analysis describing the different exposure routes considered for humans and
the environment, and finally a description of the biosphere calculation cases considered in the assess-
ment. This chapter is based on new background reports related to FEPs produced for SR-PSU (SKB
2013b, 2014).

Chapter 8 gives a brief presentation of the mathematical model, the underlying assumptions and how
the model calculates transport and accumulation of radionuclides in the biosphere. The radionuclide
model simulates activity concentrations in environmental media (regolith, water, air), and in natural
and agricultural food crops, and quantifies exposure of humans and non-human biota from these
media through relevant pathways. This chapter summarises the detailed descriptions of radionuclide
models for different ecosystems and assumptions related to their application that are provided in
Saetre et al. (2013a).

Chapter 9 presents the input parameters that are needed to calculate radiological exposures. The

chapter describes the principles and methods used to select parameter values that represent the site,
and the procedures used to assure data quality and traceability. Emphasis is put on descriptions of
parameters that serve as input to the radionuclide model. This chapter is based on the background
report by Grolander (2013).

Chapter 10 presents and discusses the results of transport and dose calculations performed for the
purposes of the biosphere assessment, i.e. not the results of the overall safety assessment (they are
presented in the SR-PSU Main report). The focus is on the analysis of transport and accumulation
of radionuclides in the biosphere and the associated processes, parameters and uncertainties. The
results in Chapter 10 are therefore derived from model calculations based on simplified boundary
conditions (i.e. constant unit releases) that make it possible to distinguish the processes and param-
eters of the biosphere from the rest of the system. Effects of selected assumptions and uncertainties
are illustrated and unit-release results are compared to the corresponding results from earlier safety
assessments.

Chapter 11 synthesises and discusses the results of the biosphere analysis, including an evaluation
of assumptions and how they may affect the final results. The starting point of the discussion is the
identification and analysis of selected radionuclides presented in Chapter 10, which is extended and
generalised to a discussion on simplifying assumptions and main uncertainties affecting calculated
activity concentrations and doses in the environment and potential food resources.

The present report contains several terms and acronyms that either are rarely used outside SKB
or can be regarded as specialised terminology within one or several of the modelling disciplines
involved in the reported work. In order to facilitate the readability of the report, terms and acro-
nyms are listed in Appendix 2.
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2 Assessment context

This chapter gives the background to the biosphere part of the SR-PSU assessment. It points out the
assessment purpose and the constraints that are placed on the assessment. This is followed by a sec-
tion describing the legal requirements in Sweden related to the assessment of the long-term safety of
a repository for radioactive waste. After that, a description of how the SKB biosphere analysis and
dose assessment relate to international expertise and to corresponding work in other countries is given,
followed by some main conclusions from previous SKB work. The chapter concludes with a brief
account of the assessment philosophy.

21 Assessment purpose
The main purposes of the safety assessment SR-PSU are:

+ to assess the long-term radiological safety of the SFR repository, including both the existing
SFR 1 and the planned extension SFR 3 (see the SR-PSU Main report),

* to provide feedback to design development, to SKB’s R&D programme, to further site investiga-
tions and to future safety assessment projects.

For the biosphere part of the assessment, the general purpose is to determine the radiological signifi-
cance of potential future releases of radionuclides from SFR 1 and 3 into the surface environment
at Forsmark, and to consider such releases in relation to Swedish regulatory requirements for radio-
active waste disposal.

2.2 Preconditions for the SR-PSU safety assessment
2.21 Repository system

SFR 1 was built to receive, and after closure serve as a passive repository for, low- and intermediate-
level radioactive waste. SFR 1 was built between 1983 and 1988 and has been operating to store
operational waste since 1988. The low- and intermediate-level waste in SFR 1 consists of operational
waste from the Swedish nuclear power plants and from the interim storage facility for spent nuclear
fuel, Clab, as well as similar radioactive waste from other industries, research institutions and medi-
cal care (SR-PSU Main report).

The disposal chambers are situated in rock beneath the sea floor, and are covered by about 60 metres
of granitiod rock, a few metres of regolith and 610 m seawater (Kautsky 2001). The disposal cham-
bers contain different types and amounts of waste (see further the Initial state report). The under-
ground part of the facility is reached via two tunnels, whose entrances are near the surface facility
(Figure 2-1). The planned extension SFR 3 will function in the same way as the existing repository,
but the rock vaults will be situated at a depth of about 120 m. In addition to similar wastes as those
held at SFR 1, reactor vessels from Swedish boiling water reactors are also planned to be stored in
SFR. Therefore, the additional tunnel entrance has to be built large enough to enable transport and
storage of the larger reactor vessels (Figure 2-1).

2.2.2 Site context

This section gives a brief summary of the site context. More detailed descriptions are given in
Chapter 3 (Present conditions), Chapter 4 (Site development processes), and Chapter 5 (Landscape
development).

Forsmark is located on the coast of the Baltic Sea (Bothnian Sea) in the County of Uppsala within the
Municipality of Osthammar, about 120 km north of Stockholm, Sweden (Figure 1-1). The existing and
planned extension of SFR is situated in the vicinity of the nuclear power plant in Forsmark. The sur-
roundings show small-scale topographic variations of less than 20 metres (Figure 2-2).
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Figure 2-1. Illustration of the SFR repository. White represents the existing repository SFR 1, and blue
is the planned extension SFR 3. The tunnels to the repository extend to the surface buildings (centre of
picture). The dimension and functions of the rock vaults (BMA, BLA, BTF and RTF) and Silo and the
different types of waste are described further in the Initial state report.

Post-glacial uplift, in combination with the flat topography, implies fast shoreline displacement.
This has resulted in a young terrestrial system that contains a number of recently isolated lakes and
wetlands, and new lakes are continuously formed as a consequence of the regressing shoreline (see
Chapter 3). The coastline consists of sheltered shallow bays and small islands. The coast is exposed
to 600 km of open sea towards the northeast, which creates fast water turnover and a long fetch for
wave action (Brydsten 2009). Thus, the seabed in the coastal areas is dominated by erosion and
transport bottoms with heterogeneous sediments, consisting mainly of sand and gravel with varying
fractions of glacial clay.

Most parts of the landscape are covered by a thin regolith layer, dominated by till. The mean regolith
thickness in the Forsmark area is c. 4 m in terrestrial areas and 8 m in marine areas (Chapter 3 and
Sohlenius et al. 2013a). The regolith thickness on the sea floor above the SFR repository is 1-4 m.
The underlying bedrock consists of crystalline rock that formed between 1,850 and 1,890 million
years ago during the Svecokarelian orogeny, and it has been affected by both ductile and brittle
deformation (Soderback 2008). The ductile deformation has resulted in large-scale ductile high-
strain zones and the brittle deformation has given rise to large-scale fracture zones. Tectonic lenses,
in which the bedrock is much less affected by ductile deformation, are enclosed between the ductile
high strain zones.

Today the Forsmark site has no permanent inhabitants and the surroundings are sparsely popu-
lated (see Chapter 3). The land use outside the controlled area around the nuclear power plant and
SFR is dominated by recreational hunting and fishing. Such practices may contribute to the diet of
some inhabitants; however, the major food supply for humans around Forsmark is, as in the rest of
society, obtained primarily from general dealers, which means that it is produced at distant farms.
Historically, the land use in this area was dominated by forestry, especially when supplying the iron-
works at Forsmark with charcoal, and by small-scale farming and fishing.
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Figure 2-2. The coastal area in Forsmark, characterised by small altitudinal differences, shallow coastal
bays and recently isolated small lakes and wetlands.

2.2.3 Release scenarios and source terms

The two main safety principles of SFR are: 1) limited quantity of radioactivity in the waste, and
2) retardation. The repository will eventually lose its containment capacity and isolation will be lost.
Limited amounts of waste and long retardation of releases will keep the risk for humans and the
environment low. There are a number of scenarios identified to evaluate the predicted release from
SFR (SR-PSU Main report).

The activity of the expected inventory is listed in the Initial state report. A substantial amount
(98%) of the activity decays away during the first thousand years. The activity in the waste is domi-
nated by Ni-63 during the first 600 years and thereafter by Ni-59 and C-14. The potential radiotox-
icity of the radionuclides is influenced by the type and energy of radiation they emit and by their
mobility. Modelling results presented in the SR-PSU Main report show that the radiotoxicity is ini-
tially dominated by Am-241, and that this toxicity has decreased to 1% of that at closure after about
5,000 years.

In SR-PSU, radionuclide transport and dose are calculated with a series of models. The near-field
model describes radionuclide release from the waste packages and the repository. The far-field
model is used to describe transport in the water phase in the geosphere, from the repository to the
biosphere. The radionuclide model for the biosphere is used to describe transport and accumulation
in the biosphere and to evaluate exposure (see the Radionuclide transport report for an overview
of radionuclide transport models and calculations).

Potential areas of radionuclide release from the geosphere to the biosphere are simulated in the
hydrogeological analysis, which describes where and when in the landscape the discharge of

deep groundwater that has passed through the repository could be expected (Odén et al. 2014).
Accordingly, the analysis of discharge includes both a spatial and a temporal dimension. These dis-
charge simulations are used to identify areas in the surface ecosystems where potential doses to
humans and non-human biota are calculated. The near-field, far-field, and biosphere radionuclide
models are combined in the assessment model (see the Radionuclide transport report) to calculate
dose to humans and the environment for different release scenarios, further described in Chapter 7.
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2.3 Regulatory requirements on post closure safety

The form and content of a safety assessment and the criteria for judging the safety of the repository
are defined in regulations issued by the Swedish Radiation Safety Authority, SSM. The regulations
are based on various pertinent components of framework legislation, the most important being the
Nuclear Activities Act and the Radiation Protection Act. Guidance on radiation protection matters
is provided by a number of international bodies, and national legislation is often, as in the case of
Sweden, influenced by international rules and recommendations. There are two more detailed regu-
lations and guidelines of particular relevance for the long-term safety of nuclear waste repositories:

* “The Swedish Radiation Safety Authority’s regulations concerning the protection of human
health and the environment in connection with the final management of spent nuclear fuel or
nuclear waste” (SSMFS 2008:37) (SSM 2008a).

* “The Swedish Radiation Safety Authority’s regulations concerning safety in final disposal of
nuclear waste” (SSMFS 2008:21) (SSM 2008b).

According to the Swedish regulations, human health and the environment should be protected from
the harmful effects of ionising radiation from the repository. The risk and dose criteria for protection
of human health and the environment, and other requirements of special interest for the biosphere
assessment, which are given in SSMFS 2008:37, are summarised below.

2.3.1 Time frames

The regulations (SSM 2008a) require that a safety assessment for a repository’s protective capability
should be assessed quantitatively in detail for the first thousand years after repository closure. For
a longer time period, the assessment of the repository’s protective capability shall be based on vari-
ous possible sequences for the development of the repository’s properties, its environment and the
biosphere. In the general advice of the regulation (SSM 2008a), it is clarified that for a repository of
SFR type the longer time frame should at least cover the period of time until the expected maximum
consequences in terms of risk and environmental impact have taken place, although for a maximum
time period of up to one hundred thousand years. The arguments for the selected limitations of the
risk analysis should be presented (SSM 2008a).

2.3.2 Risk criteria for protection of human health

The regulations state that “A repository for spent nuclear fuel or nuclear waste shall be designed so
that the annual risk of harmful effects after closure does not exceed 10°° for a representative indi-
vidual in the group exposed to the greatest risk.” (SSM 2008a). Moreover, it is stated that the recom-
mendations of the International Commission on Radiological Protection (ICRP) Publication No. 60
(ICRP 1991) are to be used for calculation of the harmful effects of ionizing radiation. According to
ICRP Publication No. 60, the factor for conversion of effective dose to risk is 7.3% per Sievert.

2.3.3 Most exposed group

The most exposed group cannot be described in an unequivocal way. SSM (2008a) states that “One
way of defining the most exposed group is to include the individuals that receive a risk in the interval
from the highest risk down to a tenth of this risk. If a large number of individuals can be considered
to be included in such a group, the arithmetic average of individual risks in the group can be used
for demonstrating compliance with the criterion for individual risk in the regulations. One example
of such exposure situation is a release of radioactive substances into a large lake that can be used as
a source of drinking water and for fishing.”.

SSM (2008a) also states that “If the exposed group only consists of a few individuals, the criterion of
the regulations for individual risk can be considered as being complied with if the highest calculated
individual risk does not exceed 107 per year. An example of a situation of this kind might be if con-
sumption of drinking water from a drilled well is the dominant exposure path. In such a calculation
example, the choice of individuals with the highest risk load should be justified by information about
the spread in calculated individual risks with respect to assumed living habits and places of stay.”.
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2.3.4 Effects on the environment

For the protection of the environment, no risk criteria exist in the Swedish legislation. However,
SSM (2008a) states in §6 and 7: “The final management of spent nuclear fuel or nuclear waste shall
be implemented so that biodiversity and the sustainable use of biological resources are protected
against the harmful effects of ionising radiation. Biological effects of ionising radiation in the habi-
tats and ecosystems concerned shall be described. The report shall be based on available knowledge
on the ecosystems concerned and shall take particular account of the existence of genetically distinc-
tive populations such as isolated populations, endemic species and species threatened with extinc-
tion and in general any organisms worth protecting.”

“The assessment of effects of ionising radiation in selected organisms, deriving from radioactive
substances from a repository, can be made on the basis of the general guidance provided in the
International Commission on Radiological Protection’s (ICRP) Publication 91 (ICRP 2003). The
applicability of the knowledge and databases used for the analyses of dispersion and transfer of
radioactive substances in ecosystems, and for analysing the effects of radiation on different organ-
isms, should be assessed and reported on.”

2.3.5 Scenarios

The regulations give some information on scenarios that should be included in a safety assessment for
radioactive waste repositories. Paragraph 10 in SSMFS 2008:37 and the general advice for Section 9
in SSMFS 2008:21 are of specific interest for the identification of biosphere calculation cases. In
these, the following statements are found:

SSMEFS 2008:37 § 10 “The description shall include a case based on the assumption that the bio-
spheric conditions prevailing at the time when an application for a licence to construct the reposi-
tory is submitted will not change. Uncertainties in the assumptions made shall be described and
taken into account when assessing the protective capability.”

SSMFS 2008:37, general advice “Taking into consideration the great uncertainties associated with
the assumptions concerning climate evolution in a remote future and to facilitate interpretation of
the risk to be calculated, the risk analysis should be simplified to include a few possible climate evo-
lutions. A realistic set of biosphere conditions should be associated with each climate evolution.”

General advice of SSMFS 2008:21, Section 9 “Based on an analysis of the probability of occur-
rence of different types of scenarios in different time periods, scenarios with a significant impact
on repository performance should be divided into different categories:

* main scenario,
* less probable scenarios,

e other scenarios or residual scenarios.

The main scenario should be based on the probable evolution of external conditions and realistic,
or where justified, conservative assumptions with respect to the internal conditions.”

Thus the regulatory guidelines point out that there should be at least one calculation case where the
biosphere conditions of today prevail into the future, and that realistic assumptions should be applied
for the description of the biosphere.

2.4 Relationship to international experience

The Swedish programme for handling and storage of spent nuclear waste has a substantial history
of working with international organisations and other national agencies with interests in and respon-
sibilities for radioactive waste management. This international cooperation gives the international
community feedback from practical assessments, as well as feedback to the development of the
safety assessment. Thus, the assessment context is dependent on the current international views

of assessments.

SKB TR-14-06 25



2.41 Background to international cooperation in biosphere assessments

The Swedish programme has offered opportunities for peer review of various aspects of its safety
assessment methods, going back as far as 1984 (Swedish Ministry of Industry 1984). The reviews
included contributions from the IAEA, the NEA-OECD, a Technical Advisory Committee of AECL
(Canada), the French Institute of Protection and Nuclear Safety, the Atomic Energy Research
Establishment (UK), the National Radiological Protection Board (UK), the US National Academy
of Sciences, and the British Geological Survey. The reviews specifically included consideration of
the biosphere, as illustrated in Hill et al. (1984). Shortly after that peer review process, the Swedish
Radiation Protection Institute (SSI, later becoming the Swedish Radiation Safety Authority SSM)
promoted and helped to maintain an international cooperation programme called BIOMOVS with
the primary objectives to

+ test the accuracy of predictions made by environmental assessment models for selected conta-
minants and exposure scenarios,

» explain differences in model predictions due to structural deficiencies, invalid assumptions and/or
differences in selected input data,

» recommend priorities for future research to improve the accuracy of model predictions.

The programme considered, among others scenarios, a range of very long-term radionuclide releases
to the environment, as might arise as a result of solid radioactive waste disposal in repositories. The
work focussed on scientific issues and the best use of data, allowing specialists to explore and develop
assessment methods relevant to these long-term situations.

The participants included experts from 22 organisations from 14 countries. One of the model tools
that was applied to the model testing exercises was BIOPATH, the biosphere model tool used in the
1983 KBS-3 study as well as in the first safety assessments of SFR, which was subject to review in
1984 (Swedish Ministry of Industry 1984). Following a programme running from 1985 to 1990, in
which various exposure situations were evaluated, a final technical report was issued (BIOMOVS
1993) and a second phase of cooperation, BIOMOVS 11, was started.

The BIOMOVS II programme was similar in scope and also had wide international participation.
Consideration was given to identification of critical features, events and processes (FEPs), and the
corresponding relevant model features and data requirements. Results from extensive quantita-
tive model inter-comparisons were used to identify which processes could be important in which
exposure circumstances, and what the implications might be of alternative representations of these
processes. The BIOPATH model, in use at the time by SKB, was among the ten models tested in the
comparison exercises under the heading of Complementary Studies (BIOMOVS 11 1996a).

In addition, consideration was given to the development of so-called reference biospheres. The initial
idea had been to identify a few key sets of biosphere situations (reference biospheres) and assess the
radiological implications of releases in these situations. The intention was to avoid endless specula-
tion about the environmental conditions that might arise by the time of release. The results would be
used as a benchmark, or point of reference, with which to compare the performance of alternative
disposal systems.

However, it was apparent that a limited set of conditions, or reference biospheres, could not address
the range of assessment contexts arising in all the different countries. Apart from the geographical
and other physical conditions at different sites, it was recognised that the stage in the development of
a repository programme largely determined the necessary and appropriate level of detail. However,
it was agreed that a common approach should be developed internationally to solve the problem of
identifying and justifying appropriate assumptions for environmental conditions and human behav-
iour in the long term when addressing a specific site. An outline methodology was developed, along
with a corresponding structured list of FEPs and recommendations for methodology enhancement
(BIOMOVS 1I 1996b).

With the objective of addressing the BIOMOVS II recommendations, the International Atomic
Energy Agency (IAEA) set up a “Reference biospheres” project within its BIOMASS Coordinated
Research Programme (IAEA 2003). The project was completed over the period from 1996 to 2001
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and built on the modelling and assessment experience within existing programmes, such as that
on-going at SKB, as well as the evolution of international recommendations on radiological protec-
tion objectives for disposal of radioactive waste. Work was carried out in six Task Groups, including
the participation of SKB experts and support organisations.

2.4.2 Current international projects and related research

A number of international projects that support or have relevance for the biosphere part of a waste
repository performance assessment have been completed or are on-going. A common feature of the
modern programmes of research has been a focus on site-specific assessments, which reflects the
progress in repository development.

Among the most substantial international collaboration projects has been the BIOPROTA pro-
gramme. The project was initiated in 2002 and continues today, involving a wide range of opera-
tors, regulators, technical support organisations and research institutes from North America, Europe
and Asia. BIOPROTA is designed to support the resolution of key issues in biosphere aspects of
assessments of the long-term impact of contaminant releases associated with radioactive waste
management.

SKB has been pleased to participate in the project, given the clear focus on scientific evaluation
of the science and site investigation work that can support environmental safety cases and related
safety assessments. SKB has, for example, been involved in projects related to geosphere biosphere
interactions (GBIZ) and C-14 behaviour in the environment and non-human biota assessments (e.g.
Bergstrom et al. 2006, Leclerc-Cessac et al. 2006, Limer et al. 2012, Jackson et al. 2014).

SKB also participated in the IAEA programme Environmental Modelling for RAdiation Safety
(EMRAS 1II), contributing to the working group 3 activities on the dose implications for environ-
mental change. SKB continues to work within the follow-up project MOdelling and DAta for
Radiological Impact Assessments (MODARIA), especially within working group 6 on develop-
ing a common framework for addressing environmental change in long-term safety assessments of
radioactive waste disposal facilities, with a special focus on climate change and its consequences.

2.4.3 Application of the BIOMASS methodology in SR-PSU

The BIOMASS methodology provides a formal procedure for the development of assessment bio-
spheres in general (IAEA 2003). An assessment biosphere is defined as:

“The set of assumptions and hypotheses that is necessary to provide a consistent basis for the
calculations of the radiological impact arising from long-term releases of repository derived radio-
nuclides into the biosphere.”

The methodology is based on a staged approach in which each stage introduces further detail so that
a coherent biosphere system description and corresponding conceptual, mathematical and numerical
models can be constructed. The steps are as follows:

* Define the assessment context

+ Identify and justify the biosphere systems to be evaluated
* Biosphere system description

» Consideration of potentially exposed groups

*  Model development

» Calculation

e [teration

This subsection provides a commentary on how those steps are matched within SR-PSU. Since the
start of the SKB programme, iteration has affected all parts in the process and thus the steps identi-
fied in IAEA (2003) are not necessarily taken in the same order, but rather in parallel.
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Define the assessment context

This Chapter 2 sets out the assessment context for the biosphere within SR-PSU. The overall objec-
tive is to:

* set out what is to be assessed and why,
» set out the initial premises which provide the boundary conditions to the assessment,

» define the components of the context, e.g. purpose, assessment endpoints, and societal assump-
tions; which are needed to make the assessment coherent,

» provide a clear record of the purpose of making each of the calculations.

Identify and justify the biosphere systems to be evaluated

A key issue in identifying biosphere systems is the fact that they are changing with time. SKB
have placed great emphasis on this issue, because the sites of interest will be subject to substantial
environmental change, and this change is explicitly recognised in regulatory guidance.

Environmental changes, primarily driven by climate change and isostatic changes in shore level at
Forsmark, are addressed in Chapter 5. These changes have substantial implications for the informa-
tion needed to address the assessment endpoints, and influence the importance of various biosphere
processes and potentially relevant exposure pathways (Chapter 7), the identification of discharge
areas and the development of these over time (Chapter 6), and model assumptions (Chapter 8),
taking into account previous assessment experience.

Biosphere system description

IAEA (2003) offers suggestions for structuring biosphere system descriptions, and these have been
taken into account in developing the description of Forsmark as it is today (Chapter 3) and how it
is expected to develop as a result of environmental change (Chapters 4 and 5). In developing these
descriptions, SKB has decided to take a thorough approach to the collection of information about the
site, in order to develop an in depth bottom-up understanding of the ecosystems and their develop-
ment (see, e.g. Lindborg 2008, 2010, Aquilonius 2010, Andersson 2010, Lofgren 2010).

Consideration of potentially exposed groups

It is not possible to reliably predict human behaviour so far into the future as is required for the dem-
onstration of safety. IAEA (2003) proposes the following approach:

» review exposure modes and routes of relevance within the ecosystems of interest,
* identify and describe coherently, human activities within those ecosystems,

* combine human activities and exposure modes to identify those that are most likely to result in
the highest doses.

This approach has been adopted by SKB. An exposure pathway analysis has been performed
(Chapter 7). The exposure pathways identified as potentially important have been included in a
number of exposed populations, identified from historically self-sustainable communities. The use
of several exposed communities can then be used as bounding cases to ensure that the most exposed
group is used in the calculations.

Model development
TAEA (2003) suggests the following steps in model development.

+ Identify conceptual model objects, i.e. distinct environmental media potentially influencing dose
to the candidate exposure groups.

» Construct the conceptual model by considering the interactions between the conceptual model
objects.
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* Ensure that no potentially important features, events and processes (FEPs) are omitted from the
conceptual model.

+ Identify data sources, define a mathematical model taking account of available data sources and
scientific understanding, and derive relevant parameter values according to the data protocol.

* Incorporate the exposure group information.

SKB has taken the same steps, critically noting, first, the locations of possible release into the
biosphere and describing the biosphere objects at those locations in Chapter 6. Similarly to IAEA
(2003), interaction matrices were used to develop an understanding of how these objects exist
together over the area and ecosystems of interest (Chapters 3 and 7). A systematic approach was
used to check the inclusion, or justified exclusion, of potential FEPs (Chapter 7). Two stages were
then adopted to model development: firstly, the development of potential discharge areas within the
Forsmark landscape was modelled (Chapters 5 and 6) and secondly the movements of radionuclides
within the evolving biosphere objects were modelled. The radionuclide model used in SR-PSU is
based on the SR-Site radionuclide model, but has been developed to answer questions of special
interest for SR-PSU, for example to represent C-14 transfers in the biosphere. The radionuclide
model is described in Chapter 8.

The calculation step in the biosphere assessment of SR-PSU includes the description of the selec-
tion and application of appropriate data to the mathematical formulations set out previously, in
Chapters 8 and 9, similar to the IAEA (2003) protocol for parameter selection. This selection of
data and data quality assurance are described in Chapter 9.

2.5 Summary of earlier SKB work

The methodology for assessment of radiological effects on humans and the environment from a
repository for spent nuclear waste has developed considerably during the last few decades and SKB
have been deeply involved in this development. A number of biosphere assessments have been per-
formed by SKB, the development of which have regularly been reported in the RD&D Programme,
with SKB (2013a) being the latest report. A review of the first c. 25 years of work on biosphere
assessments is found in Edlund et al. (1999). A safety report for SFR was submitted in 1987 but has
since then been updated by the safety assessments Safe and SAR-08 (cf. below). In parallel, SR-97,
KBS-3, SR-Can, and SR-Site have been produced as safety assessments of a planned repository for
spent nuclear fuel. Although safety assessments for the low- and intermediate- level waste repository
SFR and for spent nuclear fuel differ in several aspects, the biosphere is assumed to have the same
development and functioning and therefore the development of the approach to biosphere assessment
has been driven by both kinds of assessments.

2.51 KBS-3

Already when the KBS-3 report (SKBF/KBS 1983) was presented, the biosphere assessment was
state-of-the-art in terms of the consideration that it gave to current trends and knowledge in radio-
ecology and systems ecology. In contrast to most other contemporary work it focussed on a real site.
This work also inspired the implementation of the BIOMOVS international collaboration and its suc-
cessors, as described in Section 2.4.

2.5.2 SFR1

The post closure safety of the SFR 1 repository was analysed for the first time in the 1980s. The
results and the review that was undertaken by the authorities led to a study that dealt explicitly with
the problems of C-14 (Hesbdl et al. 1990). This early analysis contained a detailed assessment of
the biosphere dealing with the landscape at different spatial dimensions ranging from the local eco-
systems to regional, intermediate and global scales. The details and knowledge from this biosphere
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assessment were state-of-the-art in terms of implementing a safety assessment for a real site and a
real repository. The knowledge from this assessment has been the firm basis for the continuation of
the biosphere modelling in the following biosphere assessments up to SR-Site (see Sections 2.5.3
t0 2.5.9).

253 SR-97

With the SR-97 assessment (SKB 1999a), a spatially distributed model was introduced and site-
specific data were used to parameterise the model (Bergstrom et al. 1999). The biosphere was
subdivided into different ecosystems, and ecosystem-specific dose conversion factors (EDFs) were
calculated (Nordlinder et al. 1999). Several important issues were identified. One of them was the
gap between geosphere models and surface hydrology, i.e. the geosphere and biosphere interface
was inadequately represented. Also, the importance of being able to communicate across the disci-
plines covering the repository, the geosphere and the biosphere in a coherent way was recognised.
This was particularly highlighted by the large ranges of spatial and temporal scales of relevance in
repository safety assessment.

It was also recognised that site-specific data regarding the biosphere were lacking in the previous
SKB programmes, which led to the initiation of a collection of biosphere data that was the embryo of
the site investigation programme for the biosphere (Lindborg and Schiildt 1998). It was also apparent
that a biosphere assessment must be flexible enough to handle a multitude of radionuclides and con-
figurations, thus requiring a more flexible assessment tool. The results clearly showed that the use of
a well for domestic water use as a main indicator in biosphere assessments had several drawbacks,
mainly because higher doses were obtained from other sources. The lack of understanding of forest
ecosystems contaminated by groundwater discharge was identified.

254 SFL3-5

In parallel to the work with SR-97 a preliminary assessment of a deep repository for intermediate-
level and long-lived waste (SFL 3-5) was presented (SKB 1999b). Mainly the biosphere assessment
from SR-97 was used to calculate the dose from high-level and intermediate-level wastes other than
spent fuel (see SKB 1999b).

It was necessary to expand the list of radionuclides, for example, with Mo0-93. The results showed
that long-lived and mobile radionuclides like C1-36 and Mo-93 are important. It also showed that
the site and biosphere conditions are important if the repository should fulfil the regulatory limits.

It is interesting to note that the highest dose conversion factors in these calculations were obtained
with the ecosystems peat, well and agricultural land. Drinking water was a dominant exposure path-
way for actinides in the well, but for the bioavailable nuclides such as chlorine, iodine and caesium
isotopes, doses from consumption of food from agricultural land contaminated directly by ground-
water exceeded those from a well. Thus, it was emphasised that it is necessary to expand the bio-
sphere assessment beyond the traditional well scenario. This assessment also demonstrated that for
some repositories a more realistic approach is needed with fewer conservative assumptions.

25,5 SAFE

SR-97 was followed by the renewed assessment of the SFR facility called SAFE (Andersson et al.
1998) for which the biosphere activities are summarised in Kautsky (2001). The geosphere-biosphere
gap was eliminated and instead substituted by an overlap. However, some of the tools had difficulties
in handling the resolution of the model domain, and there was a need for expanded site data. These
insights contributed to the setup of the SKB site investigation programme, in order to collect better
site data, and resulted also in the use of new numerical modelling tools for surface and near-surface
hydrology, such as MIKE SHE. Studies of the surface hydrology indicated that discharge points
seemed to be concentrated to low-lying areas, i.e. lakes, rivers, shorelines, a conclusion that has been
confirmed later in SR-Site. The implication of this is that discharge areas are not randomly distributed
among the surface ecosystems, but are instead concentrated to specific ecosystems.
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The biosphere assessment in SAFE was made using the discharge flux directly, in contrast to the use
of a unit release rate as in the other assessments. The landscape was allowed to change with shoreline
displacement and lake succession. This gave a temporal and spatial connection to the biosphere for
the discharge. There was also an opportunity to collect some more site data that had been identified as
crucial. A large effort was put into a systematic review of potential processes in the biosphere, result-
ing in the development of an interaction matrix that has been the basis for all following assessments.

An important insight was that there is a local biosphere around the repository that interacts with an
external biosphere. This small concept adjustment has large implications on the use of concentration
factors, for example, and other concepts commonly used in the assessment. Moreover, it was recog-
nised that a concentration factor model is not very useful for addressing C-14, the most important
radionuclide in this case, and a programme was initiated to substitute concentration factor models
with models describing fluxes of organic matter and which also can handle point sources. In the
assessment, a new flexible tool for simulation of the C-14 fluxes, implemented in Matlab/Simulink,
was tested. This was the embryo of the PANDORA tool (see next sections). Moreover, a detailed
oceanographic model with high discretisation was used to estimate water turnover. This assessment
also developed a shoreline displacement model and the first versions of models for sedimentation
and lake succession; models that have been further developed for SR-Site and improved for SR-PSU.

The SAFE assessment was also the first time that the draft version of the SSM regulations (SSM
2008a) was applied and discussed. Especially, the concept of “today’s biosphere” was clarified in the
authorities’ review, which criticised SKB’s interpretation that it was the biosphere at the moment, i.e.
the Bothnian Sea, which gave very high dilution and thus low doses. Moreover, the authorities asked
for evidence that downstream accumulation gives lower doses than the doses at the point of discharge
into the biosphere. In the SAFE assessment, SKB identified the need for a forest model for the assess-
ment, and the authorities reinforced this conclusion. The SAFE project was the foundation for the
biosphere group that has since then continued and extended its work for SR-Site and SR-PSU.

2.5.6 SR-Can interim assessment

The development of the safety assessment for the HLW (high-level waste) repository included
several preparatory steps. One was a test safety assessment “SR-Can interim” (SKB 2004). This
was then followed by SR-Can, and later by SR-Site.

In SR-Can interim, the first version of the landscape model was implemented using a newly devel-
oped toolbox for Matlab/Simulink called TENSIT. Exposure models were essentially the same as in
SR-97 and SAFE, as there were no more site data available. The lessons learnt, besides those resulting
in improvements of the modelling tool which resulted in development of PANDORA, was that with
the models used the highest exposure was obtained in the first object in a chain or network of objects
in a landscape. It was also realised that needs for data handling and representation increased mark-
edly when addressing a landscape with about 20 objects over 20 time steps. This required improved
traceability and error checking, and to obtain this, new tools for filing and version handling were
implemented. It was also realised that a full probabilistic treatment of a landscape was not a fruitful
exercise, because most parameters are time dependent.

Simultaneously, a large effort was made to implement a site investigation programme, which, among
other things, was designed to improve the knowledge database for the surface ecosystems, as well as
providing data on several parameters.

2.5.7 SR-Can

The SR-Can assessment aimed at presenting the methodology to be used for the application to
construct a HLW repository and to demonstrate the role of the copper canister (SKB 2006a). The
biosphere work was summarised in two reports, representing the two sites then under consideration
(SKB 2006b, c¢). In SR-Can, the PANDORA tool was used extensively and the landscape models
were developed further. Site data were still sparse, but the understanding from the sites had improved
substantially. From the transport modelling, it was obvious that discharge from the repository will
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likely be limited to a restricted number of objects situated at the lowest points in the landscape, thus
mainly lakes, mires, rivers and the sea. Moreover, it was concluded that forests, located in the more
elevated areas, are unlikely recipients of a release from the repository.

A major step forward was that ecosystem models provided data on the sizes of groups that poten-
tially would receive doses of different magnitudes. The landscape dose conversion factor (LDF) was
calculated as the maximum dose conversion factor from all objects in a landscape over time. The risk
to a representative member of the most exposed group was calculated with a log-normal distribution
fitted to the spectrum of persons receiving the highest dose to one tenth of the highest dose.

The effects on non-human biota were evaluated with the ERICA Tool (see description in Chapter 8)
and it was demonstrated that the potential levels of environmental contamination from a repository
were below screening levels discussed for tier 1 (the lowest screening level assessment in the ERICA
tool). Furthermore, the concepts for representing the biosphere under conditions of permafrost and
greenhouse warming were sketched out. In the simulations, the landscape changed at 1,000 year
intervals and this resulted in artefacts in the calculations. Moreover, the land use at a given time

in an object was either agricultural or “natural”, which introduced conceptual misunderstandings,
contradicting the well-based observations from the sites showing a gradual continuum of land use
in time and space.

The international review of SR-Can pointed out several issues. Major concerns were about discreti-
sation of the biosphere, the distribution of the discharge points, and the assessment of the potential
impact on non-human biota, which was not regarded as sufficient. Moreover, errors in calculations
and parameter values were pointed out, as well as difficulties in traceability of data and results. The
authorities also requested a presentation of the process understanding. The review comments have
been taken into account in later safety assessments. For instance, some of the more important issues
have been addressed through improved documentation of processes, and use of a clearer hierarchy
of reports (outlined in Chapter 1 in this report).

2.5.8 SAR-08

SAR-08 (SKB 2008b) was the previous safety assessment for SFR. For all radionuclides except
C-14, similar landscape models as those used for SR-Can were used and biosphere ecosystem
models for sea, lake, mire, and well similar to those used in SAFE were used in this assessment.
The major step forward was the updated models for C-14. These models were based on the so-
called ‘specific activity approach’. The main assumption behind these models is that the long term
environmental behaviour of C-14 is modulated by the environmental cycles of stable carbon (C-12)
and that isotopic equilibrium between C-14 and C-12 is achieved with a constant isotopic ratio
(specific activity), i.e. the same specific activity is observed in all environmental compartments. The
specific activity is defined as the activity concentration of C-14 in a medium, expressed in Bq g ' or
Bg m™, divided by the stable carbon content in the same medium, expressedingC g’ org C m™.
Furthermore, several other realistic and cautious assumptions were made for deriving simplified
equations for calculating C-14 specific activities. The dose assessment and radionuclide model is
described in Bergstrom et al. (2008) and Avila and Prohl (2008).

The review conducted by SSM pointed out several issues that could be improved for future assess-
ments. Major concerns were about the discretisation and resulting size of the biosphere objects, and
how accumulated radionuclides were transferred to later ecosystems in the succession. SSM also
asked for clearer documentation of how identified FEPs are included in the biosphere assessment.

259 SR-Site

SR-Site (SKB 2011) was the safety assessment that was contained in the application for a license to
build a deep repository for spent nuclear fuel at Forsmark. An overview of the different biosphere
activities and reports was given in the synthesis report (SKB 2010). This was the first assessment to
utilise the extensive information from the site. Especially for the biosphere assessment it was a large
step forward. The process understanding and extraction of parameter values were presented in three
volumes covering the marine (Aquilonius 2010), freshwater (Andersson 2010) and terrestrial eco-
systems (Lofgren 2010).
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The thorough modelling of near-surface hydrology was the basis of the current understanding of the
water turnover at the site (Bosson et al. 2010) and the analysis of the landscape development (Lindborg
2010) formed a firm basis to describe how the succession of objects in the landscape affects important
parameter values of the dose assessment. In this assessment, a new radionuclide model was applied
(Avila et al. 2010). The model contains all the landscape elements in a single model, which enables a
continuous dose calculation during landscape development. This removes the artefacts due to the step-
wise replacements of biosphere objects, as was done in earlier assessments. The model also included
the possibility to handle stable isotopes to deal with isotopic dilution.

The safety report is currently being reviewed by the authorities, but an early review by OECD-NEA
declared that the analysis and discussion of biosphere modelling in SR-Site was excellent and state-
of-the-art (OECD/NEA 2012). The understanding from SR-Site and the new model tools and parame-
ters values are the basis for SR-PSU; the main part of the intellectual capital is also reused in SR-PSU.

2.6 Biosphere assessment implementation and philosophy

The assessment context includes what should be assessed, requirements set by the authorities, the
international discussions and the history of the SKB biosphere assessment, as well as the constraints
that are imposed by the assessment chain. In addition, SKB’s ambitions and long term goals are
also an important part of the context when the biosphere model is to be implemented. However, in a
safety assessment the initial ambitions and goals have to be balanced with the uncertainties as to the
future Forsmark landscape and its inhabitants. In SR-PSU the outcome of this is founded on a few
guiding principles that can be seen as the biosphere assessment philosophy.

The main purpose of the biosphere assessment is to allow estimations of the radiological risk

for humans and the environment that reflect a robust description of the biosphere and a credible
handling of associated uncertainties. Thus, we have aimed to make the transport model of natural
ecosystems as realistic as possible, with respect to model structure, primary transport pathways,
landscape development and the associated parameters. However, the uncertainties with respect to
the characteristics of future human inhabitants of the area are large. Thus, the description of exposure
has been based on an analysis of potential exposure pathways, rather than on an attempt to explicitly
predict living conditions and habits of generations to come in the Forsmark area. Following this
approach, ecosystems created by humans have a more simplified representation than natural eco-
systems, and exposed populations are to be interpreted as credible bounding cases with respect to
the identified exposure pathways.

2.6.1 Transport modelling

The structure of the radionuclide transport model of natural ecosystems is founded on the model
developed in the SR-Site assessment (SKB 2010). That is, the starting point has been a model
designed to simulate the transport and fate of radionuclides that are discharged into connected eco-
systems that evolve in the Forsmark landscape. In SR-PSU the model has been further developed to
incorporate features of C-14 cycling, and the model structure has been supported by a FEP-analysis
that explicitly considers features of the ecosystems at the site. In the model, radionuclide fluxes are
linked to natural processes (e.g. fluxes of water, solids or gas, diffusion and plant uptake), to make it
possible to derive parameters from conditions measured or modelled at the site.

The use of real site data means that model assumptions and parameter values can easily be traced
back to the site description. Moreover, using a representative data set, where the measured param-
eters are sampled at the same site during the same time period, gives internally consistent datasets.
Thus, it is possible to make a scientifically underpinned and coherent assessment that is relevant for
Forsmark.

The assessment is based on substantial knowledge of present-day conditions at Forsmark and its
Holocene history. For the current situation, the uncertainty in assumptions and parameters describ-
ing the succession of natural ecosystems is relatively low (Chapter 10). However, uncertainties in
biosphere properties in the future increase gradually with time, and thus it is inevitable that some
cautious assumptions have to be introduced to handle these uncertainties (Chapter 10).
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2.6.2 Most exposed group and calculation cases

There are no prescriptions in the Swedish regulations concerning assumptions on future human
behaviour and land use (see Section 2.3.3). As uncertainties connected with future human inhabitants
are vast, SKB deem it undoable to assign characteristics and habits that are likely to provide realistic
estimates of the actual characteristics and habits of humans in the far future. Instead we have per-
formed an exposure-pathway analysis to identify all relevant pathways of exposure. Following inter-
national recommendations (ICRP 2007), we then constructed a number of exposed groups which we
argue are credible bounding cases, reflecting land use and habits that are reasonable and sustainable
with respect to the Forsmark area as well as human physiological requirements (see Chapter 7).

One of the identified exposed groups represents the use of natural ecosystem for living space and food
and water supplies. However, all other exposed groups represent land uses where cultivation plays
a central part in the exposure pathways. For these scenarios we have used stylised representations
of transport and accumulation in cultivated soil, in combination with bounding assumptions with
respect to land use which result in exposure from radionuclides accumulation in regolith, from radio-
nuclides taken up in aquatic and terrestrial plants (through fertilisation), or from radionuclides in
ground or surface water (through irrigation).

2.6.3 Non-human biota

There has been a substantial development of the framework aiming at protection of other biota than
humans that post-dates the basis for SSMFS 2008:37 (SSM 2008a). There are no risk criteria for
non-human biota (NHB) but the ERICA methodology, applied in the current assessment, proposes

a screening dose rate at the ecosystem level of 10 uGy h™' (Beresford et al. 2007, Brown et al. 2008),
which has been further endorsed by the EU PROTECT project (Andersson et al. 2009). The screen-
ing dose rate represents a threshold, above which it is possible that negative effects could occur to
populations of non-human biota. If a dose rate in an assessment exceeds the screening dose rate, then
a more detailed investigation of exposure parameters and uncertainties, and/or some investigation into
the radiosensitivity of specific organisms, should be performed.

It is worth mentioning that this screening dose rate is well below the screening dose rates used by
some others, for instance the US Department of Energy (US DOE 2002), see also IAEA (1992) and
UNSCEAR (1996). US DoE suggests using a screening dose rate of 400 uGyh™' for native aquatic
animals, and screening dose rates of 400 and 40 uGyh™' for terrestrial plants and terrestrial animals,
respectively. ICRP recommends the lower band of the derived consideration reference level (DCRL)
as a benchmark against which the acceptability, in terms of environmental impacts, of planned activ-
ities may be gauged (ICRP 2014). Consideration is therefore also given to relevant DCRLs where
these are more restrictive than the generic ERICA screening value. The development of the non-
human biota framework at SKB is further described in Jaeschke et al. (2013). Handling of dose rates
to non-human biota in SR-PSU is described in Chapter 7 and results are presented in Chapter 10.

2.6.4 Time frames

The biosphere assessment for SR-PSU is not subdivided into different time frames. Instead, it is
modelled in a continuum, but three main time periods are identified as relevant for different pur-
poses, namely the first thousand years after closure, the period between 1,000 and 10,000 years after
closure and the period between 10,000 and 100,000 years. The first 1,000 years are specified by the
regulations as of special importance with requirements for detailed analysis (see Section 2.3.1). The
period between 1,000 and 10,000 years after closure (i.e. until 12,000 AD) is considered a relevant
limiting time in the present biosphere description, since at about that time succession has turned all
objects considered in the biosphere analyses (see Chapter 6) into terrestrial areas (wetlands, forests
or agricultural land). It is also consistent with the latest time steps studied in the hydrological analy-
ses producing discharge points for the biosphere modelling (Odén et al. 2014) and water fluxes that
are used in the radionuclide transport and dose calculations (Werner et al. 2013a). Furthermore, this
is also approximately the time when the sea leaves the model area (see Chapter 4), which implies a
transition from landscape development affected by both shoreline displacement and climate change
to a period between 10,000 and 100,000 years over which biosphere development is dominated by
climate changes.
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2.6.5 Biosphere calculation cases

Although the biosphere transport model as far as possible has been founded on realistic assumptions,
SKB realises that there are a vast number of processes acting in the surface system affecting the
development of the biosphere, and that it is not possible to identify one most likely development of
the biosphere. However, the regulatory guidelines point out that there should be at least one calcula-
tion case where the biosphere conditions of today prevail into the future, and that realistic assumptions
should be applied for the description of the biosphere (SSMFS 2008:37). Thus, as there are available
data and good knowledge of present conditions at the site, the present conditions have been chosen to
represent the base calculation case for the biosphere.

Other climatic conditions and biosphere developments are covered in separate calculation cases.
There are separate calculation cases for climatic conditions expected as a consequence of, for example,
extended global warming, a talik under permafrost conditions, and the retreat of an inland ice sheet,
far in the future. There are also biosphere calculation cases addressing uncertainties with respect to
the discharge of radionuclides from the geosphere to the biosphere, and cases that illustrate the con-
sequences of exposure to groundwater in the geosphere or in the repository. In the safety assessment,
a number of scenarios are assessed to evaluate repository safety under different climate evolutions,
and to illustrate the functioning of the repository. In each such scenario, calculation cases for trans-
port of radionuclides in the repositories and the geosphere are combined with biosphere calculation
cases and the resulting risks are reported in the SR-PSU Main report. The biosphere calculation
cases are described in Chapter 7 together with information on which SR-PSU main calculation case
they are applied in.

2.6.6 Dose and risk estimates

In SR-PSU the risks to humans and dose to non-human biota are estimated from environmental con-
centrations that are the endpoints from a chain of connected transport models. The transport model
chain includes the repository, the geosphere and the biosphere. In this model chain, radionuclide
activity is simulated to propagate through the integrated repository-geosphere-biosphere system as a
function of time (see Section 2.2.3).

However, since the results from the entire model chain are available late in the assessment, the radio-
nuclide model calculations presented in this report use a unit release rate (1 Bqy ") to examine fea-
tures of transport and accumulation of radionuclides in the biosphere model (Chapter 10). Thus, we
have used a limited set of radionuclides to demonstrate how different properties (such as adsorption,
bioaccumulation and volatilization) affect the transport and fate of key radionuclides (Chapter 10).
The doses and dose rates from a unit release correspond to the landscape dose conversion factor
(LDF) used to represent the biosphere in previous assessments (e.g. SAR-08 and SR-Site). The
maximum LDF values over all examined exposed populations and times are compared with results
from previous assessments, and used to contrast the outcomes of the different assumptions on the
biosphere used in separate calculation cases (Chapter 10). Moreover, the unit release approach is
used to evaluate the effects of object delineation, and to screen out a few exposure pathways that do
not contribute significantly to exposure of future human inhabitants.

The LDFs calculated in this report are best estimates for the most exposed groups from deterministic
simulations, given a constant release rate. These deterministic simulations are the combined result of
process understanding, the most precise description of the site available and relevant assumptions on
land use and human habits. In addition, the effects of parameter uncertainties and model sensitivities
to variations in input parameter values have been addressed through probabilistic simulations, and
separate biosphere simulations have illustrated uncertainties with respect to the size and properties
of the biosphere object have been illustrated by separate biosphere simulations. However, calcula-
tions for a unit release rate cannot be used unguided to make precise inferences with respect to the
consequences fr