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Summary

The final repository for short-lived radioactive waste (SFR) at Forsmark, Sweden, is used for the final
disposal of low- and intermediate-level operational waste from Swedish nuclear facilities. The PSAR
assessment of post-closure safety is an important part of the construction license application for the
extension of SFR. This report constitutes one of the main references supporting the Post-closure safety
report and describes the biosphere assessment, which is focused on the surface systems where humans
and non-human biota potentially could be exposed to radionuclides released from the SFR repository.

The biosphere assessment is an integrated part of the overall post-closure safety assessment and the
methodology is in line with the overall methodology, as well as being compatible with the [AEA
BIOMASS methodology. Two methodological aspects that play a central role throughout the assessment
are understanding the fate of radionuclides in the surface system and manging identified uncertainties.

As a starting point for the biosphere assessment, the present-day surface system is described in terms
of climate, topography, regolith stratigraphy, near-surface hydrological conditions, chemical conditions,
ecosystems, land-use and water resources management. This description is primarily derived from the
site descriptive model for SR-PSU, i.e. the previous safety analysis for SFR. This description includes
for example the digital elevation model (DEM) of the Forsmark area.

The description of the development of the future landscape in Forsmark that was derived in the
previous safety assessment is considered to be valid also in the PSAR. This includes the development
of topography and regolith, near-surface hydrological and chemical conditions, and the succession of
marine, limnic and mire ecosystems. In particular, the site-specific coupled regolith-lake-development
model (RLDM) from SR-PSU is used to simulate how shoreline regression and sedimentation/erosion
processes shape regolith layers and drive ecosystem succession throughout the assessment period.
It also includes a detailed description of the large-scale exchange of water between sea basins, and the
flow of ground and near-surface water for a number of shoreline positions.

Areas that are expected to receive a substantial portion of the radionuclides following a release from
the repository are identified with the help of the DEM and geohydrological particle tracking simula-
tions that traces flow-paths from the repository. The identified areas are called biosphere objects.
Given typical bedrock conditions most of the release from SFR is expected to be discharged into
a gently sloping area north of the repository, referred to as biosphere object 157 2.

The biosphere transport and exposure model (BioTEXx) is used to describe transport and accumulation
of radionuclides in the ecosystems of identified biosphere objects. The model also calculates potential
doses to humans and dose rates to non-human biota. Four potentially exposed groups are considered to
cover all relevant exposure pathways; Hunter-gatherers, Infield—outland farmers, Drained mire farmers
and Garden-plot households. The BioTEx model is similar to the one used in SR-PSU. However, the
model was somewhat modified in the safety evaluation for SFL (SE-SFL), and these updates together
with a few additional improvements, are included in the model used in the PSAR.

Due to the model updates a number of new parameters are also introduced in the PSAR. Where applica-
ble, central values for these parameters are taken from SE-SFL and probability density functions (PDFs)
are added. Collection of new site data (e.g. with respect to chlorine) and revisions of the calculations in
SR-PSU also motivate updates of a few additional parameter values.

The joint effects of model and data updates are quantified by model comparisons. For most (80 %)

of the radionuclides, the updates affect maximum doses by less than a factor of two, as compared to
SR-PSU. However, a finer discretisation of the regolith profile increases the retention in the till, which
for some radionuclides may reduce the doses by up to an order of magnitude (e.g. Tc-99 and Zr-93).
In the PSAR exposure from a drilled well intersecting the release from SFR is evaluated for a small
group. This new exposure pathway, in combination with model and data updates, increases the dose
somewhat from radionuclides with a relatively short physical half-life. Finally, it is noted the updated
values of plant-related parameters reduces the dose from CI-36 by a factor of two. This is due to a lower
accumulation in peat, which is considered to be in line with the understanding of Cl cycling at the site.

SKB TR-23-06 3



In the PSAR, a set of calculation cases are defined. In all of these, doses are evaluated using proba-
bilistic calculations and a time dependent release from the geosphere. In the main scenario, that is
propagated to the risk calculations, there are three calculation cases representing the range of probable
future climate evolutions: the present-day climate calculation case is the base case, the warm climate
calculation case and the cold climate calculation case.

The base case provides a reference point for all calculation cases. In this case present-day climate
conditions prevail for the entire assessment period, and physical and biological properties of the
ecosystems are constant. The geosphere release is discharged into biosphere object 157 2, and trans-
port and accumulations in down-stream objects are simplified. The total annual dose throughout the
assessment period is below the dose (14 puSv) that corresponds to the regulatory risk criterion, with
a maximum annual dose of 5.6 uSv, occurring around 7000 AD. Draining and cultivation of a mire
is the land-use variant resulting in the highest dose, primarily because radionuclides can accumulate
in peat over a long period of time prior to exposure, and because the dose-contributing radionuclides
predominantly yield dose through ingestion of food. M0-93 and C-14 contribute most to the total dose
from the time of repository closure up until the time around the dose maximum. Ca-41 dominates in
the middle of the assessment period, and Ni-59 is most important at the end. The temporal dynamics
of radionuclide specific annual doses largely depend on the geosphere release. However, radionuclide
specific properties influence retention, decay, transport, accumulation, plant uptake and toxicity and
thus affects both the temporal dynamics and the magnitude of the doses. The analysis confirms that the
model behaviour is reasonable and conforms with SKB’s general understanding of the surface systems
at Forsmark.

In the warmer climate calculation case a warmer climate leads to a reduction of the maximum dose
with respect to the base case. This response is primarily an effect of the prolonged period of submerged
conditions that delays and reduces the geosphere release of C-14 and Mo0-93 due to the lower ground-
water flows and decay. In addition, radionuclide specific doses increase modestly due to higher ground-
water uptake (C-14), and more accumulation of long-lived radionuclides (Ca-41 and Ni-59) due to
dryer summers and lower groundwater flow. However, effects of increased irrigation practices do not
increase the dose significantly.

In the cold climate calculation case, a colder climate is postulated to cause two periods of periglacial
conditions during the second half of the assessment period. During these periods, the temperatures
are sufficiently low to induce frozen bedrock and ground conditions so that geosphere releases are
either restricted to discharge taliks or completely stopped. Doses during periglacial periods are at
least one order of magnitude lower than in the base case at the corresponding time. The main reason
is that cultivation and extraction of well water is prevented, and hunting and gathering is the main
exposure pathway.

Three other (supporting) calculation cases are included in the main scenario to analyse specific uncer-
tainties and evaluate the assumptions in the main scenario: the timing of shoreline regression calcula-
tion case, the subhorizontal fracture calculation case, and the alternative landscape configuration
calculation case.

The uncertainty in projected global sea-level rise due to global warming is large. The base case

and the warm climate calculation case cover the lower region of this range. The timing of shoreline
regression calculation case covers the remaining uncertainty by postulating delays in shoreline regres-
sion between 0 and 20 000 years relative to the base case. As in the warm climate calculation case,
longer submerged periods result in lower maximum total annual doses. The releases of radionuclides
with longer half-lives, like Ca-41, can increase with a longer submerged period and result in higher
maximum radionuclide-specific doses. However, such increases of radionuclide-specific doses are
limited and maximum total doses do not exceed the maximum dose in the base case.

The subhorizontal fracture calculation case examines the effects of uncertainties associated with the
location of the geosphere release. In this calculation case a hypothetical large subhorizontal fracture
distributes the geosphere release between three biosphere objects. The fracture also modifies the
discharge of groundwater from the bedrock. The analysis indicates that accumulation of activity
after 40000 AD could result in doses that are higher than in the base case. This happens if U-238,
U-235 and their decay products accumulate in the relatively thick peat layer in a down-stream mire.
However, the effect on the dose is modest, and uncertainties in the distribution of the release to
different biosphere objects are unlikely to have any significant effects on the total maximum dose.
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The alternative landscape configuration calculation case assesses uncertainties with respect to trans-
port pathways and landscape development. Three alternative future landscape variants are analysed. In
the no stream variant, radionuclides from object 157 2 are transported downstream through the surface
regolith layers, and not via stream water as in the base case. The analysis indicates that accumulation
of Ca-41, U-238, U-235 and its decay products could result in an elevated dose if the release reaches a
relatively thick layer of peat in a down-stream mire. However, the effect on the dose is modest and the
dose resulting from downstream peat accumulation never exceeds the maximum dose in object 157 2.

In the release to surface water variant, the geosphere release reaches surface water in object 157 2
directly and downstream lakes via the stream water. The minimal transport pathways from the geo-
sphere to surface water, would lead to minimal losses of activity due to degassing (C-14) and/or
radioactive decay. Doses from C-14, Pu-239 and Pu-240 to hunters and gatherers results in slightly
higher doses around 4000 AD than in the base case, but never exceed the total maximum dose in the
base case. Thus, uncertainties with respect to these aspects of transport pathways do not have any
significant effect on the maximum dose. The variant also demonstrates that inclusion of the large lake
in the base case ensures that exposure to C-14 in aquatic ecosystems is adequately assessed and that
the rate of lake ingrowth has marginal effect on calculated doses.

Four additional supporting cases are used to further evaluate uncertainties and sensitivity in the
parameters related to landscape and hydrology, ecosystem properties and the chemical development:
the alternative delineation calculation case, the mire object properties calculation case, the ecosystem
properties calculation case, and the calcite depletion calculation case. A simplified version of the
BioTEx model was used for the first three of these cases. The novel hydrological sub-routine of this
model allows for a probabilistic treatment of regolith thickness and groundwater flows that were not
varied in the probabilistic simulations of the base case.

The alternative delineation calculation case assesses uncertainties with respect to the outlining of the
original biosphere object 157 2 by comparisons with four alternative sub-areas of the original object.
The case also illustrates how the size, position and properties of the biosphere object may affect
environmental concentrations and resulting doses. A reduction in area together with low groundwater
flow and thick regolith layers results in elevated radionuclide concentrations and doses in drained and
cultivated soil. However, areas with such properties are reasonably less likely to receive large radio-
nuclide releases from the geosphere and other counteracting factors tend to further reduce the effect
on doses in relation to the differences in object properties.

The mire object properties calculation case evaluates the sensitivity of activity concentrations and
annual doses to variation in object properties. The properties include object geometries, regolith thick-
ness, and parameters that drive, or modify, groundwater flows. This case is a complement to the alter-
native delineation calculation case, that by varying object properties independently can disentangle the
effects of individual properties that are correlated in the landscape. In general, doses are most sensitive
to the size of the biosphere object, mainly since the diluting discharge of groundwater from the bedrock
increase with size. Properties that control the discharge from the catchment and its vertical distribution
also affects most radionuclides through dilution. A thicker till layer tends to decrease the dose from
sorbing radionuclides, through the mechanisms of retardation and radioactive decay.

The ecosystem properties calculation case, evaluates the sensitivity of radionuclide-specific annual
doses to variations in ecosystem parameters, and it identifies key drivers of uncertainty. Ecosystem
parameters are used in the broadest sense, including regolith properties (e.g. porosity, density and
saturation), characteristics of ecosystems (e.g. biomass density, and rates of primary production
and mineralisation) and element-specific properties for regolith layers (sorption, i.e. Ky-values) and
organism uptake (including CR values). The uncertainty in ecosystem parameters causes a maximum
dose variation (90 % confidence interval) of a factor 3, 30, 50 and > 100 for C-14, M0-93, Ca-41 and
Ni-59 respectively. With the exception of C-14, this variation is mainly explained by the uncertainty
in uptake in plants (CR) and animals (7C), and accumulation (i.e. sorption, K,) in regolith layers that
are cultivated. Retention (sorption) in the deep regolith also contributes.

The calcite depletion calculation case examines how changes in the future geochemistry may affect
calculated doses. This is done by systematically shifting the K,-values in regolith layers affected by

the pH shifts associated with calcite depletion. In this case the mobility of elements that exist as anions
(e.g. Mo) and those that form strong mobile complexes with carbonate (e.g. U) is decreased, whereas
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the mobility of elements in cationic form is increased (e.g. Ni, Th, Ra, Pb and Cs). The decreased
mobility has limited effect on the maximum dose from Mo0-93 and U-238. However, retention of U-238
and U-235 becomes an important source of activity for decay products, and the maximum doses from
all decay products increase. The increased mobility of cations results in a noticeable reduction of the
dose from Ni-59, but has the opposite effect on the dose from Cs-135. The results suggest that while
depletion of calcite may influence dose dynamics of individual radionuclides, this will not lead to

a total dose that exceed the maximum total dose in the base case.

Exposures of non-human biota (NHB) are evaluated by calculating absorbed dose rates for the base
case the warmer climate, the colder climate and the alternative object delineation calculation cases.
For these calculations all concentration ratios (CR) are revised in the PSAR, as significant updates
have been made to the literature database (Wildlife Transfer Database). As the ERICA methodology
has been updated since SR-PSU, new dose conversion coefficients (DCCs) and occupancy factors
(OCC) for NHB are also derived in the PSAR. In all calculation cases, the maximum dose rates are
three orders of magnitude below the ERICA screening dose rate (10 uGy h™') and occur relatively early
in the assessment period. The conclusion is that non-human biota will be unaffected by radionuclides
released from the repository in the assessed scenarios. Since dose rates are relatively insensitive to the
postulated span in climate conditions and object properties this conclusion is robust with respect to
uncertainties in the future climate and the development of the landscape.

In summary, the base case provides a benchmark for the post-closure safety assessment and, thus,
enables straightforward evaluation of differences with respect to other calculation cases. To facilitate
efficient computations the representation of the biosphere system is simplified, and the landscape
description is deterministic. Supporting calculations demonstrate that the maximum dose is robust with
respect to the simplifying assumptions made. Moreover, it is shown that temporal dilution, due to the
random shifts in the time for peak maximum, is unlikely to introduce any significant bias in the calcu-
lated annual average doses. Taken together, the analyses help to build confidence that the model results
from the base case are reliable and credible. Thus, it is concluded that the surface system representation
in the base case is appropriate and fit for purpose with respect to the demonstration of safety.

The results from the warm climate and cold climate calculation case are reasonable and consistent with
SKB’s general understanding of how climate affects the surface system. Thus, the two cases, together
with the base case, adequately address relevant effects of future large-scale climate change that are part
of the main scenario. The results from supporting calculation cases show that the maximum dose is
relatively insensitive to transport pathways in the landscape, the rate of shoreline regression, the succes-
sion of ecosystems, and the leaching of calcite. Object properties clearly influence dose variation, but
the responses to uncertainties in regolith thickness and near-surface hydrology are limited. In addition,
trends of increasing doses for areas of small size and/or in areas with low bedrock discharge are likely
to be counteracted by a reduced geosphere release. Taken together it is concluded that uncertainties in
the landscape development and object properties are unlikely to have any significant influence on the
calculated dose and the evaluation of the repository safety.
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Sammanfattning

Slutforvaret for kortlivat radioaktivt avfall (SFR) i Forsmark, Sverige, anvénds for slutfoérvaring

av lag- och medelaktivt driftavfall fran svenska kdrntekniska anldggningar. Analysen av sékerhet
efter forslutning i PSAR &r en viktig del av ansdkan om tillatlighet for utbyggnaden av SFR. Denna
rapport utgdr en av huvudreferenserna till Huvudrapporten séikerhet efter forslutning och beskriver
biosfarsanalysen, som fokuserar pa de ytnéra system dir ménniskor och andra organismer potentiellt
kan exponeras for radionuklider fran slutforvaret.

Biosfarsanalysen dr en integrerad del av den dvergripande analysen av sékerhet efter forslutning.
Metodiken &r i linje med den dvergripande metodiken, och 4r kompatibel med IAEA BIOMASS
metodiken. Tva aspekter i metodiken som spelar en central roll genom hela analysen &r forstielsen
for radionukliders 6de i de ytndra systemen och hantering av identifierade osdkerheter.

Som utgdngspunkt for biosfarsanalysen beskrivs dagens ytnira system i termer av klimat, topografi,
regolit-lagerfoljd, ytnéra hydrologiska forhéallanden, kemiska forhallanden, ekosystem, markanvand-
ning och hushallning av vattenresurser. Denna beskrivning harrér i forsta hand fran den platsbeskriv-
ande modellen for SR-PSU, det vill sidga den tidigare sédkerhetsanalysen for SFR. Beskrivningen
inkluderar till exempel den digitala h6jdmodellen (DEM) av Forsmarksomradet.

Beskrivningen av utvecklingen av det framtida landskapet i Forsmark som togs fram i den foregéende
sikerhetsanalysen beddms som giltig d&ven for PSAR. Detta inkluderar utvecklingen av topografi
och regolit, ytndra hydrologiska och kemiska forhéllanden, och successionen av marina, limniska
och vatmarksekosystem. Den platsspecifika utvecklingsmodellen for regolit och sjdar (“regolith-lake
development model”, RLDM) fran SR-PSU anvénds for att simulera hur strandlinjeforskjutningen och
sedimentations-/erosionsprocesser formar regolitlager och driver successionen av ekosystem under
analysperioden. Den innehaller ocksé en detaljerad beskrivning av det storskaliga utbytet av vatten
mellan havsbassinger och flodet av grundvatten och ytnéra vatten for ett antal strandlinjepositioner.

Omraden som forvintas ta emot en betydande del av radionukliderna efter utslépp fran forvaret identi-
fieras med hjélp av DEM och geohydrologiska partikelsparningssimuleringar som beskriver flodesvagar
frén forvaret. De identifierade omradena kallas biosfarsobjekt. Givet typiska berggrundsforhéllanden
forvéntas det mesta av utsldppet fran SFR att na ett svagt sluttande omrade norr om forvaret, kallat
biosféarsobjekt 157 2.

Biosfarsmodellen for transport och exponering (BioTEx) anvinds for att beskriva transport och
ackumulering av radionuklider i de identifierade biosfarsobjektens ekosystem. Modellen beréknar
ocksa potentiella doser till manniskor och dosrater till andra organismer (4n ménniska). Fyra poten-
tiellt exponerade grupper bedoms técka alla relevanta exponeringsvigar; jigare och samlare, inigo-
utmarksjordbrukare, jordbrukare pa dikad myr och hushéll med kokstradgard. BioTEx-modellen
ar snarlik den som anvidndes i SR-PSU. Modellen modifierades dock nagot i sdkerhetsvérderingen
for SFL (SE-SFL), och dessa uppdateringar, tillsammans med négra ytterligare forbattringar, ingar
1 modellen som anvénds i PSAR.

P4 grund av modelluppdateringarna introduceras dven ett antal nya parametrar i PSAR. Nér det ar
mojligt himtas centralvéirden for dessa parametrar fran SE-SFL och téthetsfunktioner (PDF) laggs till.
Insamling av ny platsdata (t ex med avseende pé klor) och revideringar av berdkningarna i SR-PSU
leder dven till uppdateringar av ytterligare nagra parametervérden.

Den sammanlagda effekten av modell- och datauppdateringar kvantifieras genom modelljamforelser.
For de flesta (80 %) av radionukliderna paverkar uppdateringarna dosmaximum med mindre 4n en
faktor tva, jamfort med SR-PSU. En finare diskretisering av regolitprofilen 6kar dock kvarhallningen
1 morénen, vilket for vissa radionuklider (till exempel Tc-99 och Zr-93) kan minska doserna med upp
till en storleksordning. I PSAR utvirderas exponeringen fran en borrad brunn som korsar utsléppet
fran SFR for en liten grupp. Denna nya exponeringsvig, i kombination med modell- och datauppdater-
ingar, okar dosen nagot fran radionuklider med relativt kort fysikalisk halveringstid. Slutligen kan det
noteras att de uppdaterade virdena for vaxtrelaterade parametrar minskar dosen fran C1-36 med en
faktor tva. Detta beror pé en liagre ackumulation i torv, vilket stimmer &verens med forstéelsen av
omsittningen av klor pa platsen.
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I PSAR definieras en uppséttning berdkningsfall. I alla dessa utviarderas doser med probabilistiska
berdkningar och tidsberoende utslapp fran geosfiaren. Huvudscenariot, vars resultat fors vidare till
riskberdkningarna, bestar av tre berdkningsfall som representerar spannet av en sannolik framtida
klimatutveckling: berdkningsfallet med dagens klimat ar basfallet, samt berékningsfallen med varmt
klimat och kallt klimat.

Basfallet dr utgdngspunkten for alla berékningsfall. I detta berdkningsfall rdder dagens klimatforhél-
landen under hela beddmningsperioden och ekosystemens fysikaliska och biologiska egenskaper ér
ofordndrade. Geosférutslappet nér biosfarsobjekt 157 2 och transport och ackumulering i nedstroms-
objekt dr forenklade. Den totala drsdosen under hela analysperioden &r under den dos (14 uSv) som
motsvarar riskkriteriet i foreskrifterna, med en maximal arlig dos pa 5,6 uSv, som intréffar omkring
7000 e Kr. Uppodling av en dridnerad myr &r den markanvindningsvariant som ger den hogsta dosen,
framst pd grund av att radionuklider kan ackumuleras i torv under 14ng tid f6re exponering, och for att
de dosbidragande radionukliderna frimst ger dos genom intag av foda. Mo-93 och C-14 bidrar mest
till den totala dosen fran tidpunkten for forvarets forslutning fram till tiden kring dosmaximum. Ca-41
dominerar i mitten av analysperioden och Ni-59 &r viktigast mot slutet. Tidsdynamiken f6r den radio-
nuklidspecifika &rliga dosen beror till stor del pa geosfarsutsldppen men modifieras av radionuklid-
specifika egenskaper. Dessa egenskaper paverkar t ex fordrojning, sonderfall, transport, ackumulering,
viaxtupptag och toxicitet. Analysen bekréftar att modellen beter sig rimligt och dverensstimmer med
SKB:s allménna uppfattning om de ytnéra systemen i Forsmark.

I berdkningsfallet med varmt klimat leder ett varmare klimat till en minskning av den maximala
dosen i forhallande till basfallet. Detta &r fraimst en effekt av den lédngre perioden av havstickta
forhallanden som fordrdjer och reducerar geosfarsutsléppet av C-14 och Mo-93 pa grund av de lagre
grundvattenflodena och sonderfall. Dessutom 6kar de radionuklidspecifika doserna nagot pa grund
av hogre grundvattenupptag (C-14), och mer ackumulering av langlivade radionuklider (Ca-41 och
Ni-59) pé grund av torrare somrar och ldgre grundvattenflode. En utokad anvdndning av bevattning
leder emellertid inte till ndgon signifikant 6kning av dosen.

I berdkningsfallet med kallt klimat postuleras det att ett kallare klimat orsakar tvé perioder med perma-
frost under andra hélften av analysperioden. Under dessa perioder dr temperaturerna tillréckligt 14ga for
att orsaka frusna forhallanden i berggrunden och 1 marken si att geosfarsutsldppen antingen begrinsas
till talikar eller helt avstannar. Doser under permafrostperioder dr minst en storleksordning ldgre 4n i
basfallet vid motsvarande tidpunkter. Frimsta anledningen &r att odling och uttag av brunnsvatten inte
forekommer, och den huvudsakliga exponeringsvégen ér via jakt och insamling av foda.

Ytterligare tre (stodjande) berdkningsfall ingar 1 huvudscenariot. Dessa belyser betydelsen av specifika
osédkerheter och utvirderar antaganden i huvudscenariot: berdkningsfallen for tidpunkt for strandlinje-
regression, subhorisontell spricka och alternativa transportvdgar i landskapet.

Osikerheten i1 den uppskattade globala havsnivéhdjningen pé grund av den globala uppvarmningen
ar stor. Basfallet och berdkningsfallet for varmt klimat ticker den nedre delen av detta spann.
Berakningsfallet tidpunkt for strandlinjeregression ticker den aterstdende osékerheten genom att
postulera fordréjningar i strandlinjeforskjutningen mellan 0 och 20000 &r i forhéllande till basfallet.
Liksom i berdkningsfallet med varmt klimat leder langre havstickta perioder till ldgre maximala
totala arliga doser. Utsléppen av radionuklider med en ldngre halveringstid, som Ca-41, kan 6ka med
en ldngre havstickt period och leda till hogre maximala radionuklidspecifika doser. Sddana 6kningar
av radionuklidspecifika doser ér dock begrinsade och maximala totala doser overstiger aldrig den
maximala dosen 1 basfallet.

Berékningsfallet subhorisontell spricka utvarderar effekterna av osékerheter forknippade med
platsen for geosfarutslippet. I detta berdkningsfall fordelar en stor hypotetisk subhorisontell spricka
geosfarutslappet mellan tre biosfarsobjekt. Sprickan modifierar dven utstromningen av grundvatten
frén berggrunden. Analysen pekar pa att ackumulering av aktivitet efter 40 000 e Kr kan leda till
doser som dr hogre én i basfallet. Detta hinder om U-238, U-235 och deras sonderfallsprodukter
ackumuleras i ett relativt tjockt torvlager i en myr nedstroms. Effekten pa dosen &r dock ringa, och
osdkerheter 1 den rumsliga spridningen av utsléppet till olika biosfarsobjekt kommer sannolikt inte
att ha négra signifikanta effekter pa den totala maximala dosen.
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Berakningsfallet alternativa transportvigar i landskapet utvéarderar osikerheter med avseende pa trans-
portvdgar och landskapsutveckling. Tre alternativa framtida landskapsvarianter analyseras. I varianten
inget vattendrag transporteras radionuklider fran objekt 157 2 nedstrdms genom de ytliga regolitlagren
och inte via vattendraget som i basfallet. Analysen visar att ackumulationen av Ca-41, U-238, U-235
och dess sonderfallsprodukter kan resultera i en forhdjd dos om utsldppet nér ett relativt tjockt torvlager
i en nedstrdms myr. Effekten pa dosen dr dock ringa och dosen till f61jd av ackumulation i torv
nedstroms Overstiger aldrig den maximala dosen i objekt 157 2.

I varianten utsldpp till ytvatten nér geosfarutsléppet ytvatten direkt i objekt 157 2 och sjéarna ned-
strdms via vattendraget. De minimala transportvigarna frén geosfiren till ytvatten leder till ytterst smé
forluster av aktivitet via frigorelse av gasformigt kol (C-14) och/eller radioaktivt sénderfall. Doser
frdn C-14, Pu-239 och Pu-240 till jigare och samlare resulterar i nidgot hogre doser runt 4000 e Kr &n
1 basfallet, men 6verskrider aldrig den totala maximala dosen i basfallet. Osékerheter med avseende
pa dessa aspekter av transportvégar har saledes inte ndgon signifikant effekt pd den maximala dosen.
Varianten visar ocksa att den stora sjon i basfallet sékerstiller att exponeringen for C-14 i akvatiska
ekosystem &r adekvat berdknad och att hastigheten som sjon véxer igen med har marginell effekt pa
beréknade doser.

Ytterligare fyra stodjande fall utviarderar osékerheter och kénslighet i parametrarna relaterade till
landskap och hydrologi, ekosystemegenskaper och den kemiska utvecklingen: berdkningsfallen for
alternativa objektsavgrinsningar, myrobjektegenskaper, ekosystemegenskaper och kalciturlakning. En
forenklad version av BioTEx-modellen anvéndes for det forsta av dessa tre fall. Den nya hydrologiska
subrutinen i denna modell mojliggdr en probabilistisk hantering av regolittjocklek och grundvatten-
floden som inte varieras i de probabilistiska simuleringarna av basfallet.

Berékningsfallet for alternativa objektsavgrdnsningar utvarderar osidkerheter med avseende pé
avgrinsningarna av det ursprungliga biosfarsobjektet 157 2 genom jimforelser med fyra alternativa
delomraden av det ursprungliga objektet. Fallet illustrerar ocksa hur biosfarsobjektets storlek, position
och egenskaper kan paverka miljokoncentrationer och resulterande doser. En minskning av arean
tillsammans med 1agt grundvattenfléde och tjocka regolitlager resulterar i forhéjda radionuklidkoncen-
trationer och doser i dikad och odlad mark. Det dr dock mindre troligt att omraden med sadana egen-
skaper kommer fa stora radionuklidutslapp frén geosfaren och andra motverkande faktorer tenderar att
ytterligare minska effekten pd doser i forhéllande till skillnaderna i objektets egenskaper.

Berakningsfallet for myrobjektegenskaper utvarderar kénsligheten i aktivitetskoncentrationer och arliga
doser for variation i objektegenskaper. Egenskaperna inkluderar objektgeometrier, regolittjocklek och
parametrar som styr eller paverkar grundvattenfloden. Detta fall &r ett komplement till berdkningsfallet
for alternativa objektsavgrinsningar, som genom att oberoende variera objektegenskaper kan isolera
effekterna av enskilda egenskaper som ar korrelerade i landskapet. Generellt sett dr dosen mest kinsliga
for storleken pa biosférsobjektet, framst eftersom utstromning av utspiddande grundvatten frén berg-
grunden 6kar med objektstorlek. Egenskaper som styr utstromning fran avrinningsomradet och dess
vertikala fordelning paverkar ocksa de flesta radionuklider via utspddning. Ett tjockare moranlager
tenderar att minska dosen frén sorberande radionuklider, genom fordrojningsmekanism och radio-
aktivt sonderfall.

Berdkningsfallet for ekosystemegenskaper utvirderar kinsligheten hos radionuklidspecifika arliga
doser for variationer i ekosystemparametrar och identifierar nyckelfaktorer for osdkerhet. Ekosystem-
parametrar anvénds i vid bemérkelse, och inkluderar egenskaper hos regoliten (t ex porositet, densitet
och méttnadsgrad), egenskaper hos ekosystemen (t ex biomassadensitet och primérproduktions- och
mineraliseringshastigheter) och elementspecifika egenskaper for regolitlager (sorption, K;-vérden) och
upptag i organismer (inklusive CR-vdrden). Osékerheten i ekosystemparametrar leder till en maximal
variation i dosen (90 % konfidensintervall) pa en faktor 3, 30, 50 och > 100 for C-14, Mo-93, Ca-41
respektive Ni-59. Med undantag for C-14 forklaras denna variation framst av osdkerheten i upptag i
véxter (CR) och djur (TC), och ackumulering (sorption, K;) i odlade regolitlager. Fordrojning (sorption)
i den djupa regoliten bidrar ocksa.

Berékningsfallet for kalciturlakning granskar hur fordndringar i den framtida geokemin kan péverka
beriknade doser. Detta gors genom att systematiskt dndra K -vérdena i regolitlager som paverkas av
pH-férdndringarna i samband med kalciturlakning. I detta berdkningsfall minskas mobiliteten for
element som existerar som anjoner (t ex Mo) och de som bildar starka mobila komplex med karbonat
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(t ex U), medan mobiliteten for element i katjonisk form 6kas (t ex Ni, Th, Ra, Pb och Cs). Den mins-
kade mobiliteten har begrinsad effekt pa den maximala dosen fran Mo-93 och U-238. Ackumulation
av U-238 och U-235 blir dock en viktig killa for aktivitet av sonderfallsprodukter, och de maximala
doserna fran alla sonderfallsprodukter okar. Katjonernas 6kade mobilitet leder till en pataglig minsk-
ning av dosen fran Ni-59, men har motsatt effekt pa dosen fran Cs-135. Resultaten tyder pa att dven
om urlakningen av kalcit kan paverka dosdynamiken for enskilda radionuklider, kommer detta inte att
leda till en total dos som Overstiger den maximala totala dosen i1 basfallet.

Exponeringar av andra organismer &n ménniska (non human biota, NHB) utvdrderas genom att berdkna
absorberade dosrater for basfallet, berdkningsfallen med varmt klimat, kallt klimat och alternativa
objektsavgrdnsningar. Alla koncentrationskvoter (CR) ér reviderade i PSAR for dessa berdkningar,
eftersom betydande uppdateringar har gjorts av litteraturdatabasen (Wildlife Transfer Database).
Eftersom ERICA-metodiken har uppdaterats sedan SR-PSU, har nya dosomvandlingskoefficienter
(DCC) och vistelsefaktorer (OCC) for NHB tagits fram i PSAR. I alla berékningsfall &r de maximala
dosraterna tre storleksordningar under ERICA-screeningsdosraten (10 uGy h™) och intriffar relativt
tidigt 1 analysperioden. Slutsatsen &r att andra organismer (4n ménniska) kommer att vara opdverkad av
radionuklider som sldpps ut fran forvaret i de utvirderade scenarierna. Eftersom dosraterna ar relativt
okénsliga for det postulerade spannet i klimatforhéllanden och objektegenskaper bedoms slutsatsen
vara robust med avseende pé osdkerheter i det framtida klimatet och utvecklingen av landskapet.

Sammanfattningsvis utgdr basfallet en méattstock for analysen av sékerhet efter forslutning och mojlig-
gor en rattfram utvardering av skillnader mellan berékningsfall. For att underlitta effektiva berdkningar
forenklas representationen av biosfarsystemet i detta fall och landskapsbeskrivningen dr deterministisk.
Stodjande berdkningar visar att den maximala dosen &r robust med avseende pa de forenklade antag-
anden som gjorts. Dessutom har det visat sig att tidsutspadning, pé grund av slumpmaéssiga dndringar
i tiden for toppens maximum, sannolikt inte introducerar nagon signifikant bias i de berdknade arliga
medeldoserna. Sammantaget bidrar analyserna till att bygga upp fortroende for att modellresultaten
frén basfallet ar tillforlitliga och trovérdiga. Saledes dras slutsatsen att representationen av det ytnéra
systemet 1 basfallet ar lamplig och &ndamélsenlig med avseende pd demonstrationen av sékerhet.

Resultaten fran berékningsfallen med varmt klimat och kallt klimat bedéms vara rimliga och forenliga
med SKB:s allménna forstaelse for hur klimatet pdverkar det ytnéra systemet. De tva fallen, tillsam-
mans med basfallet, belyser relevanta effekter av framtida storskaliga klimatforéndringar som ér en del
av huvudscenariot. Resultaten frin stddjande berdkningsfall visar att den maximala dosen &r relativt
okénslig for transportvégar i landskapet, strandlinjeforskjutningens hastighet, ekosystemens succession
och kalciturlakning. Objektegenskaper pdverkar tydligt dosvariationen, men responsen pé osidkerheter
i regolittjocklek och ytnéra hydrologi 4r begrdnsade. Dessutom kommer trender med 6kande doser
for smd omréden och/eller i omrdden med 14g utstromning frdn berget sannolikt att motverkas av

ett minskat geosférutslépp i sddana omrdden. Sammantaget dras slutsatsen att osékerheter i landskaps-
utvecklingen och objektegenskaperna sannolikt inte kommer att ha ndgon signifikant inverkan pa den
beréknade dosen och utvirderingen av forvarets sékerhet.
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1 Introduction

This document is one of the main references to the Post-closure safety report that contributes to the
preliminary safety analysis report (PSAR) for SFR, the repository for short-lived radioactive waste
at Forsmark in Osthammar municipality, Sweden (Figure 1-1). This chapter gives the background and
a short overview of the PSAR post-closure safety assessment undertaken as part of the construction
license application for the extension of SFR. Moreover, the purpose and content of this report

are described.

Forsmark

300 400 km

Figure I-1. Map showing the location of Forsmark. Forsmark is situated in Osthammar municipality, which
belongs to the County of Uppsala.
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1.1  Background

SFR is operated by the Swedish Nuclear Fuel and Waste Management Company, SKB, and is part

of the Swedish system for management of waste from nuclear power plants, other nuclear activities,
industry, research and medical care. In addition to SFR, the Swedish nuclear waste management system
also includes the repository for spent nuclear fuel and the repository for long-lived radioactive waste
(SFL) (Figure 1-2).

SFR consists of the existing part, SFR1 (Figure 1-2, grey part), and the extension, SFR3 (Figure 1-2,
blue part). SFR1 is designed for disposal of short-lived low- and intermediate-level waste produced
during operation of the Swedish nuclear power reactors, as well as waste generated during applications
of radioisotopes in medicine, industry, and research. This part was taken into operation in 1988. SFR3
is designed primarily for disposal of short-lived low- and intermediate-level waste from decommis-
sioning of nuclear facilities in Sweden. The extension is called SFR3 since the name SFR2 was used
in a previous plan to build vaults adjacent to SFR1. The repository is currently estimated to be closed
by year 2075.

The SFR waste vaults are located below the Baltic Sea and are connected to the ground surface via
two access tunnels. SFR1 consists of one 70-metre-high waste vault (silo) and four 160-metre-long
waste vaults (1IBMA, 1-2BTF and 1BLA), covered by about 60 metres of bedrock. SFR3 consists
of six waste vaults (2BMA, 1BRT and 2-5BLA), varying in length from 255 to 275 m, covered by
about 120 metres of bedrock.

Figure 1-2. Schematic illustration of SFR. The grey part is the existing repository (SFR1) and the blue part
is the extension (SFR3). The waste vaults in the figure are the silo for intermediate-level waste, 1-2BMA
vaults for intermediate-level waste, 1BRT vault for reactor pressure vessels, I-2BTF vaults for concrete
tanks and 1-5BLA vaults for low-level waste.
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A prerequisite for the extension of SFR is the licensing of the extended facility. The licensing follows
a stepwise procedure. In December 2014, SKB submitted two licence applications to extend and
continue the operation of SFR, one to the Swedish Radiation Safety Authority (SSM) for permission
under the Act on Nuclear Activities (SFS 1984:3) and one to the Land and Environment Court for
permissibility under the Environmental Code (SFS 1998:808). In October 2019 SSM submitted
their pronouncement to the Swedish Government and recommended approval of the permission
sought by SKB. In November 2019 the Court submitted its statement to the Swedish Government
and recommended approval of the licence application. The Swedish Government granted permit and
permissibility in December 2021.

The current step in the licensing of the extended SFR is the processing of the construction license
application, submitted by SKB to SSM for review under the Act on Nuclear Activities. The licence
documentation consists of an application document and a set of supporting documents. A central
supporting document is the preliminary safety analysis report (PSAR), with a general part consisting
of ten chapters'. Chapter 9 of the general part of that report addresses post-closure safety. The Post-
closure safety report is the main reference to Chapter 9, and this report is a main reference to the
Post-closure safety report.

1.2 Post-closure safety assessment
1.21 Overview

The main role of the post-closure safety assessment is to demonstrate that SFR is radiologically safe
for humans and the environment after closure. This is done by evaluating compliance with respect to
the Swedish Radiation Safety Authority’s regulations concerning post-closure safety and the protec-

tion of human health and the environment. Furthermore, the post-closure safety assessment is being

successively developed in the stepwise licensing process for the extended SFR, and thus the results
from the PSAR assessment” provide input to the forthcoming updated assessment to be carried out

before trial operation of the facility.

The overall aim in developing a geological repository for nuclear waste is to ensure that the amounts
of radionuclides reaching the accessible biosphere are such that possible radiological consequences
are acceptably low at all times. Important aspects of the regulations are that post-closure safety shall
be maintained through a system of passive barriers. The barrier system of SFR comprises engineered
and natural barriers, and the function of each barrier is to, in one or several ways, contribute to the
containment and prevention or retention of dispersion of radioactive substances, either directly or
indirectly by protecting other barriers in the barrier system. To achieve post-closure safety, two safety
principles have been defined. Limitation of the activity of long-lived radionuclides is achieved by
only accepting waste for disposal that conforms with the waste acceptance criteria for SFR. Retention
of radionuclides is achieved by the function of the engineered and natural barriers. The two safety
principles are interlinked and applied in parallel. The engineered barrier system is designed for an
inventory that contains a limited amount of long-lived radionuclides, given the conditions at the
selected site and the natural barriers.

The basis for evaluating compliance is a safety assessment methodology that conforms to the regula-
tory requirements regarding methodology, and that supports the demonstration of regulatory compli-
ance regarding post-closure safety and the protection of human health and the environment. The overall
safety assessment methodology applied is described in the Post-closure safety report, Chapter 2. The
methodology was developed in SR-PSU (SKB TR-14-01°) based on SKB’s previous safety assessment
for SFR1 (SAR-08, SKB R-08-130). Further, it is consistent with the methodology used for the post-
closure safety assessment for the final repository for spent nuclear fuel to the extent appropriate given
the different nature of the two repositories.

' SKB, 2022. PSAR SFR — Allmin del kapitel 1 — Introduktion. SKBdoc 1702853 ver 3.0, Svensk
Kérnbrinslehantering AB. (In Swedish.) (Internal document.)

% For brevity, the PSAR post-closure safety assessment for SFR is also referred to as “the PSAR assessment”
or “the PSAR” in the present report.

* For SKB reports without named authors, the report number is used instead of publication year when referring
to them in the text.
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1.2.2 Report hierarchy

The Post-closure safety report and main references for the post-closure safety assessment are listed
and briefly described in Table 1-1, also including the abbreviated titles (in bold) by which they are
identified in the text. Furthermore, there are numerous additional references that include documents
compiled either by SKB or other organisations, or that are available in the scientific literature,

as indicated in Figure 1-3.

Table 1-2 lists the key background reports used in the PSAR that are related to the biosphere assess-
ment, with a brief description of their content. In addition to regular reports, Table 1-2 also lists the
documents that were produced as complementary information to the SR-PSU biosphere assessment
as respond to issues raised in the regulatory review. The relationships between the key background
reports to the biosphere assessment and the main references are illustrated in Figure 1-4.

Post-closure
safety report

Main references

Initial state Waste process || Barrier process Geosphere llepdiee
FEP report p p process synthesis
report report report report report
Climate Model tools Data FHA Ratg;ﬁguglgtde
report report report report repg p

Additional references

Figure 1-3. The hierarchy of the Post-closure safety report, main references and additional references in the
post-closure safety assessment. The present report is high-lighted in yellow.
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Table 1-1. Post-closure safety report and main references for the post-closure safety assessment.
The reports are available at www.skb.se.

Abbreviated title by which the
reports are identified in this report

Report number

Content

Post-closure safety report
SKB TR-23-01

The main report of the PSAR post-closure safety assessment for SFR.

Initial state report
SKB TR-23-02

Description of the expected conditions (state) of the repository at closure. The
initial state is based on verified and documented properties of the repository and
an assessment of its evolution during the period up to closure.

Waste process report
SKB TR-23-03

Description of the current scientific understanding of the processes in the waste
form and in the packaging that have been identified in the FEP processing as
potentially relevant for the post-closure safety of the repository. Reasons are given
as to why each process is handled in a particular way in the safety assessment.

Barrier process report
SKB TR-23-04

Description of the current scientific understanding of the processes in the
engineered barriers that have been identified in the FEP processing as potentially
relevant for the post-closure safety of the repository. Reasons are given as to why
each process is handled in a particular way in the safety assessment.

Geosphere process report
SKB TR-14-05

Description of the current scientific understanding of the processes in the
geosphere that have been identified in the FEP processing as potentially relevant
for the post-closure safety of the repository. Reasons are given as to why each
process is handled in a particular way in the safety assessment.

Climate report
SKB TR-23-05

Description of the current scientific understanding of climate and climate-related
issues that have been identified in the FEP processing as potentially relevant
for the post-closure safety of the repository. Description of the current scientific
understanding of the future evolution of climate and climate-related issues.

Biosphere synthesis report
SKB TR-23-06

(this report)

Description of the present-day conditions of the surface systems at Forsmark,
and natural and anthropogenic processes driving the future development of those
systems. Description of the modelling performed for landscape development,
radionuclide transport in the biosphere and potential exposure of humans and
non-human biota. (This report)

FEP report
SKB TR-14-07

Description of the establishment of a catalogue of features, events and processes
(FEPs) that are potentially relevant for the post-closure safety of the repository.

FHA report
SKB TR-23-08

Description of the handling of inadvertent future human actions (FHA) that are
defined as actions potentially resulting in changes to the barrier system, affecting,
directly or indirectly, the rate of release of radionuclides, and/or contributing to
radioactive waste being brought to the surface. Description of radiological
consequences of FHAs that are analysed separately from the main scenario.

Radionuclide transport report
SKB TR-23-09

Description of the radionuclide transport and dose calculations carried out for the
purpose of demonstrating compliance with the radiological risk criterion.

Data report Description of how essential data for the post-closure safety assessment are
SKB TR-23-10 selected, justified and qualified through traceable standardised procedures.
Model tools report Description of the model tool codes used in the safety assessment.

SKB TR-23-11
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Table 1-2. Background reports for the biosphere assessment in the PSAR.

Document number

Full title

Brief description and reference in text

Produced within SR-Site Biosphere

TR-10-01

TR-10-02

TR-10-03

The terrestrial ecosystems at Forsmark
and Laxemar-Simpevarp.

The limnic ecosystems at Forsmark
and Laxemar-Simpevarp.

The marine ecosystems at Forsmark
and Laxemar-Simpevarp.

Synthesis of the knowledge of the terrestrial ecosystems,
Léfgren (2010)

Synthesis of the knowledge of the limnic ecosystems,
Andersson (2010)

Synthesis of the knowledge of the marine ecosystems,
Aquilonius (2010)

Produced within SR-PSU Biosphere

R-12-03

R-13-01

R-13-18

R-13-19

R-13-22

R-13-27

R-13-46

R-14-02

Digital elevation model of Forsmark.
SR-PSU Biosphere.

Ky and CR used for transport calculations
in the biosphere in SR-PSU.

Biosphere parameters used in radionuclide
transport modelling and dose calculations
in SR-PSU.

Hydrology and near-surface hydrogeology at
Forsmark — synthesis for the SR-PSU project.
SR-PSU Biosphere.

Depth and stratigraphy of regolith at
Forsmark. SR-PSU Biosphere.

Landscape development in the Forsmark area from
the past into the future (8500 BC to 40000 AD).

The biosphere model for radionuclide
transport and dose assessment in SR-PSU.

Handling of biosphere FEPs and recommendations
for model development in SR-PSU.

Presentation of the digital elevation model (DEM),
Strémgren and Brydsten (2013).

Compilation of element-specific parameter values
used in the biosphere transport calculations,
Troéjbom et al. (2013).

Descriptions of all biosphere parameters used
in the radionuclide model for the biosphere,
Grolander (2013).

Modelling results and descriptions of present and future
hydrological and near-surface hydrogeological conditions
at Forsmark, Werner et al. (2013).

Presentation of the regolith depth model (RDM), Sohlenius
et al. (2013a).

Description and results from the regolith-lake development
model (RLDM), Brydsten and Stromgren (2013).

Description of the model for radionuclide transport and
exposure in the biosphere, Saetre et al. (2013a).

Descriptions of the handling of Features, Events and
Processes (FEPs) in the biosphere assessment, and
the exposure pathway analysis, (SKB R-14-02).

Response to regulatory review of SR-PSU

SKBdoc 1554499

SKBdoc 1571087

SKBdoc 1581297

SKBdoc 1581608

SKBdoc 1601415

SKBdoc 1610560

Drainage of runoff water from 157_2 into 157_1
via a stream — Biosphere complementary informa-
tion for SR-PSU.

Kompletterande berakningar om biosfarsobjekt
(in Swedish).

Additional considerations for the non-human biota
dose assessment in the SR-PSU.

Konvergens av probabilistiska berakningar
(in Swedish).

Svar till SSM pa begaran om komplettering
av anstkan om utokad verksamhet vid SFR
angaende konsekvensanalys (in Swedish).

Kompletterande beréakningar for gasavgang
(in Swedish).

A supplementary study of potential effects of the presence
of a stream between object 157_2 and 157_1, Saetre and
Ekstrom (2016).

Additional calculations to evaluate uncertainties in the
landscape development modelling, Saetre and Ekstrom
(2017a).

Supplementary information related to effects of various
assumptions, and the importance of updates in modelling
tool and parameter values, Jaeschke and Grolander
(2017).

Study of convergence in probabilistic calculations,
Ekstrom (2017).

Response to questions related to consequence
analsysis, Saetre and Lindgren (2017).

Supplementary sensitivity analysis related to gas transport
in agricultural ecosystems, Saetre and Ekstrom (2017b).

Produced within SE-SFL

TR-19-05

TR-19-06

R-19-18

Biosphere synthesis for the safety evaluation
SE-SFL.

Radionuclide transport and dose calculations for
the safety evaluation SE-SFL.

Biosphere parameters used in radionuclide
transport modelling and dose calculations
in SE-SFL.

Synthesis of the biosphere assessment undertaken as an
integral part of the safety evaluation, (SKB TR-19-05).

Description of the calculations of the release and transport
of radionuclides from the waste, via the repository near-
field, the geosphere, and through the biosphere,

(SKB TR-19-06).

Describes all biosphere parameters used in the radio-
nuclide model for the biosphere, Grolander and Jaeschke
(2019).

Produced within the PSAR

P-18-02

SR-PSU (PSAR) Bedrock hydrogeology TD18
— Temperate climate conditions.

Bedrock hydrogeology, Ohman and Odén (2018).
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Figure 1-4. Relationship between reports, relevant for the biosphere assessment, produced in the PSAR
and biosphere-related reports produced within earlier SKB biosphere assessments. The present report is
marked in orange and bold. Supporting documents produced within other biosphere assessments focusing
on the Forsmark site are shown as green boxes (SR-PSU) and light green boxes (SR-Site), and the most
recent biosphere assessments for SFL as blue boxes. Reports from earlier assessments used in the PSAR
are marked in bold text, and dark green outlines of the boxes.

1.3  This report

This report is the main document for reporting the work in the PSAR that is related to the surface
ecosystems, below denoted the biosphere assessment. As such, this report provides the background
information for conclusions on the biosphere assessment communicated in the Post-closure safety
report. The report gives the context, describes the methodologies, models and data used, and presents
the most important results. The findings are synthesised 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 (Table 1-2 and Figure 1-4).
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1.3.1  Purpose

The biosphere system, or surface system, is a key part of the system considered in the PSAR, the post-
closure safety assessment of the extended SFR. This is where radiological impacts due to potential
radionuclide releases from the repository may arise. The main purpose with the PSAR safety assess-
ment is to demonstrate the post-closure safety of the SFR repository, by conducting a safety assessment
and evaluate regulatory compliance with criteria concerning safety and protection of human health and
the environment in the long-term perspective. The main purpose of the biosphere assessment part of
the PSAR is to calculate doses to humans and dose rates to non-human biota to allow estimation of the
radiological impact on humans, in terms of radiological risk, and on the environment at Forsmark that
reflect a robust description of the biosphere system and a credible handling of associated uncertainties.
To meet the intended purpose, the work is divided into four main tasks:

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

2. Description of the Forsmark 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 SFR repository.

4. Calculation of the radiological exposure, in terms of annual doses, to a representative individual
of the most exposed group of humans in the future Forsmark landscape, and the radiological
exposure to the environment, in terms of absorbed dose rates to non-human biota.

The intention is not to simulate conditions that will necessarily be present in the future, but to capture
the main features of transport, accumulation and exposure for a suite of possible future conditions.

The biosphere assessment builds upon previous post-closure safety assessments for the existing
and planned radioactive 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 TR-08-05). 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. Several post-closure safety assessments, including
biosphere assessments, have been performed for the repository since SKB received permission to start
building SFR1 in 1983, including the SAFE project (Lindgren et al. 2001, Kautsky 2001), SAR-08
(SKB R-08-130) and SR-PSU (SKB TR-14-01, SKB TR-14-06). Safety assessments have also been
performed for the planned repository for spent nuclear fuel, within the SR-Can (SKB TR-06-09) and
SR-Site (SKB TR-10-09, SKB TR-11-01) projects, and a safety evaluation for the planned repository
for long-lived waste, within the SFL project (SKB TR-19-01, SKB TR-19-05).

Although the safety assessments mentioned above for the various waste types and repository concepts
differ in several aspects, the biosphere system is assumed to have the same development and function-
ing and therefore the development of the biosphere assessment is driven by all safety assessments
conducted by SKB. Thus, the biosphere assessment part of the PSAR for SFR is based on extensive
knowledge gathered from site data, site modelling and previous safety assessments, together with
modelling performed and data collected within the PSAR.

1.3.2 Main developments since the SR-PSU

The biosphere assessment in the PSAR addressed in this report is the next iteration of the biosphere
assessment in the SR-PSU (SKB TR-14-06). Although the major approaches, models and data sets
from SR-PSU are still valid, there have been many small updates made for the present assessment,
of which many of the model updates were introduced in SE-SFL (SKB TR-19-05). This section briefly
describes the key updates and improvements made in biosphere assessment in the PSAR, compared
with the biosphere assessment in SR-PSU.

The results presented for the calculation cases in this report were all obtained using time-dependent
radionuclide-specific releases into the biosphere as input, as opposed to the results presented in
SKB (TR-14-06) which are based on constant unit releases of 1 Bq/y into the biosphere. These
releases are results from the near-field and geosphere transport modelling for calculation cases
in the main scenario, presented in the Radionuclide transport report.
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The set of calculation cases addressed in the biosphere assessment has been selected to improve the
evaluation of key uncertainties, such as in the landscape development and the spatial distribution of
the geosphere releases (the timing of shoreline regression calculation case, the subhorizontal fracture
calculation case, the alternative landscape configuration calculation case and the alternative delinea-
tion calculation case).

In SR-PSU, the probability of a drilled well existing within the well interaction area was derived as
a function of the current well density in the area multiplied by that part of the well interaction area that
was at least 1 m above sea level. In PSAR, a probability of 1 is assumed for the existence of a drilled
well in this area. Then, the well is treated as an exposure pathway, and the dose from the drilled well
is assessed for a small group of people getting exposed through ingestion of water and small-scale
irrigation of a garden-plot.

The data used in the biosphere assessment has been updated since SR-PSU, and some new parameters
have been introduced based on model updates. Details on this are given in Chapter 8. The biosphere
transport and exposure model (BioTEx) used in PSAR is largely the same as in SR-PSU. However,
several minor modifications have been made, of which most were introduced in SE-SFL. Details on
this are given in Chapter 7, below is a brief summary of key updates:

» Instead of treating the two lowermost regolith layers, RegoLow and RegoGL, as two single
compartments, they are each divided into five vertical sub-compartments to give a better
representation of physical dispersion on the scale of a biosphere object.

» The cultivation of a drained mire is allowed once the highest (rather than the lowest, as in SR-PSU)
point of a sloping object is 1 m above sea level.

* In SR-PSU, plant-root uptake of C-14 was regulated by the given concentration of stable carbon
dissolved in the pore water (DIC). In the PSAR, this parameter is replaced by model calculations,
based on soil respiration and the rate of degassing.

+ Plant uptake of radionuclides intercepted on leaves, and subsequent translocation to edible parts,
including fodder, is included for agricultural land-use variants with irrigation in the PSAR. Inter-
ception of radionuclides on leaves during irrigation is calculated from the activity concentration
in the irrigation water, the leaf area index and the leaf storage capacity, and the translocation is
represented by an empirical translocation factor.

1.3.3 Contributing experts

Project leader for the PSAR safety assessment has been Jenny Brandefelt (SKB). The work done in
the PSAR is based on the experience from SKB’s previous safety assessments, and several persons
that have contributed to the biosphere assessment have experience from these previous safety assess-
ments. Thomas Hjerpe (Kemakta Konsult AB) was the editor of this report, and the co-authors are
listed in Table 1-3.

This report has been significantly improved at different stages by adjustments in accordance with
comments provided by informal and factual reviewers. The informal review has been a rather
continuous process where most co-authors listed in Table 1-3 have commented on texts written by
other co-authors; in addition, Ari Ikonen (EnviroCase, Ltd.), Svante Hedstrom (SKB), Anna-Maria
Jakobsson (SKB), Per-Gustav Astrand (SKB), and Maria Lindgren (Kemakta Konsult AB) have
provided comments. Factual reviewers have been Mike Thorne (Mike Thorne and Associates Ltd.)
and Jordi Bruno (Amphos 21 Consulting).
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Table 1-3. Names and affiliations of key persons contributing to the Biosphere synthesis report.
Each co-author’s main contributions are briefly described and references are given to the
chapters in the report.

Name

Affiliation

Contribution to the PSAR SFR biosphere
synthesis report

Chapter in this report

Thomas Hjerpe Kemakta Konsult AB Editor, introduction, assessment context, Editor, 1,2, 6,9
data evaluation.
Peter Saetre SKB Method development, BioTEX model development, 2,4-11,13
data evaluation, synthesis.
Olle Hjerne SKB Site development, data evaluation, synthesis. 3-5, 10-11, 13
Ulrik Kautsky SKB Overall biosphere coordinator at SKB, scientificand  1-13
method development, data evaluation.
Johan Liakka SKB Climate description, data evaluation. 4,1
Sari Peura SKB Site description and development, assessment data, 3, 4, 8, 11
data evaluation.
Jenny Brandefelt SKB Overall methodology, introduction. 1-2
Jean-Marc Mayotte SKB Hydrology, data evaluation. 3-5,7,10-11
Per-Anders Kvot AB BioTEx model development, numerical modelling 7-13
Ekstrom of radionuclide transport and doses, data evaluation.
Sara Grolander Kemakta Konsult AB Assessment data, element-specific parameters. 8,12
Mats Trojbom MTK AB Assessment data, element-specific parameters. 8

Marten Stréomgren

Ben Jaeschke
Boris Alfonso

Fredrik Lidman

Umea University

AFRY
AFRY

Swedish University

of Agricultural Sciences

(SLU), Umea

GIS analysis, landscape development.

Non-human biota, assessment data.
Non-human biota, assessment data.

Geochemistry, behaviour of calcite.

Most figures based
on maps

12
12
11

1.4

Structure of this report

This report comprises 13 chapters and 8 appendices. Following is a brief description of the contents:

Chapter 1 — Introduction. This chapter describes the background to the PSAR post-closure safety
assessment, the role and structure of this report, and briefly discusses the key updates and improve-
ments made since SR-PSU.

Chapter 2 — Assessment methodology. This chapter presents the biosphere assessment methodology
in the PSAR, which is an integrated part of the overall post-closure safety assessment. Details are
provided on the main components, or steps, included in the methodology. This includes such aspects
as system understanding, the assessment context, representation and modelling of the biosphere
system, and evaluation of results.

Chapter 3 — Site description — present-day conditions at Forsmark. This chapter provides descrip-
tion of the present-day conditions at Forsmark, which is assumed to be an appropriate representation
of the conditions at closure of the repository. The description focuses on features and processes

of importance for transport and accumulation of radionuclides. The chapter is structured in terms of
descriptions of the Forsmark landscape with respect to climate, topography and regolith, near-surface
hydrology, chemistry, marine, limnic and terrestrial ecosystems, and utilisation of the landscape and
water resources by humans.
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Chapter 4 — Site development — modelling and description of future conditions and land use.
This chapter gives a short description of the natural processes and possible human impacts driving
the development of the Forsmark site. The main processes are described, their implications for the
development of topography and regolith, near-surface hydrology and chemistry are outlined and the
development of marine, limnic and terrestrial natural ecosystems is presented. The processes are further
elaborated to sketch the potential configuration of future landscapes in a regolith-lake-development
model (RLDM), and examples of potential future landscapes are described.

Chapter 5 — Modelling biosphere objects in the landscape. This chapter identifies the biosphere
objects, areas in the modelled landscape that are predicted to receive a substantial portion of the
radionuclides following a release from the repository, to use in the transport and exposure modelling.
Furthermore, properties of the identified biosphere objects are described and their temporal
development.

Chapter 6 — FEP handling, assessment endpoints and calculation cases. The handling of features,

events and processes (FEPs) important for the evolution of the biosphere system, and transport and

accumulation of radionuclides is summarised in this chapter. Furthermore, assessment endpoints for

humans and non-human biota are presented, and the calculation cases that are included in the radio-
nuclide transport and dose calculations are summarised.

Chapter 7 — The biosphere transport and exposure model. This chapter provides a description
of the biosphere transport and exposure model (BioTEx). The BioTEx model describes radionuclide
transport and accumulation in the near-surface environment and in ecosystems and calculates potential
doses to humans and dose rates to non-human biota (NHB). The structures of the ecosystem models
that are part of the BioTEx model for PSAR are summarised, and the model compartments and the
processes that transfer radionuclides are outlined. Furthermore, transport and uptake processes, calcu-
lations of exposure and the resulting doses to humans are described. In addition, model updates
introduced since SR-PSU, and their effects are also discussed.

Chapter 8 — Data used in the biosphere assessment. All data used for calculating doses to humans
and dose rates to non-human biota are presented here. First, the general principles of how the data
have been selected for the BioTEx model used in the PSAR are described. Descriptions are then given
of the considerations and calculations underlying the BioTEx parameters that are new or updated
since SR-PSU. Furthermore, the quality assurance (QA) process applied to assure that data are
complete, correct and traceable is briefly described.

Chapter 9 — The base case. The base case constitutes the basis for the radionuclide transport and
dose calculations in PSAR. This chapter presents the description of the base case from a biosphere
perspective, including aspects such as the radionuclide releases from the geosphere, the evolution
of surface conditions and potentially exposed groups and populations. The outcome from analysing the
base case with the biosphere transport and exposure model (BioTEXx) is also presented and discussed
in this chapter, addressing matters such as annual doses, contributions of exposure pathways, and the
dynamics of radionuclide transport and accumulation throughout the regolith profile. The chapter also
includes more detailed discussions for selected key radionuclides for the total annual dose. These
discussions cover how the key patterns in their environmental activity concentrations and annual doses
arise from the geosphere release, radionuclide properties and mechanisms such as dilution, retention,
retardation, degassing, plant uptake, radioactive decay and radiotoxicity. Finally, this chapter addresses
the effect of uncertainties in input parameters on the probabilistically simulated annual doses.

Chapter 10 — Other calculation cases in the main scenario. This chapter describes the other calcu-
lation cases and supporting calculation cases analysed within the main scenario. Two calculation
cases represent a range of probable future evolutions, one with warmer and one with colder climate
conditions. In addition, the analysis of the main scenario also comprises three supporting calculation
cases, covering potential effects of uncertainties in landscape development and the properties of the
discharge area.
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Chapter 11 — Supporting calculation cases for the biosphere. This chapter presents the four
supporting calculation cases that have been formulated to evaluate the sensitivity of calculated doses
to uncertainties in the description of the biosphere system. Three cases are presented aiming to evalu-
ate the sensitivity of doses to variations in ecosystem parameters, object properties and the outline
of the biosphere object itself. Furthermore, one supporting calculation case addresses potential effects
of a change in the mobility of radionuclides due to calcite depletion.

Chapter 12 — Exposure of non-human-biota. Exposures of non-human biota (NHB), quantified by
calculating absorbed dose rates, are presented in this chapter. Calculations are performed for three
calculation cases of the main scenario. In addition, the chapter summarises the method used to derive
the dose rates.

Chapter 13 — Discussion and conclusions. This chapter discusses the outcomes from the biosphere
assessment, focusing on uncertainties and their potential impact on the results of the performed calcula
tions. The discussion is structured according four broad classes of uncertainty: system uncertainty,
scenario uncertainty, modelling uncertainty and data uncertainty. Assumptions and reliability with
respects to the radionuclides C-14 and Mo0-93, which make major contributors to the resulting doses,
are discussed in some detail. Finally, the uncertainties from all calculation cases are compared and
discussed together and conclusion are drawn.

Appendix A — Terms and abbreviations. The present report contains terms and acronyms that either
are rarely used outside SKB or can be regarded as specialised terminology within one or several of the
scientific and modelling disciplines involved in the reported work. To facilitate the readability of the

report, selected terms and acronyms are explained.

Appendix B — Map of the Forsmark area.
Appendix C — Landscape dose conversion factors, a comparison between PSAR and SR-PSU.
Appendix D — Method to assess exposure of non-human biota.

Appendix E — Updated values for non-human biota concentration ratios, dose conversion coefficients
and occupancy.

Appendix F — Hydrological simulations with MIKE SHE.

Appendix G — Multi-model projections and uncertainties of irrigation water demand in a warmer
climate.

Appendix H — Parameter files used in the BioTEx model for the base case.
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2 Assessment methodology

The methodology for assessment of radiological impacts on humans and the environment from
potential releases from a radioactive waste repository has been continuously developed internationally
during the last few decades, and SKB has been extensively involved in this development.

This chapter first gives an overview of the biosphere assessment methodology in the PSAR and then
provides more details on the main components, or steps, included in the methodology. The biosphere
assessment is an integrated part of the overall post-closure safety assessment for the PSAR and the
methodology applied is in line with the overall safety assessment methodology presented in detail in
the Post-closure safety report, Chapter 2.

2.1 Overview of the methodology

Several biosphere assessments have been performed by SKB in recent decades, and the development of
those assessments has been reported in the RD&D Programme (SKB TR 19-24). Summaries of earlier
SKB work and key achievements has been presented in SKB (TR-10-09, TR-14-06, TR-19-05), with
SKB (TR-14-06) having presented the latest biosphere assessment undertaken for SFR.

Although SKB’s safety assessments for the various waste types and three repository concepts differ in
several aspects, the biosphere system is assumed to have the same development and functioning and
therefore the development of the biosphere assessment methodology is driven by all safety assess-
ments conducted by SKB. Most of the developments of the methodology and the biosphere modelling
introduced in the most recent biosphere assessment, SE-SFL (SKB TR-19-05), were related to issues
raised during the regulatory review process of the previous biosphere assessments, to SKB’s own
development and research programmes, and to international developments. The work performed for
SE-SFL can be seen as an iteration of the safety assessment processes for SFR and is accounted for in
the present biosphere assessment.

The overall safety assessment methodology applied for the post-closure safety assessment in the PSAR
consists of ten main steps, illustrated in Figure 2-1. These ten steps are carried out partly concurrently
and partly consecutively.

The biosphere assessment contributes to most of the steps: Features, Events and Processes (FEPs) in
the biosphere that can influence post-closure safety for SFR are identified (step 1), and the expected
state of the biosphere at closure is described as a part of the initial state of the repository and its
environs (step 2). The biosphere system is an integral part of the analysed system, and thus relevant
biosphere FEPs are described as internal processes (step 4), and input data for radionuclide transport
and dose calculations in surface systems are selected using a structured process (step 6). Given the
long timescales considered in the assessment, the surface system is expected to go through significant
changes, and this development is captured in the description of the reference evolution (step 7).

Biosphere FEPs are also considered in the selection of calculation cases (step 9). Post-closure safety

is evaluated by analysing results from the integrated model chain, that starts with the releases from the
waste in the waste vaults and ends with the doses to representative members of potentially exposed

groups and dose rates to non-human biota. Finally, the resulting doses and dose rates are used as input
in the evaluation of compliance with regulatory requirements.

Uncertainty management is an integral part of the post-closure assessment methodology (Post-closure
safety report, Section 2.5). An overview of the management of uncertainties in the biosphere assess-
ment is given in Section 2.3.9.
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Reference inventory System_ boundaries RD&D results
and timescales
Reference design Site description Results of earlier
and status SFR1 P assessments
1 FEPs 2 Initial state
Features, events and processes potentially Expected state of repository and its environs
influencing post-closure safety of SFR at repository closure, including uncertainties
3 External conditions 4 Internal processes
- Climate and climate-related issues - Waste and engineered barriers
- Large-scale geological processes and effects - Geosphere and surface systems
- Future human actions
5 Safety functions 6 Input data
- Safety functions of the repository and its environs - Selection, qualification and quality assurance of data
- Measurable or calculable safety function indicators - Documentation of assessment activities and data flow
7 Reference evolution. 8 Scenario selection
Probable post-closure evolution of the repository - Main scenario
and its environs, including uncertainties - Less probable scenarios
- Residual scenarios

9 Scenario analysis 10 Conclusions
- Selection and description of calculation cases Demonstration of compilance
- Radionuclide transport and dose calculations
- Annual risk and protection of the environment

Figure 2-1. An outline of the ten main steps of the present post-closure safety assessment. The boxes above
the dashed line are prerequisites for the methodology and its implementation. The contents of the steps are
described in detail in the Post-closure safety report, Section 2.6.

In addition to being in line with the overall assessment methodology, the biosphere assessment
methodology is also compatible with the IAEA BIOMASS methodology (IAEA 2003, Lindborg
2018, Lindborg et al. 2022). The BIOMASS methodology provides guidance on the treatment of the
biosphere in post-closure safety assessments for radioactive waste disposal.

The biosphere assessment methodology applied is illustrated in Figure 2-2. The circle and two-headed
arrows indicate that the methodology is essentially iterative in nature. Understanding of the system,
including the repository and the bedrock surrounding the repository, plays a central role in the assess-
ment methodology. Building system understanding and a site-specific data basis is an iterative process.
For each safety assessment of a disposal facility, the knowledge of the site is increased and refined.
The development of the transport and exposure model is an iterative process as well, aiming to ensure
that a practicable and justified modelling approach is achieved and maintained. The management of
uncertainties is a vital aspect integrated in all steps of the methodology, illustrated in the figure by the
circular text. The assessment context is considered the first step in the cycle. The figure is based on
the ongoing work of updating the methodological guidance on undertaking post-closure biosphere
assessments®.

* The work to update the BIOMASS methodology is the output of Working Group 6 of the second phase of the
IAEA project Modelling and Data for Radiological Impact Assessment (MODARIA II), working in collaboration
with the international BIOPROTA forum.
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Figure 2-2. Schematic illustration of the steps in SKB's biosphere assessment methodology. The methodology
is presented in a circle to visualise the iterative nature of the safety assessments where knowledge gained
during one assessment contributes to the following assessment. Understanding of the surface system plays

a central role and interacts with all steps in the assessment methodology. Uncertainties are managed
throughout the assessment cycle.

2.2 System understanding

Understanding of the surface system plays a central role in the biosphere assessment methodology
(Figure 2-2). Chapters 3 and 4 provide descriptions of the present-day conditions at Forsmark, natural
key processes driving the development of the landscape and resulting spatiotemporal development
projections of the landscape for further use in the safety assessment.

Knowledge of the surface system primarily originates from: 1) detailed descriptions of the Forsmark
site (e.g. SKB TR-08-05, Lindborg 2008), 2) comprehensive descriptions of terrestrial and aquatic eco-
systems that are potential recipients of groundwater discharge at a Swedish Baltic coastal site (Lofgren
2010, Andersson 2010, Aquilonius 2010), and 3) the experience from previous SKB safety assessments
related to the Forsmark site, primarily SR-PSU and SR-Site (SKB TR-14-06, SKB TR-10-09).

The understanding from SKB’s RD&D programme (e.g. SKB TR-19-24) and the safety evaluation of
SFL (SKB TR-19-05) is also used to inform the iterative safety assessment processes, as is the shared
experience from international collaboration forums (e.g. IAEA MODARIA II and the BIOPROTA
Forum). This system understanding is a key for an adequate representation of the biosphere system,
the formulation of an assessment model and the application of data, as well as for addressing key
uncertainties in the assessment of environmental and human health impacts.

Identification and handling of biosphere features, events and processes (FEPs), relevant for the post-
closure safety of SFR, is an important part of the development of the understanding of the surface
system. Lists of FEPs provide a structured way to check that potentially important aspects of the safety
assessment have not been overlooked, and a comprehensive analysis of the biosphere interaction matrix
facilitates understanding of radionuclide migration and accumulation in surface ecosystems. SKB has
long experience of identifying and handling biosphere FEPs, for the previous assessment for SFR this
is documented in SKB (R-13-43, R-14-02, TR-14-07). The FEP handling in the present assessment is
further addressed in Chapter 6.

SKB TR-23-06 29



2.3 Assessment context and overall assessment framework

In the first step of the methodology (Figure 2-2, step 1), the assessment context is established, which
relates to the key aspects relevant for the biosphere part of the PSAR. The overall framework is an
aspect of the overall PSAR assessment that affects the biosphere assessment, for example the evolu-
tion of the repository and geosphere in various scenarios. The overall framework is addressed in the
Post-closure safety report. Since the aim is to have a methodology for the biosphere assessment
that is compatible and integrated with the overall methodology, it is necessary to have knowledge
and understanding of the overall framework when establishing the biosphere assessment context.

231 Purpose of the assessment

The main role of the post-closure safety assessment, documented in the Post-closure safety report,
is to demonstrate that SFR is radiologically safe for humans and the environment after closure. This is
done by evaluating compliance with respect to the Swedish Radiation Safety Authority’s regulations
concerning post-closure safety and the protection of human health and the environment (Section 1.2).

The main purpose of the biosphere part of the overall assessment is to calculate annual doses to
humans and dose rates to non-human biota to allow estimation of the radiological impact on humans,
in terms of radiological risk, and on the environment at Forsmark that reflect a robust description
of the biosphere system and a credible handling of associated uncertainties.

2.3.2 Regulatory framework

The form and scope 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 few international bodies, and has often, as in the case of Sweden, influenced national legislation.

The main Swedish regulations for the assessments of post-closure safety are SSMFS 2008:37 (SSM
2008a) concerning the protection of human health and the environment in connection with the disposal
of spent nuclear fuel and nuclear waste and SSMFS 2008:21 (SSM 2008b) concerning safety in
connection with the disposal of nuclear material and nuclear waste.

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 criterion for protection of human
health, and other requirements, are important prerequisites when establishing the context for the
biosphere assessment.

The regulations also provide guidance on scenarios that should be included in a safety assessment for
radioactive waste repositories. Two sections in SSM (2008a) are of specific interest for the biosphere
assessment:

Section 10: “The description shall include a case based on the assumption that the biospheric condi-
tions prevailing at the time when an application for a licence to construct the repository is submitted
will not change. Uncertainties in the assumptions made shall be described and taken into account
when assessing the protective capability.”

In the general advice to Sections 5-7: “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
evolutions. A realistic set of biosphere conditions should be associated with each climate evolution.’

’

The regulatory guidelines thus point out that at least one case where the biosphere conditions of today
prevail into the future must be included in the assessment, and that realistic assumptions should be
applied for the description of the biosphere under different climatic evolutions.
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2.3.3 Scenarios and calculation cases

The selection of scenarios is part of the overall safety assessment methodology (Figure 2-1, step 8).
The set of scenarios aims to illustrate the most important courses of development of the repository
and its environs. In practice, the scenario selection is mainly driven by the development of the reposi-
tory (the waste packages, and the engineered barriers and other repository structures), accounting for
uncertainties in external conditions, especially in the development of the climate. Hence, the scenario
selection can be seen as a prerequisite for the biosphere assessment, where the development of the
biosphere system in the scenarios is addressed in steps 2 and 3 in Figure 2-2. In line with the general
advice associated with SSMFS 2008:21 (SSM 2008Db), three types of scenarios are considered in

the PSAR:

* The main scenario (Post-closure safety report, Chapter 7) takes into account the most probable
changes within the repository and its environs, based on the initial state, the reference external
conditions, and the reference evolution. It is used as the starting point for the analysis of the impact
of uncertainties and is included in the calculation of radiological risk (Post-closure safety report,
Chapter 10).

* Less probable scenarios (Post-closure safety report, Chapter 8) evaluate scenario uncertainties
and other uncertainties that are not evaluated within the framework of the main scenario. These
scenarios are also included in the calculation of radiological risk, albeit with a lower probability
to occur than the main scenario (Post-closure safety report, Chapter 10).

* Residual scenarios (Post-closure safety report, Chapter 9) are selected to illustrate the
significance of individual barriers and barrier functions, detriment to humans intruding into the
repository, and the consequences of an unsealed repository that is not monitored. These scenarios
typically comprise sequences of events and conditions that are selected and studied independently
of probabilities, and the results from the residual scenarios are thus not considered in the calcula-
tion of radiological risk.

The scenarios are the basis for assessing the protective capability of the repository and potential
environmental consequences. This assessment is quantitatively done by identifying and analysing
one, or more, calculation cases for each selected scenario. The endpoint of a calculation case is
typically described in the form of radiological consequences, i.e. doses to humans and dose rates to
NHB (see Section 2.3.5). An overview of the scenarios and calculation cases in the PSAR is given in
the Radionuclide transport report, Table 2-1. The calculation cases included in this report are all
related to the main scenario and are further discussed in Section 6.4.

2.3.4 Time frames

The regulations (SSM 2008a) require that an assessment of a repository’s protective capability for the
first thousand years after repository closure should be based on quantitative analyses of the impact on
human health and the environment. For a longer period, the assessment of the repository’s protective
capability shall be based on various possible sequences for the development of the repository’s proper-
ties, its environment and the biosphere. In the general advice associated with 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. In the
PSAR, the safety of the repository is evaluated over a period of 100000 years.

The biosphere assessment for the PSAR is not subdivided into different time frames; instead, it is
modelled in a continuum. However, three main time periods are identified as relevant for different
purposes, discussed below.

The first of these time periods concerns the initial period when the area above the repository is still
submerged beneath the sea. The duration of this period is determined by the opposing contributions
from future sea-level rise and post-glacial isostatic rebound. The duration may exceed 10000 years
if the contribution from future sea-level rise is large. A lower limit for the duration, corresponding

to a negligible sea-level rise, is approximately 1000 years (Climate report). This lower value was

used to define the initial duration of the submerged period in the main and less probable scenarios in
SR-PSU and is also chosen for most calculations in the present safety assessment. This is a cautious
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approach as doses during the submerged period tend to be orders of magnitude lower than doses
resulting from human utilization of land resources. Thus, regardless of the outcome of future sea-
level rise, the submerged period is considered to encompass the first 1 000 years that are specified
by the regulations as of special importance with requirements for detailed analysis.

The second period concerns, approximately, the 10000 years following the emergence of the reposi-
tory area above the sea level. During this period, all objects considered in the biosphere analyses
(Chapter 5) are turned into terrestrial areas. The end of this period also approximately corresponds
to the time when the sea leaves the site development model area (Chapter 4).

The third period starts from the time when the sea leaves the model area and extends until the end of
the assessment period 100000 years after closure. During this period, the shoreline has left the model
area, and hence the biosphere development is dominated primarily by climate changes.

2.3.5 Radiation protection criteria and assessment endpoints
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 individual
in the group exposed to the greatest risk.” (SSM 2008a).

Furthermore, in the general advice on the application of the regulations, it is stated 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 10~ per
year. An example of a situation of this kind might be if consumption of drinking water from a drilled
well is the dominant exposure pathway.” (SSM 2008a).

Moreover, it is stated that the recommendations 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’.

Protection of the environment

For the protection of the environment, no risk criteria exist in the Swedish legislation. However, SSM
(2008a) states in Sections 6 and 7:

“The final management of spent nuclear fuel or nuclear waste shall be implemented so that bio-
diversity and the sustainable use of biological resources are protected against the harmful effects

of ionising radiation. Biological effects of ionising radiation in the habitats 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 distinctive populations such as isolated
populations, endemic species and species threatened with extinction 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 Inter-
national Commission on Radiological Protection’s (ICRP) Publication 91 (ICRP 2003). The applica-
bility 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 organisms, should
be assessed and reported on.”

* The 2007 Recommendations of the International Commission on Radiological Protection, Publication No. 103
(ICRP 2007), formally replace the Commission’s previous, 1990, Recommendations in Publication No. 60.
However, until SSM state otherwise, the recommendations in Publication No. 60 are valid. SKB interprets 5§
in the consolidated version of SSMFS 2008:37 that it is SSMs intention to apply the recommendations in ICRP
Publication No. 103 in the future, but since this is not mentioned in the amending regulation 2018:19, SKB will
continue to apply the recommendations in ICRP Publication No. 60 until all regulations are uniformly updated.

32 SKB TR-23-06



Assessment endpoints

The methodology for the estimation of the annual radiological risk is part of the overall assessment
methodology (Figure 2-1 and Post-closure safety report, Section 2.6.9). The individual risk should
be “calculated as an annual average on the basis of an estimate of the lifetime risk for all relevant
exposure pathways for every individual. The lifetime risk can be calculated as the accumulated life-
time dose multiplied by the conversion factor of 7.3 per cent per sievert.” (SSM 2008a). In the case
where dose may be incurred in the far future over the entire life of the individual, ICRP (2000, §46)
states that “...it could be assumed that radioactive contamination of the biosphere due to releases
from the repository is likely to remain relatively constant over periods that are considerably longer
than the human life span. It is then reasonable to calculate the annual dose/risk averaged over the
lifetime of the individuals, which means that it is not necessary to calculate doses to different age
groups, this average can be adequately represented by the annual dose/risk to an adult.

The endpoint for humans is the annual dose, calculated as the annual effective dose to an adult,
where the annual effective dose is defined as the effective dose from external exposure in a year, plus
the committed effective dose from intakes of radionuclides in that year. The annual dose is deemed
appropriate to use as a basis for estimating the radiological risk for the assessment of the protection
of human health.

The dose coefficients for intake used in the calculations of effective dose account for retention of
radionuclides in the human body and exposure from radioactive decay products produced in the body,
as well as the different radiation sensitivities of various tissues and organs. Doses calculated using these
coefficients are committed effective doses from intake in a single year. According to ICRP (2006, §78),
“this conservative accounting of dose ensures that individuals are protected over a lifetime of exposure,
regardless of the number of years for which they are exposed”.

The annual dose is calculated by running 1 000 simulations with different randomly drawn sets

of ecosystem parameters (Section 6.4.1). The dose is calculated for each point in time by summing
the dose over all simulations, giving each realisation the probability of 0.001. This time-dependent
probability weighted average is the expected value of the dose for each fixed point in time. As it is
equivalent to the mean of the 1000 simulations, it is referred to as the mean total (or radionuclide
specific) annual dose.

Predictions of future human behaviour are inherently uncertain, especially on the timescales addressed
in the present assessment (Section 2.3.4). In SR-PSU, exposure pathways of relevance within ecosys-
tems of interest were reviewed. Land-use variants, which resulted in relatively high exposure, and the
associated potentially exposed groups (PEGs) were then identified from historically self-sustainable
communities (SKB R-14-02). Following this approach, ecosystems created by humans have a more

simplified representation than natural ecosystems, and potentially exposed groups are to be interpreted
as credible bounding cases with respect to the identified exposure pathways. The potentially exposed

groups used in this assessment are further described in Chapter 6.

Regarding endpoints related to the protection of the environment, there are, at present, neither any
risk criteria nor limiting exposure values for non-human biota (NHB) stipulated in SSM’s regulations.
However, there has been a substantial development of the framework aiming at protection of NHB that
post-dates the basis for SSM (2008a). As in SR-PSU, the ERICA methodology is applied in the current
assessment (Beresford et al. 2007, Brown et al. 2008). This methodology recommends a screening
value for the absorbed dose rate at the ecosystem level of 10 pGy h™'. This value has been endorsed
by the EU PROTECT project (Andersson et al. 2009), and the ERICA methodology is in line with the
ICRP recommendations on environmental protection (ICRP 2008) (for the screening value, see below).

Hence, the primary endpoint selected by SKB for demonstrating protection of non-human biota is
absorbed dose rates to a set of reference organisms, in the following referred to as dose rates. The
ERICA screening dose rate was originally derived as a predicted no-effect-dose-rate value for eco-
systems, based on a distribution analysis of mortality and reproduction response to chronic exposure
in a broad range of organisms (Garnier-Laplace and Gilbin 2006). In subsequent analyses restricted
to vertebrates, invertebrates, and plants, the use of this screening dose rate was further supported,
and it can be interpreted as the dose rate where 5 % of species are expected to have a 10 % reduction
in reproductive rate, accounting for data uncertainties (Andersson et al. 2009, Garnier-Laplace et al.
2010). If a dose rate in an assessment exceeds the screening dose rate, then a more detailed investiga-
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tion of exposure parameters and uncertainties, and/or some investigation into the radio-sensitivity of
specific organisms, should be performed. If dose rates are below this screening value it follows that
a potential release from the repository is highly unlikely to cause detrimental effects on the survival
and reproduction of individual organisms. As no effects are expected at the level of the individual
organism, effects at the levels of populations, communities, and ecosystems are also highly unlikely.

It is worth mentioning that this screening dose rate is well below the screening dose rates used by
some other agencies, for instance the US Department of Energy. 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 (US DOE 2002). Furthermore, UNSCEAR
concluded that chronic dose rates less than 100 pGyh™ to the most highly exposed individuals would
be unlikely to have significant effects on most terrestrial communities, and that maximum dose rates
of 400 uGyh™' to any individual in aquatic populations of organisms would be unlikely to have any
detrimental effect at population level (UNSCEAR 2011). 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 activities 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 12.

2.3.6 Repository system and site context

Information on the repository system and the disposal site context set key boundary conditions for
the biosphere assessment. In this safety assessment, repository system includes both the repository
and its environs. SFR was built between 1983 and 1988, to receive, and after closure serve as a final
repository for, low- and intermediate-level radioactive waste. The five waste vaults in SFR1 (the
existing part of SFR) are situated in rock beneath the sea floor and are currently covered by about
60 metres of granitoid rock, a few metres of regolith and 610 m seawater (Kautsky 2001). The waste
vaults contain different types and amounts of waste (Initial state report). The underground part of
the facility is reached via two tunnels (Figure 1-2). The extension of SFR (SFR3) will function in the
same way as the existing, but the six waste vaults will be situated deeper, at a depth of about 120 m.
In addition to similar wastes as those held at the existing SFR, decommissioning waste, including the
reactor pressure vessels from Swedish boiling water reactors, are also to be disposed in the extended
facility (Post-closure safety report, Section 4.3).

SFR is situated in Forsmark, which is located on the coast of the Bothnian Sea (a part of the Baltic Sea)
in Osthammar municipality, about 120 km north of Stockholm, Sweden (Figure 1-1). SFR is situated
in the vicinity of the nuclear power plant in Forsmark. The surroundings show small-scale topographic

variations of less than 20 metres (Figure 2-3).

The land at the site is young and several recently isolated lakes and wetlands are scattered in the
landscape. New land and 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 present-day
conditions of the site are described in Chapter 3.
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Figure 2-3. The coastal area in Forsmark, characterised by low topographical relief, shallow coastal bays
and recently isolated shallow lakes and wetlands.

2.3.7 Source term and radionuclide releases from the geosphere

The key aspect of the source term for the assessment context is the physico-chemical form of the waste,
especially the activity of the radionuclides, and the way in which it is conditioned and packaged. The
activity and other characteristics of the radionuclide inventory to be applied in the safety assessment are
presented in the Initial state report.

The activity of radionuclides in the waste to be disposed in SFR is dominated by short-lived radio-
nuclides, e.g. Fe-55 and Co-60, and a large part of the total activity disposed in SFR will decay
substantially prior to closure of the repository. The activity of the radionuclides in the waste from the
time of repository closure up to around 100000 years after closure is presented in the Post-closure
safety report, Figure 1-4. The total activity 100 years after closure is about 40 % of its initial value,
and about 1.5 % remains after 1000 years. Initially, Ni-63 dominates the activity, then, after about
1000 years, Ni-59 and C-14 dominate. The radionuclides with the highest activity are not necessarily
those that contribute most to the radiotoxicity of the waste. Ingestion radiotoxicity, below denoted
radiotoxicity, serves to quantify the radiological hazard from individual radionuclides in a simple way.
The radiotoxicity is here defined as the product of the activity of a radionuclide and its corresponding
ingestion dose coefficient. Hence, radiotoxicity is the effective dose one would receive from ingesting
a that activity of the radionuclide. The radiotoxicity of the waste as a function of time after closure is
presented in the Post-closure safety report, Figure 1-5. The radiotoxicity is initially dominated by
Cs-137 and Ni-63. The total radiotoxicity 100 years after closure is less than 20 % of its initial value,
and decreases to about 2.5 % after 1000 years, and to about 1 % after 10000 years. By the end of the
assessment period, after 100000 years, less than 0.2 % of the initial radiotoxicity remains.

The radionuclide release from the geosphere is a key input to the biosphere assessment. Two aspects

of the release are particularity important. Firstly, how much activity is transported from the waste,
through the near-field and geosphere, and at what time it reaches the biosphere system. This is addressed
in the Radionuclide transport report and the time series of the activity reaching the biosphere system
is used as direct input to the biosphere calculations. The second aspect is the spatial distribution of the
geosphere release. The location of the release depends on the flow paths of deep groundwater passing
the repository and on the location of deformation zones above, and the position of the release changes

in response to the emergence of land above the repository. The results from hydrogeological particle
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tracking studies (Odén et al. 2014, Ohman and Odén 2018) are used to outline surface ecosystems
expected to have relatively high concentrations of radionuclides. These areas are used to evaluate
potential doses to humans and dose rates to non-human biota.

2.3.8 Approach for calculating the assessment endpoints

The assessment endpoints in the biosphere assessment are annual dose (derived as the effective dose
from external exposure in a year, plus the committed effective dose from intakes of radionuclides in
that year) to adults, and dose rates to a set of reference organisms for non-human biota (Section 2.3.5).
Furthermore, the regulatory criterion for annual risk of harmful effects relates to a representative indi-
vidual in the group exposed to the greatest risk (Section 2.3.5, SSM 2008a). To enable the demon-
stration of compliance with regards to this risk criterion, annual doses are calculated to groups of
individuals likely receiving the higher exposures (denoted potentially exposed groups). When selecting
the groups, all relevant pathways of exposure are addressed, and the spatial distributions of radio-
nuclides are considered by identifying areas with the highest concentrations of radionuclides. The habits
of the groups reflect land-use that results in relatively high exposure and are selected to be reasonable
and sustainable. This approach to selecting potentially exposed groups is consistent with how ICRP
defines the representative person to be used for determining compliance with dose constraints (ICRP
2006, Chapter 3).

The assessment context described above includes aspects related to requirements set by the authorities,
conditions imposed by the repository system and the site, as well as requirements and prerequisites
from the overall safety assessment. The approach® for calculating the assessment endpoints is chosen
to meet these requirements and prerequisites and adequately represent conditions imposed by the
repository system and site.

The approach to the radionuclide transport modelling of natural ecosystems is to be as comprehensive
and realistic as possible, with respect to model structure, primary transport pathways, landscape devel-
opment and the associated parameters. However, the uncertainties with respect to the characteristics of
future human inhabitants of the area are large and essentially irreducible. Thus, the description of expo-
sure is based on the analysis of potential exposure pathways (conducted in SR-PSU) and cautiousness/
pessimism, rather than on an attempt to explicitly predict living conditions and habits of generations
to come in the Forsmark area.

In the PSAR, a probabilistic approach is applied in the calculation of doses, and parameters that
describe ecosystem properties are represented by probability density functions. However, best estimates
of parameters are used to describe landscape geometries and the associated hydrology. Parameters
describing potentially exposed groups for humans (Section 6.2) and reference organisms for non-human
biota (Section 6.3) are based on cautious or pessimistic assumptions. Fully deterministic calculations
are only used for evaluation of model performance (Chapter 7, Appendix C). The assessment endpoints
primarily feeding into the risk estimation (Post-closure safety report, Chapter 10) are selected to be
the mean values of calculated annual doses and dose rates.

2.3.9 Management of uncertainties

The management of uncertainties is an important aspect of any safety assessment. There is no unique
way in which to classify uncertainties. Here the classification is adopted and described that is suggested
in the general advice to SSMFS 2008:21 (SSM 2008b). Thus, it captures relevant aspects that also relate
to the recommendations described in the general advice to SSMFS 2008:37 (SSM 2008a) as well as
international practice in this type of analysis (NEA 2012, IAEA 2012). The following broad definitions
are used (Post-closure safety report, Section 2.5):

* Scenario uncertainty refers to uncertainty with respect to external conditions and internal processes
in terms of type, degree and time sequence, resulting in an uncertainty in the future states of the
repository system. It includes uncertainty for example in the evolution of the repository system,
human habits, and climatic and other long-term processes.

¢ In the BIOMASS methodology, the term assessment philosophy is used to describe the approach selected for
calculating the assessment endpoints.
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» System uncertainty concerns comprehensiveness issues, i.e. the question of whether all aspects
important for the safety evaluation have been identified and whether the analysis is capturing
the identified aspects in a qualitatively correct manner. In short, have all factors, features, events
and processes been identified and included in a satisfactory manner or has their exclusion been
appropriately justified?

*  Modelling uncertainty arises from a necessarily imperfect understanding of the nature of processes
involved in repository evolution which leads to imperfect conceptual models. The mathematical
representations of conceptual models will have involved some simplification, also contributing to
modelling uncertainty. Imprecision in the numerical solution of mathematical models is another
source of uncertainty which fall into this category.

* Data uncertainty concerns all quantitative input data, i.e. parameter values used in the assessment.
There are several aspects to consider in the management of data uncertainty. These include corre-
lations between data, the distinction between uncertainty due to lack of knowledge (epistemic
uncertainty) and due to natural variability (aleatoric uncertainty) and situations where modelling
uncertainty is treated by broadening the range of input data. The input data required by a particular
model is in part a consequence of the conceptualisation of the modelled process, meaning that
modelling uncertainty and data uncertainty are to some extent intertwined.

The strategy for managing uncertainties in the present safety assessment includes several elements.
System uncertainty is dealt with in the FEP analysis, which in turn emerges from a system under-
standing (Section 2.2). Scenario, modelling and data uncertainties are handled primarily in steps 2

to 6 of the biosphere assessment methodology, as described in Sections 2.4 to 2.6 below.

2.4 Representation of the biosphere

These steps of the methodology (Figure 2-2, steps 2 and 3) refer to identifying and describing
(or specifying) the set of biosphere systems that are needed to support the safety assessment.

Based on previous assessments related to the Forsmark site, coastal sea basins, lakes and wetlands are
the three natural ecosystems that are expected to occur in areas where deep groundwater is discharged
(e.g. SKB TR-10-09, SKB TR-14-06). Two versions of agricultural land use were used in SR-PSU
to evaluate effects from draining and cultivating natural ecosystems, and from using wetlands for
haymaking (SKB TR-14-06). In addition, a garden plot system was used to assess consequences from
exposure routes considered to be relevant on a smaller scale (e.g. irrigation and fertilisation with algae
or ash). The same set of biosphere systems are deemed appropriate for the present assessment.

The principal characteristics of the biosphere at the present day are presented in Chapter 3. Chapter 4
then gives short descriptions of natural processes driving the development of the Forsmark site, and
of the regolith-lake development model (RLDM) used to describe potential future landscapes.

Management of uncertainties

The uncertainties regarding the representation of the biosphere are classified as scenario and model-
ling uncertainties. The scenario uncertainty is related to landscape development, ecosystem succes-
sion, changes in the soil chemical environment and the future climate evolution. This uncertainty is
accounted for mainly by defining several future representations of the biosphere, corresponding to
a range of probable evolutions of external conditions (Chapter 4). Effects of these uncertainties are
evaluated by a set of calculation cases within the main scenario, and by supporting calculation cases.

The modelling uncertainty, in steps 2 and 3, relates to an imperfect understanding of the nature of
processes involved, which is propagated into modelling of present-day and future conditions of the
biosphere. These include, for instance, uncertainties in modelling of the locations of the primary future
discharge areas and the associated properties with respect to geometries, regolith stratigraphy and
hydrology (Chapter 5). Effects of these uncertainties are evaluated by including several supporting
calculation cases that are based on alternative assumptions.
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2.5 Biosphere assessment model

To simulate radionuclide transport, accumulation and potential exposure in the biosphere, conceptual
and numerical models of identified ecosystems have been developed in step 4 and 5 of the methodol-
ogy (Figure 2-2). The biosphere model for transport and exposure (BioTEx) used in the present assess-
ment is in essence the same as the one used in SR-PSU (Saetre et al. 2013a) and further developed in
SE-SFL (SKB TR-19-05). The BioTEx model handles coupled terrestrial and aquatic ecosystems, and
their temporal development, agricultural systems and dose calculations. It has been verified by code
comparisons, and part of the model has been validated (SKB TR-13-18). Moreover, it has proven to
be useful through experience (SKB TR-14-06, SKB TR-19-05) and has been judged to give a good
description of the biosphere system and to yield reasonable results (e.g. SSM 2019).

The conceptual structure of the BioTEx model reflects the outcome of the FEPs analysis, where
biosphere FEPs that are potentially important for post-closure safety have been identified and the
biosphere interaction matrix developed (SKB TR-11-01, SKB R-13-43). It further reflects previously
established conceptual models of aquatic and terrestrial ecosystems (Andersson 2010, Aquilonius
2010, Lofgren 2010), a conceptual landscape model (Lindborg 2010), and potentially exposed groups
identified through a comprehensive exposure pathway analysis (SKB R-14-02). The BioTEx model
is described in more detail in Chapter 7. Supporting modelling activities that provide input to the
BioTEx model are, for example, modelling of regolith and lake development (Chapter 4) and surface/
near-surface hydrogeology modelling (Chapter 5).

Management of uncertainties

Improvements of the BioTEx model were made in SE-SFL (SKB TR-19-05), and are related to
e.g. higher vertical discretisation of the lowermost regolith layers and improved representation

of terrestrial carbon (stable and C-14). These updates are included in the model together with a few
additional changes (see Chapter 7). The effects of updates are examined and evaluated in the PSAR.
The uncertainty introduced by using the BioTEx model can be classified as modelling uncertainty.
Uncertainties with respect to the contribution of decay products in agricultural systems are addressed
by comparisons of calculation methods.

2.6 Application of data

An important and challenging task in the biosphere assessment is gathering appropriate and internally
consistent data sets for the mathematical models (Figure 2-2, step 6). This task includes definitions
of uncertainty bounds or distributions to be used in probabilistic simulations. The challenge is not
only compiling data representing the present-day biosphere systems, but also to specify data that are
representative of conditions that may prevail in the future.

The main approach in the biosphere assessment in the PSAR is to, as far as possible, utilise site-specific
information for Forsmark, both for describing the parameters to be modelled and for selecting param-
eter values and their probability density functions. However, in some cases site data are not available.
In these cases, the parameter values are estimated from literature data, or by using analogues.

In the biosphere modelling, 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 parameter values from conditions
measured at the site or modelled based on site data. The use of real site data means that model assump-
tions and parameter values are transparent and can be traced back to the site description. Moreover,
using a representative data set, where the measured parameters are sampled at the same site during the
same period, gives internally consistent data. 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. The uncertainty in assumptions and parameters describing the succession of natural
ecosystems is relatively low for current conditions. However, uncertainties in biosphere properties
in the future increase gradually with time, such as for properties of future terrestrial conditions

not currently found at Forsmark, and thus it is inevitable that some cautious assumptions must be
introduced to handle these uncertainties.
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In addition to using a sound data basis for collating the data to be used in the modelling, a quality
assurance procedure has been developed to ensure a controlled handling of data and workflow to
guarantee the quality of data and model results (Chapter 8).

Management of uncertainties

The uncertainty in parameter values naturally relates to data uncertainty. In the PSAR, parameters
that describe ecosystem properties are represented by probability density functions that are aimed at
capturing natural variability. However, when measurements are few (or lacking), cautious assump-
tions with respect to the typical values and the spread of the data are used to deal with uncertainties
due to lack of data. In addition, the sensitivity of the calculated dose to changes in the values of
ecosystem parameters is examined in separate calculations.

The uncertainties with respect to the characteristics of future human inhabitants of the area are large
and essentially irreducible. Parameters describing potentially exposed groups are therefore repre-
sented by cautious or pessimistic assumptions. The parameters describing landscape geometries and
the associated hydrology are not assigned any uncertainty in the main scenario. However, landscape
modelling on such timescales is intrinsically uncertain, and the effects of variation in parameters
describing biosphere object properties are illustrated with supporting calculations, including a sensi-
tivity analysis.

2.7 Analysis and verification

When implementing the mathematical models for the biosphere assessment, considerations is given
to ensuring that selected modelling tools are fit-for-purpose and that the resulting implementations
of mathematical models are, as far as reasonable, verified (Figure 2-2, step 7).

The modelling tools used in the present biosphere assessment are the same as used in previous
assessments for SFR and for SFL, and the models are to a large degree the same. The BioTEx model
has previously been evaluated and deemed fit-for-purpose for use in the biosphere assessments
(Section 2.5), and since there are only minor changes in assessment context and in the mathematical
models, this still stands for the present assessment.

All model updates introduced in the PSAR have been verified by code auditing, and the effects of the
updates are quantified by model comparisons (Appendix C). Differences in model results, as compared
with the SR-PSU model, are in line with a-priori expectations, building confidence that the model
modifications are implemented as intended.

In Chapter 9, the results from the base case are examined in detail. The chapter covers in-depth
analyses of the annual doses to different potentially exposed groups, contributions of exposure path-
ways and the dynamics of radionuclide transport and accumulation throughout the regolith profile. The
fate of accumulated radionuclides upon draining and cultivation of a mire is also analysed. Patterns in
annual doses are deduced from the geosphere release, radionuclide properties and mechanisms such as
dilution, retention, retardation and radioactive decay. In this way, key radionuclides are identified, and
their main exposure pathways, transport mechanisms and timescales are characterised. Conclusions
with respect to mechanisms controlling transport and accumulation of key radionuclides are further
supported by the results from the sensitivity analysis of ecosystem parameters. Finally, the effects
of data uncertainties on the results are evaluated.

This step in the methodology demonstrates SKB’s understanding of the BioTEx model and helps build
confidence that the model results are plausible and reliable. Sense-checks and comparisons of model
outputs with results and understanding from analytical solutions for steady-state conditions are also
used to assure that the model performs as intended and that results are reasonable. In SKB’s experience
this type of high-level verification has proved to be very efficient for identifying inconsistencies in
the data and/or problems with the mathematical implementation of the model that have effects on the
model outcome.
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2.8 Results for evaluation of safety

As a part of the radionuclide transport model chain in the PSAR, the BioTEx model is applied to all
relevant calculation cases in the overall assessment (Figure 2-2, step 8).

A strategy in the PSAR has been to improve the integration of the biosphere assessment with the
overall safety assessment. Members of the biosphere team have worked closely with experts from
other disciplines as a part of the radionuclide transport team. The integration has been facilitated
by, for example, applying a biosphere assessment methodology that is compatible with the overall
assessment methodology, common and consistent comprehensive descriptions of the initial state of the
repository, geosphere and biosphere and of the evolution of the repository and its environs. The inter-
pretation, presentation and communication of results produced within the biosphere assessment are
also improved. Discussions about and iterations between identification and definition of calculation
cases and the interpretation of results have improved the internal consistency of calculation cases, and
have resulted in a better balance between simplifications made in the different domains (e.g. climate,
near-field, geosphere and biosphere). The results from the probabilistic simulations conducted for the
main scenario (Chapters 9 and 10) are part of the process of selecting the calculation cases presented
in the Radionuclide transport report, and further propagated to the Post-closure safety report.
Thus, interpretations of results presented here are directly applicable to the results that underpins the
risk assessment.

A comprehensive understanding of results also helps to build confidence in the reliability of the results
of individual calculation cases, confirming that the model responses to changes in conditions are
reasonable. Results from the supporting calculation cases presented in Chapter 11 are only presented
in this report. These calculations are designed to address scenario, model and data uncertainties that are
biosphere-specific. However, where applicable, conclusions drawn from these cases are referred to in
the discussion of risk and the evaluation of safety (Post-closure safety report, Chapters 10 and 11).
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3 Site description — present-day conditions
at Forsmark

The initial state of the repository and its environs is defined as the expected state at closure of the reposi-
tory and is one of the fundamentals for the safety assessment (Post-closure safety report, Chapters 2
and 4). For the surface system, the initial state is assumed to be similar to the present-day conditions

at Forsmark presented in this chapter in terms of climate (Section 3.1), topography and regolith
(Section 3.2), surface hydrological conditions (Section 3.3), chemical conditions (Section 3.4), marine,
limnic and terrestrial ecosystems (Section 3.5), human population and land use (Section 3.6) and wells
and water resources management (Section 3.7). Most data and models for the description of the surface
systems presented were included in the site descriptive model (SDM) for SR-PSU (SKB TR-11-04),
but the main part of the information was produced as part of SDM-Site (SKB TR-08-05), i.e. the site
description for the repository for spent nuclear fuel at Forsmark. A relatively large area (the Forsmark
area, see the overview map in Appendix B) was therefore included in the underlying site description.
Here in the PSAR, the main focus has been on the smaller area downstream of SFR, which already in
earlier assessments was identified as the potential area for release from SFR (release areas, so called
biosphere objects, are further described in Chapter 5). The site description was updated with knowledge
from new investigations performed after SR-PSU, whereas other recent studies are still being processed
or analysed for use in future safety assessments.

3.1 Climate conditions

The recent and present climate in the Forsmark area has affected and continues to affect the develop-
ment and structure of the regolith and topography, hydrology, chemistry, ecosystems as well as poten-
tial human land-use activities. The average surface air temperature and precipitation during the IPCC
(Intergovernmental Panel on Climate Change) 19862005 reference period (IPCC 2013) can be used
to describe present-day climate conditions at Forsmark (Climate report, Section 3.3). This period is
also used as a baseline in most of the future climate and sea-level projections in this safety assessment
(Climate report, Sections 3.4 and 3.5). The Forsmark mean annual air temperature during the refer-
ence period is estimated as 6.1 °C (Climate report, Section 3.3). This is about 0.6 °C higher than the
average air temperature during the 1961-1990 reference period used in SR-PSU (SKB TR-14-06,
Section 3.2) and is thus consistent with the overall warming trend observed in the region.

The vegetation period, broadly defined as the interannual period during which the mean air tempera-
ture is above 5 °C, is approximately 6 months (May to October) according to temperature data in
the 1986-2005 reference period. The prevailing wind direction is from the southwest and the mean
annual precipitation is estimated to 612 mm during this period (Climate report, Section 3.3). This is
about 10 % higher than the mean annual precipitation calculated for the 1961-1990 SR-PSU reference
period (Johansson et al. 2005). Precipitation at Forsmark is unevenly distributed over the year. Most
precipitation in the reference period occurred during the summer period of June—August with an
average of 203 mm and the least precipitation occurred during the spring period of March—May with
an average of 112 mm. According to the meteorological and hydrological monitoring programme
conducted at Forsmark (Berglund and Lindborg 2017), which includes data from surrounding stations
operated by the Swedish Meteorological and Hydrological Institute (SMHI), ~75 % of the precipita-
tion returns to the atmosphere via evapotranspiration and ~25 % is converted to runoff (Johansson
et al. 2005, Werner at al. 2013).
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3.2 Topography and regolith

For historical and practical reasons, the safety assessment is mainly described and modelled separately
for the near-field, the geosphere and the surface system. The surface system contains the bedrock
surface in rock outcrops, the regolith, i.e. unconsolidated deposits on top of the bedrock, the surface
groundwater within the regolith, waterbodies, and the adjacent atmosphere, including the organisms
in these media. However, the geosphere and surface hydrological models underlying the transport
modelling overlap across this somewhat arbitrary border to ensure consistency of assumptions and
boundary conditions.

The bedrock surface in the Forsmark region is a part of the sub-Cambrian peneplain in southeast
Sweden. This peneplain represents a relatively flat topographic surface with a gentle slope towards
the northeast that formed more than 540 million years ago (SKB TR-08-05). The Forsmark area is
characterised by a small-scale topography (Figure 3-1). Most of the area studied in detail in the site
investigations for the planned spent nuclear fuel repository is below 20 metres above the current sea
level (Johansson 2008).

Figure 3-1. The Forsmark area seen from the southeast, with the only larger arable land area, Storskdret,
in the foreground, and the Forsmark nuclear power plant in the background (cf Appendix B).
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The whole area is located below the highest coastline associated with the last deglaciation and large
parts of the area emerged from the Baltic Sea only during the last 2000 years (Section 4.6.2). Despite
the relatively flat topography, the upper surface of the bedrock undulates over small distances, but this
variation is partly evened out by variations in thickness of the regolith, i.e. unconsolidated deposits
above the bedrock (SKB TR-08-05 and see Figure 3-4).

A Digital Elevation Model (DEM) describes the topography (including bathymetry which is the
underwater equivalent to topography) of the Forsmark area (Figure 3-2). The DEM, which has a
horizontal resolution of 20 m, is a central data source for the site characterisation, and it is used as
input to hydrogeological descriptions and models, as well as to most of the descriptions and models
of the surface system. In the terrestrial areas, the DEM is based on aerial stereo-photographs taken
from an altitude of 2300 m. In the marine areas, the DEM is constructed using a combination of
nautical charts, supplementary depth probing and marine-geological surveys. A detailed description
of the DEM is provided in Stromgren and Brydsten (2013). The elevation differences are small in
the terrestrial parts of the Forsmark area, especially near the coastline, and also in the marine areas in
the vicinity of SFR. Prominent topographical features of the landscape are glacial landforms such as
eskers. The highest overall areas are located in the southwestern part of the area (Figure 3-2). A deep
trough (Grédsordnnan) runs in the NNW-SSE direction in the eastern part of the embayment, and the
lowest point (=55 m elevation) is in the northernmost part of this trough.

In the Forsmark area, as common in Sweden, almost all the regolith was formed during or after the
final phase of the latest glaciation, which in Forsmark occurred at around 8800 BC. Since it was formed
during the Quaternary period, the regolith is commonly denoted Quaternary deposits. Soils, i.e. the
upper part of the regolith in terrestrial systems and the uppermost sediments in aquatic systems, are
affected by a number of processes, e.g. deposition, decomposition of organic material, bioturbation,
erosion, and in terrestrial areas also frost action and weathering. Data describing regolith properties are
an important input when modelling the hydrology and transport of elements and various compounds
within the biosphere and between the geosphere and the biosphere. Soil properties are also strongly
associated with vegetation types and land use in terrestrial ecosystems.

SKB TR-23-06 43



160000 165000 170000
T

670?000
6705000

6700000
6700000

6695000
6695000

e IEL L i dgﬂﬁ

170000
Coord. system: SWEREF 99 18 00

Elevation (m.a.s.l.)

. o7 Lake N

0
Stream 0 3 km A
0 -55 | |

Figure 3-2. The digital elevation model (DEM) of the Forsmark area, including the bathymetry of the sea
(Stromgren and Brydsten 2013). The DEM has a horizontal resolution of 20 m. The map also shows the
location of the existing and planned extension of SFR.

7 On the maps produced for this report, horizontal coordinates are generally given in the coordinate system
SWEREF 99 18 00, where numbers approximate meters. Maps copied from, and produced for, SR-PSU (e.g.
SKB TR-14-06) use RT 90 2,5 gon V/0:15. Information about the coordinate system is given in figure legends
or captions. Elevation is expressed as meters above the sea level 1970 (RHB 70 datum).
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The descriptions of the spatial distribution of regolith (Figure 3-3) and its properties are based on the
map of regolith and primary data obtained from extensive field mapping, investigations in the form
of drilling, excavations and geophysics, and physical and chemical laboratory tests. For further details
on the availability of primary data associated with regolith and soil and evaluations of such data, see
Lundin et al. (2004), Hedenstrom and Sohlenius (2008), Nyberg et al. (2011), and Sohlenius et al.
(2013a).

The distribution of regolith types in Forsmark (Figure 3-3) is typical for areas located below the
highest coastline. Exposed bedrock occurs in locally high topographical terrestrial areas and along the
shoreline. Till is the dominant type of regolith and occupies about 65 % of the surface in terrestrial
areas and 30 % of the sea floor. A glaciofluvial deposit, Borstildsen, has N-S and NW-SE directions
along the coast of the mainland, and a continuation at the sea floor east of SFR. Glacial clay occurs
primarily below present lakes and in depressions on the sea floor. Postglacial sand often covers the
glacial clay. Postglacial clay gyttja, rich in organic material, is predominantly found and is presently
being deposited in shallow bays and in the deepest parts of the sea floor. Gyttja mainly consists of
organic material and is currently being deposited in the lakes. Peat accumulates in fens and along the
lakeshores. The sea floor in the close vicinity to SFR is dominated by till and, in the lower topographi-
cal areas, by glacial clay partly covered with sand. The shallowest areas and islands have a high
proportion of exposed bedrock.
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Figure 3-3. Surface distribution of regolith with a minimum thickness of 0.5 m and areas with exposed
bedrock in the Forsmark area (note that lakes and the sea are shown without surface water). Figure modified
from Petrone et al. 2020.

SKB TR-23-06 45



Soil-type classifications were conducted in pits dug in each land use type (forest, wetland, arable land).
Compared with most other parts of Sweden, regolith in the Forsmark area has been subjected to soil-
forming processes only for a relatively short time and most of the soils are therefore immature and
lack distinct soil horizons (Lundin et al. 2004). Till and glacial clay in Forsmark have high contents
of calcite (calcium carbonate, CaCOs) and originate from Palaeozoic limestone that outcrops on the sea
floor north of the Forsmark area (e.g. Figure 4-12 in Hall et al. 2019). The high content of CaCOs in the
soils strongly affects their chemical properties.

A regolith depth and stratigraphy model (RDM) has been developed to provide a geometric model
of the thickness and surface distribution of regolith layers at a landscape level. The RDM is based on
the general top-down stratigraphy for the Forsmark area, consisting of peat, gyttja and clay gyttja,
postglacial sand/gravel, glacial clay, glaciofluvial sediments, and till (Sohlenius et al. 2013a).

The total regolith thickness varies between 0 and 47 m. The coastal zone and the islands (including the
coastal zone of the island of Grisd) are characterised by thin regolith and frequent bedrock outcrops.
Generally, the regolith is thicker in the marine area, with an average thickness of ¢ 8 m, whereas the
average thickness in the terrestrial area is ¢ 4 m. The regolith thickness on the sea floor (excluding the
long pier clearly visible in the shoreline contours of the maps) above the SFR repository and in the
primary release area (biosphere object 157 2, see Chapter 5) is mostly 1-5 m (Figure 3-4).

A new DEM (Petrone and Stromgren 2020) and a new RDM (Petrone et al. 2020) have recently been
published but they are not yet incorporated in the safety assessment for SFR.

1 62|000 1 64[000
‘; w
o o 0 b}
o o <9 5 o
g S 8 i\ L I3
S S E ; ') = ES
"l B |
¥ . {
i - - "“1"
. - KL T
o =} - ) s g
o o o . . o
E E 8— k. i 7 —8
© ° g = 8 L
w O w
vl L] q
My 0 Q\%
o (=
o o
o o &
2 T T 2 T
© 160000 170000 © 164000
Coord. system: SWEREF 99 18 00
Regolith thickness (m)
B o-o1 5-7 20-25
i oo1-1 7-10 P 25-47
1-3 10-15 % SFR
3-5 1520
Base maps @ Lantmateriet N
0 10 km 0 2 km A
| | | ]

Figure 3-4. Modelled total regolith thickness, left) in the Forsmark area and right) closest to SFR
(Sohlenius et al. 2013a). Bedrock outcrops are shown as areas with regolith depth 0-0.1 m.
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3.3 Hydrological conditions
3.3.1 Surface hydrological conditions

The marine area at Forsmark consists of the open-ended embayment Oregrundsgrepen, with a wide
and deep boundary towards the north and a narrow and shallower strait towards the south. Based on
the sea bathymetry according to the DEM (Strémgren and Brydsten 2013), the present-day marine
area outside Forsmark was divided into 38 basins (Figure 3-5). Most of this coastal area is shallow
(sea depth less than 10 m), except for Grasordnnan with sea depths exceeding 50 m. The salinity
stratification in Oregrundsgrepen is generally weak. Local freshwater runoff results in a slightly
lower salinity compared with the Bothnian Sea (Aquilonius 2010). The direction of the flow through
Oregrundsgrepen varies with time, but on an annual basis there is a net flow directed from north
to south (Karlsson et al. 2010).
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Figure 3-5. Coastal basins (delineated based on the DEM) outside Forsmark. The inlet to the cooling-water
canal for the Forsmark nuclear power plant is visible in basin 120, and the location of SFR is indicated
on the map.
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The calculated average residence time (‘average age of the water’, AvA) for the individual basins
varies between 13 and 29 days with an average of 19 days (Werner et al. 2013). AvAs are generally
smaller in the deeper areas close to the open Bothnian Sea and generally larger in the shallow, isolated
coastal basins. For basin 157, directly above SFR, the AvA is 20 days. Most of the sea bottom consists
of shallow and exposed semi-hard (till, sand and gravel) and hard bottoms (boulders or bedrock)
interspersed by valleys with soft bottoms (cf Figure 3-3).

A total of 25 present and future (currently sea-covered) lake catchments and sub-catchment areas,
with sizes ranging from 0.03 to 8.67 km’, have been delineated within the Forsmark area (Brunberg
et al. 2004, Andersson 2010). Lake Fiskarfjdrden, Lake Bolundsfjarden, Lake Eckarfjirden and Lake
Gallsbotrisket are the largest present lakes in the area (Figure 3-6 and Figure 3-7), but they all have
a surface area of less than 1 km”. The average depth of the lakes in the Forsmark area is less than one
metre. Wetlands cover 10-20 % of the Forsmark area (Léfgren 2010). Many wetlands contain eco-
logically important ponds, whose depths and extents vary with wetter and drier periods. Forsmarksan
and Olandsén are the largest streams around Forsmark (Figure 3-6) and other streams in the area are
small with highly seasonal flows; several sections of these streams are often dry during the summer
(Figure 3-8).

The infiltration capacity of the regolith in the Forsmark area generally exceeds rainfall and snowmelt
intensities, and groundwater recharge is dominated by precipitation and snowmelt (Johansson 2008).
This suggests that surface runoff in the area is relatively low and that the waterways in Forsmark
receive much of their water from the near-surface groundwater. For example, lakes in the area are
generally considered to be groundwater discharge areas. However, some lakes may periodically switch
to recharge areas during the summer months as groundwater levels decrease to levels below the surface
water levels in the lakes. Fluxes of deep groundwater through the lake bottoms are assumed to be small
relative the fluxes from the near-surface groundwater due to the relatively low hydraulic conductivity
of the lake sediments.

The groundwater table in the regolith tends to follow the surface topography and is generally within

one metre of the ground surface (Figure 3-9) and groundwater divides in the regolith are therefore
assumed to coincide with the topographical surface-water divides. The close correlation between the
landscape topography and the near-surface groundwater results in the locally varying groundwater
system with a small spatial scale in relation to the groundwater flow systems of the bedrock.

The hydrological and hydrogeological system at Forsmark is complex. Detailed numerical hydro-
logical models were needed in order to help predict how the system would respond to future condi-
tions. Hydrological/hydrogeological models for Forsmark were constructed using the MIKE SHE
modelling tool during SR-PSU (Werner et al. 2013). These models were calibrated against the present
understanding of Forsmark (i.e. measured data) and then used to predict the future hydrological and
hydrogeological conditions of the area as affected by projected changes in the landscape, primarily
driven by the shoreline displacement and climate (further described in Section 4.3).
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3-6. Overview map of lakes, streams and some monitoring stations.
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Figure 3-7. Lake Eckarfjirden (see also Figure 3-6), one of the larger lakes in the Forsmark area. As with
other lakes in the area, Lake Eckarfjdrden is a shallow oligotrophic hardwater lake, with dense Chara stands
on the lake bottoms and the shoreline dominated by reed belts.

Figure 3-8. Photos showing (left) the largest stream in the Forsmark area (excluding Forsmarksdn and
Olandsdn), near the inlet to Lake Bolundsfjdrden (see Figure 3-6) and (right) a stream section that is dry in
the summer, a common sight in the Forsmark area.
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Figure 3-9. Cross plot and 1:1 line (solid black line) of average groundwater level in regolith (blue dots)
against the ground elevation at the location of the measurement. The figure is produced using data from
Johansson (2008).

3.3.2 Bedrock hydrogeological conditions

The bedrock hydrogeological system surrounding SFR is an important part of the total hydrological
system within the context of the PSAR: it is primarily the bedrock hydrogeological system that governs
where radionuclides are predicted to reach the surface following a potential release from the repository
level. A conceptual model of the bedrock hydrogeological features surrounding SFR (Figure 3-10)
was used in the safety analyses presented in SR-PSU (see Odén et al. 2014). This conceptual model is
also used in the PSAR. The model was built using borehole data, measurements of the magnetic total
field at the surface (i.e. magnetometry data), hydrogeological testing data, and data gathered during the
tunnelling and construction of the SFR repository. Presentation of the conceptual model as well as the
data used in its construction was presented in Ohman et al. (2012).

Two relatively wide deformation zones, known as the “Northern boundary belt” and the “Southern
boundary belt” bound the SFR site to the northeast and southwest respectively (see Figure 3-11).
Within the context of these analyses, the deformation zones are areas in the earth’s crust where shear
forces in two or more rock masses can cause a ductile and/or brittle failure of the rock along the shear
plane (i.e. a fault line). Between these boundary belts is located a rock volume that is significantly
less affected by deformation, called the “Central block”. SFR, including the planned extension, will
is located entirely within the Central block. A series of smaller deformation zones run perpendicular
to the bounding belts within the rock volume for the planned SFR extension. Observation of these
deformation zones was done primarily via the analysis of borehole and magnetometry data. A total
of forty deformation zones are accounted for in the bedrock conceptual model with varying levels
of confidence in their existence (Odén et al. 2014). Three of these deformation zones are modelled
as gently dipping (i.e. the inclination of the formation relative the horizontal plane is < 45°) with the
remainder being either steeply dipping (i.e. the inclination of the formation relative the horizontal
plane is > 45°) or vertical (see Stephens et al. 2007 and Odén et al. 2014). The deformation zones are
characterized by brittle, ductile and highly conductive rock and are referred to as hydraulic conductor
domains (HCDs) in the conceptual model, (Figure 3-10). The conductivities within the deformation
zones are several orders of magnitude higher than in the surrounding rock which allows for substan-
tially larger flows within these zones. This implies that the bulk vertical transport of radionuclides
to the surface is likely to occur within a deformation zone following a release of radionuclides from
SFR. For more information regarding the identification and modelling of the deformation zones (see
Rhén et al. 2003).
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Some borehole sections showed bedrock with characteristics similar to those found in a deformation
zone (i.e. a highly transmissive section of rock), but these deformations could not be linked to a surface
geological feature thus making them “unresolved”. This means that although the existence of these
deformation zones is supported by measurements there is less confidence in their size and position
relative the deformation zones discussed above. These unresolved deformation zones are referred to
as potential deformation zones (PDZs), see Figure 3-10, and they are stochastically represented in the
conceptual model (see Ohman et al. 2012, Appendix A).

Transmissivity measurements in the upper 200 m of bedrock within the boundaries of the SFR
regional model (Figure 3-11) indicate that there likely exists a network of water-bearing structures
with heightened transmissivities with an orientation ranging from gently-dipping to horizontal. The
most transmissive fractures are generally gently dipping to horizontal which play an important role in
the hydrogeology of the fractured rock at these depths. In the top 60 m of the bedrock, measurements
indicate that the rock mass is highly transmissive relative the average transmissivity of the bedrock
volume below 60 m. This heightened transmissivity appears to be spatially independent within the SFR
regional model area. Between 60 and 200 m depth, transmissivity measurements indicate that bedrock
structures with heightened transmissivities exist near the Northern and Southern boundary belts but not
within the Central block (see Ohman et al. 2012, Section 5.3.1). These high-transmissivity structures
are referred to as “Shallow Bedrock Aquifer” SBA) structures are represented deterministically in the
conceptual geological model used in the PSAR even though their existence is uncertain (Figure 3-10).
For more information on the realization of these structures in the conceptual model see Appendix B
in Ohman et al. (2012).

Current limitations in measurement techniques prevent the observation of every water-bearing struc-
ture relevant for SFR. However, it is understood that there certainly exist structures in the bedrock that
we have not observed but will certainly affect the regional and local hydrogeology relevant for SFR.
In the conceptual model, these unobserved structures are represented by a stochastically generated
“discrete fracture network (DFN)”. While much of the DFN is randomly generated, parametrization
of the hydraulic properties of the DFN are largely based on observations like fracture statistics from
boreholes and surface outcroppings. For more information regarding the generation and parametriza-
tion of the DFN see Appendix G in Ohman et al. (2012).

Southern boundary belt Hydraulic Northern boundary belt
Conductor (ZFMNNW1034)
Domain (HCD)

Figure 3-10. Side view facing west showing the conceptual model of hydrogeological features relevant for
the PSAR including the Northern and Southern boundary belt. The horizontal and vertical dimensions of the
conceptual model are approximately 1.5 km and 1.1 km respectively. Figure modified from SKB TR-11-04.
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Figure 3-11. A top-down view of the intersection, the deformation zones inside and the current ground
surface within the PSAR regional and local model area. Deformation zones with a “high confidence in
existence” are displayed in red. Deformation zones with a “medium confidence in existence” are displayed
in green. Names of individual deformation zones are also noted; names of deformation zones use the notation
“ZFM” followed by a unique ID. The domain boundaries of regional deformation zones ZEFMWNW0001 and
ZFMN20805A form the Southern respective Northern belt boundaries of the Central block.

3.4 Chemical conditions

The chemistry of the surface systems (surface water, groundwater, regolith, soils, sediments and biota)
at Forsmark has been the subject of various site investigation and modelling activities, including studies
of the water chemistry of limnic and marine systems (e.g. Sonesten 2005, Trojbom and Séderback
20006, Tréjbom et al. 2007, Andersson 2010, Aquilonius 2010, Qvarfordt et al. 2010), the chemistry
of terrestrial systems including regolith and sediments (Hedenstrém and Sohlenius 2008, Lofgren 2010,
Sheppard et al. 2009, 2011), the chemistry of biota (Sheppard et al. 2009, 2011), and synthesis reports
concerning the chemistry of the surface system (Trojbom and Grolander 2010, Tréjbom and Nordén
2010, Lofgren 2011). Since 2002 there has been an ongoing long-term chemical monitoring programme
at the site, comprising surface water and groundwater from regolith and bedrock (SKB R-07-34,
Berglund and Lindborg 2017).

The high content of calcium carbonate (calcite) in the regolith and the recent emergence of the Forsmark
area above sea level affect the chemistry of surface waters and shallow groundwater (Tréjbom et al.
2007). Specifically, surface water and shallow groundwater in Forsmark are generally slightly alkaline
(pH 7-8) and have high concentrations of major constituents due to marine relics since the area was
covered by sea water and due to glacial remnants deposited during the latest glaciation. The high calcite
content of the till (¢ 20 wt% Hedenstrom and Sohlenius 2008) has had strong effects on the development
of the terrestrial and limnic ecosystems at the site. Secondary calcite precipitation and co-precipitation
of phosphate contribute to the development of the nutrient-poor oligotrophic hardwater lakes that are
characteristic of the Forsmark area (Andersson 2010). The rich supply of calcium also influences soil
formation and the development and structure of the terrestrial ecosystems, for example by the formation
of rich fens with lime-favoured flora (Lofgren 2010).
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The distribution of elements among biotic and abiotic pools within the surface systems gives, together
with estimates of element fluxes into and out of these pools, an overall picture of major sources and
sinks of elements in the landscape. For most elements, the dominant fraction of the total content is
found in the regolith of both the terrestrial and limnic ecosystems. Carbon, main nutrients and some
essential trace elements are also found in significant fractions in the organic soil and biota pools (e.g.
N, P, K, S, Ca, Zn, Cu and Cl). This pattern is most pronounced for the terrestrial ecosystem due to the
significantly larger biomass compared with the limnic ecosystem in Forsmark (Tr6jbom and Grolander
2010). Recent studies have shown that a significant fraction of the Cl is bound into the biomass of the
terrestrial system and that this pool has a high turnover rate (Svensson et al. 2021).

The mobility and retention of elements in the landscape are the basis for the radionuclide transport
modelling of the biosphere. Empirical models based on sorption coefficients (K;) and concentration
ratios (CR) are applied to model the transport, retention and uptake of radionuclides in water, regolith
and biota (Trojbom and Nordén 2010, Trojbom et al. 2013). The mobility of specific elements has been
studied by statistical and geochemical models to further support the assumptions of the radionuclide
transport model (Jaremalm et al. 2013, Sohlenius et al. 2013b, Erichsen et al. 2013, Lidman et al. 2017,
Lidman 2022). These investigations illustrate the importance of understanding the modelled environ-
ment regarding chemical, physical and geometrical aspects to adequately model the speciation and fate
of radionuclides released to the biosphere.

3.5 Ecosystems

One use of the description of the present-day surface ecosystems, together with scientific knowledge,
is to identify processes potentially affecting transport and accumulation of elements to account for in
the radionuclide transport modelling and safety assessment. This is done in a systematic manner by
developing an interaction matrix for the surface system and FEP identification (see Chapter 6). The
most important processes affecting transport and accumulation of elements in marine, limnic and
terrestrial ecosystems, respectively, are summarized below (Figure 3-12 and Figure 3-13).
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sedimentation

Figure 3-12. Conceptual model of functional groups and important fluxes affecting transport and accumula-
tion of elements in aquatic (i.e. limnic and marine) ecosystems. Green arrows are fluxes mediated by biota
(including consumption of fish by humans), grey arrows are fluxes of water, particles and gas, and the blue
arrow represents sorption/desorption processes. The symbols to the right are examples of the smaller-bodied
flora and fauna in aquatic ecosystems.
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Figure 3-13. Conceptual model of important fluxes affecting transport and accumulation of elements in
a wetland ecosystem and arable land on a drained part of a mire (Ldfgren 2010). Green arrows are fluxes
mediated by biota (the uptake includes also the water for drinking), grey arrows are water and gas fluxes,
and the blue arrow represents sorption/desorption processes. “Release” indicates a hypothetical release
of groundwater from bedrock containing repository-derived radionuclides. The mire was preceded by a lake
stage and a marine stage, in which gyttja/clay and postglacial clay (shown as the greenish regolith layers)
were deposited prior to the peat (uppermost, brown layer).
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3.5.1 Marine ecosystems

The salinity in the Bothnian Sea outside Forsmark is low due to a large freshwater supply from
terrestrial areas to the Gulf of Bothnia and Baltic Sea and limited mixing with the North Sea. This
results in a low species diversity as few organisms are adapted to such brackish conditions. Shallow
waters, subdued bathymetry, restricted light penetration and upwelling along the coast also charac-
terise the marine ecosystems at Forsmark. Together, these factors result in a high primary production
of primarily benthic vegetation in the near-shore zone, in a region of otherwise fairly low production
(Aquilonius 2010). The primary production is lower in deeper areas and is there dominated by plank-
tonic organisms due to limitation of light at the bottoms. In agreement with the general eutrophication
of the Baltic Sea (Larsson et al. 1985, Andersen et al. 2017) and the Bothnian Sea (Lundberg et al.
2009) during the last century, the primary production has most likely increased in the Forsmark area.
The biomass of primary producers is dominated by benthic organisms such as microalgae, vascular
plants and benthic macroalgae and the fauna are dominated by detritivores (i.e. snails and mussels
feeding on dead organic material) on both hard bottom (Figure 3-14) and soft bottom substrates. The
fish community is generally dominated by the marine species herring (Clupea harengus membras)
in the pelagic zone, whereas limnic species (especially Eurasian perch, Perca fluviatilis) dominate
in near-shore areas and in secluded bays. Three-spined sticklebacks (Gasterosteus aculeatus) have
increased considerably lately and dominate the fish community numerically (Adill et al. 2021).

Comparison between results from sampling of marine vegetation and the GIS model (Geographic
Information System) used to model biomasses of marine basins (Aquilonius 2010) indicates that the
GIS model predicts total biomass fairly well, with 1.4 times higher biomass in field investigations
compared with modelled estimates (Aquilonius et al. 2011). Data from the mapping of reed beds in
shallow bays in the Forsmark area (Stromgren and Lindgren 2011) have been used to improve the
understanding of terrestrialisation, i.e. infilling of ecosystems transforming from marine basins into
lakes and wetlands.

Both abiotic and biotic processes influence transport and accumulation of elements in marine eco-
systems (Figure 3-12). However, carbon budgets (Aquilonius 2010) show that in marine ecosystems
advective fluxes (water exchange) rather than biotic fluxes (e.g. primary production and consumption
within the basins) often regulate transport and accumulation of elements (in particular in open and
more offshore basins).

Figure 3-14. Hard bottom with red algae and bladder wrack at Forsmark.
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The modelling of delineated marine basins shows that the whole marine area as an average has positive
net ecosystem production (NEP), meaning that the primary production is higher than the decomposi-
tion. Specifically, shallow areas near the coastline have positive NEP and export of organic matter to
more offshore areas that in turn have negative NEP, mainly due to the large contribution from benthic
macroalgae in shallow areas. Further details on the availability of primary data associated with marine
ecosystems and evaluations of such data are provided in Aquilonius (2010).

3.5.2 Limnic ecosystems

Present-day lakes in the Forsmark area (Figure 3-6) are small and shallow (mean depth is typically
below 1 m). They are characterised as oligotrophic hardwater lakes, with high calcium and low nutrient
levels (Andersson 2010). This lake type (exemplified in Figure 3-7) is common along the coast of
northern Uppland region where Forsmark is situated, but rare in the rest of Sweden (Brunberg et al.
2002, Hamrén and Collinder 2010).

Shallow depths and relatively clear waters allow photosynthesis in the entire benthic habitat, and the

lake bottoms are covered by dense stands of macrovegetation and a thick layer of microphytobenthos
(microscopic algae and cyanobacteria). These two types of primary producers dominate the biomass

and primary production, making phytoplankton biomass and production less important.

The shorelines are dominated by reed belts, which are extensive especially around the smaller lakes.
The fish communities in the lakes of Forsmark are dominated by perch (Perca fluviatilis), roach
(Rutilus rutilus), tench (Tinca tinca) and crucian carp (Carassius carassius), of which the latter two
species are resistant to the low oxygen concentrations that could occur during winter under the ice.

The streams in the Forsmark area are small and many stream stretches dry out during summer
(Figure 3-8). However, some streams close to the coast carry water for most of the year and function
as passages for migrating spawning fish. Extensive spawning migration has been observed between
the sea and Lake Norra Basséingen (Loreth 2005). The two large streams Olandsan and Forsmarksén,
located just south of the Forsmark area, carry water during the whole year and discharge into the sea
bay Kallrigafjarden. The vegetation in the streams is highly variable, between 0 and 100 % coverage
of the streambed, but with some longer parts with intense growth (75-100 % coverage, Andersson
et al. 2011).

As for marine systems, both abiotic and biotic processes influence transport and accumulation of
elements in limnic ecosystems (Figure 3-12). Modelling of carbon dynamics in limnic ecosystems
shows that, contrary to typical Swedish lakes, primary production exceeds respiration in many lakes in
the Forsmark area (Andersson 2010). In some of the larger lakes in the area (e.g. Lake Bolundsfjarden
and Lake Eckarfjarden, Figure 3-6), the primary production involves large fluxes of carbon compared
with the amounts that are transported from the surrounding catchment area. Consequently, there is a
large potential for inorganic carbon entering the lakes to be incorporated into the lake food web via
primary producers. However, much of the primary produced carbon is circulated within the microbial
food web and transferred back to abiotic pools or sequestered in sediments (Andersson 2010, Chapter 5).

In the larger lakes, there is a relatively large deposition in sediments, which can be a permanent sink
for elements. In smaller lakes and ponds, the amounts of carbon involved in the primary production
and deposited in sediments are small compared with the amounts of carbon transported from the
surrounding catchment area. According to ecosystems modelling, these lakes hence function more as
through-flow systems (Andersson 2010). The chemical properties of the elements, the size of the lake
and its location in the catchment area determine the fate of elements entering lake systems. Further
details on the availability of primary data associated with limnic ecosystems and evaluations of such
data are provided in Andersson (2010).
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3.5.3 Terrestrial ecosystems

The present-day terrestrial vegetation is strongly affected by topography, regolith characteristics and
human land use. Some three quarters of the land area in Forsmark is covered by forests, dominated by
Scots pine (Pinus sylvestris) and Norway spruce (Picea abies) (Lo6fgren 2010). Due to the calcareous
regolith, the field layer is characterised by herbs, broad-leaved grasses and many orchid species.

The area has a long history of forestry, with a large percentage of younger and older clear-cuts in
different succession stages. Most of the frequent wetlands are coniferous forest swamps or open mires
(Figure 3-15). Less mature wetlands consist of rich fens due to the high calcareous content of the rego-
lith. In this report, the term mire is generally used for peat-accumulating wetlands, including both fens
and raised bogs, of which especially fen mires can be suitable for drainage and cultivation. Agricultural
land (arable land and grassland) only covers a minor part of the land area of Forsmark.

The most common large mammal species in the Forsmark area are roe deer (Capreolus capreolus) and
moose (Alces alces). In total, 139 bird species have been found in the Forsmark area (Green 2019),
and the most common species are, as in comparable regions of Sweden, chaffinch (Fringilla coelebs)
and willow warbler (Phylloscopus trochilus) (Lofgren 2010). The area is interesting from a nature
conservation point of view, where the highest nature values are associated with wetlands and forests
containing red listed and/or legally protected species (Hamrén and Collinder 2010). Two such rare
species are the wetland species fen orchid (Liparis loeselii) and the pool frog (Rana lessonae), which
both have a restricted national distribution range along the coast around Forsmark within the north
of Uppland and are found in this area.

Modelling of carbon dynamics for two conifer forest stands (i.e. the dominant vegetation type in
Forsmark) and one forested wetland shows that the largest carbon flux in terrestrial ecosystems is the
uptake of carbon by primary producers, and that the vegetation at all the investigated localities today
acts as a carbon sink (Lofgren 2010). The net primary production sets the upper limit for the potential
uptake of different elements into biomass, which in turn limits the extent of further propagation up the
food web. Eventually, biomass reaches the soil compartment as litter and is mineralised. The balance
between litter production and heterotrophic respiration determines to what extent organic material
(and incorporated elements) can be accumulated in the soil, with generally higher accumulation in wet
(and anoxic) conditions.

Figure 3-15. A wetland in Forsmark dominated by common reed (Phragmites australis).
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Dynamic vegetation modelling based on site data shows that other vegetation types (e.g. deciduous
trees, meadows and arable land) also are carbon sinks, with the exception of clear-cut forests that

act as carbon sources (Lofgren 2010). Figure 3-13 illustrates a compilation of important processes
for a mire ecosystem. Further details on the availability of primary data associated with terrestrial
ecosystems and evaluations of such data are provided in Lofgren (2010).

3.6 Human population and land use

At the site, the Forsmark nuclear power plant is a large industrial activity in an otherwise relatively
undisturbed area. There are no residents or holiday houses within a 3 km radius from SFR. Within a
5 km radius from SFR there are a few permanent residents and holiday houses and one farm (situated
at Storskéret, Appendix B). The Forsmark area is used for hunting and fishing (outside the protected
area around the nuclear power plant), but only occasionally used for other recreational activities due
to the small local population, the relative inaccessibility of the area and the distance from major urban
areas. Land use has previously been dominated by commercial forestry, and timber extraction has been
the only significant man-made export of biomass from the area.

Despite the lack of farming close to SFR, present agricultural activities in the areas around Forsmark
are described here in more detail due to the importance of cultivated land for potential future radio-
nuclide exposure (see Sections 6.2.1 and 9.3). Currently most arable land in the region around Forsmark,
as generally in the county of Uppsala, is situated in areas with water-deposited clays (glacial and post-
glacial) and other fine-grained deposits, formed in topographical depressions when the area was covered
by the Baltic Sea (Lindborg 2010). These deposits are, however, almost lacking in the terrestrial part of
the present Forsmark area and the proportion of arable land is therefore low. That can, however, change
in the future when the fine-grained deposits situated at shallow water depths around SFR become avail-
able for cultivation through the shoreline displacement (further discussed in Sections 4.6 and 4.7).

According to the land use data, the agricultural land in the Forsmark model area comprises 84 ha, of
which 34 ha is arable area and 50 ha is classified as semi-natural grasslands or pastures (Lofgren 2010).
Only around 10 % of the earlier used total agricultural area (arable area and pasture) is today used for
production of grain and vegetables. This is in line with the agricultural practises in Sweden, where 3/4
of the agricultural area is used for fodder production and 1/4 for production of grain and vegetables for
human consumption.

A smaller fraction of the arable land in the region around Forsmark is situated in areas with till and peat.
The till in most areas has a high content of boulders and stones and is therefore not suitable for cultiva-
tion. The proportion of organic deposits used for cultivation in the whole of Sweden has decreased signi-
ficantly during the last 60 years (cf Lindborg 2010). The present proportion of cultivated peat deposits in
the County of Uppsala (5 %) is close to the Swedish average (Berglund et al. 2009). Today it is generally
not allowed to make new ditches in areas unaffected by ditches, and peat-covered wetlands (i.e. mires)
are at present not converted to arable land in Sweden. However, a larger proportion of the Swedish
peatland could potentially be used for cultivation in the future.

Many of the wetland areas in the County of Uppsala have been drained for improving forest growth.
This has caused subsidence and oxidation of peat in large areas. These processes are, however, much
slower in forested areas than in areas used as arable land (Maljanen et al. 2010). Additionally, some
wetlands have been drained for exploration of fuel peat or peat used for soil improvement. The peat
in the Forsmark regional model area is at present not suitable for use as fuel, due to high sulphur and
ash contents and to relatively small and shallow peat deposits (Lindborg 2010, Fredriksson 2004).

Historical land use in the region, in particular cultivation of peat, is further described in Section 4.6.
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3.7 Wells and water-resources management

All public water supply in the Municipality of Osthammar is based on groundwater (Werner et al.
2010). The public water supply closest to SFR is located at the Borstildsen esker, several kilometres
southeast of SFR.

At present, ¢ 30 % of the inhabitants in Osthammar obtain their drinking water from private wells.
Today, there are some private wells (dug in regolith or drilled in bedrock) in land areas along the
coast. Analyses of the well water show that the water quality varies from potable to non-potable.
Consequently, some wells are not used as drinking-water supplies but instead for other purposes,
e.g. irrigation of garden plots.

According to an analysis of regional well density (both dug and drilled wells), the current well density
varies between ¢ 0.2 and 2 wells per km® depending on the size and location of the analysed area
(Kautsky 2001). The well density varies between 0.2 and 0.9 wells per km? in different sub-areas
within an area close to SFR (size 400 km?) and between 0.5 and 2 wells per km? in different sub-areas
within northern Uppland (size 3300 km?).

According to an analysis of data from the SGU Well Archive (Geological Survey of Sweden, SGU)
on more than 5000 private wells drilled in bedrock in northern Uppland (cf Gentzschein et al. 2007),
a typical well depth in bedrock is ¢ 60 m. For further descriptions of dug and drilled wells, see Werner
etal. (2013).

Current water management activities in Forsmark include pumping groundwater out from SFR, a
cooling-water canal from the sea to the Forsmark nuclear power plant, the use of Lake Bruksdammen
(c 4 km southwest from Forsmark) as a water supply, and a groundwater-drainage system at the power
plant (Werner et al. 2013). There are no land improvements or drainage activities registered in public
records. However, there are shallow drainage ditches in the forests, and the level of Lake Eckarfjdrden
has previously been artificially lowered. Some minor natural springs have been observed in the area
(see, for example, Nilsson and Borgiel 2005). None of these springs are registered in public records,
and they have not been used according to the available information.

In Sweden today, the proportion of the arable land that is irrigated is small, 3—4 % (Bergstrom and
Barkefors 2004). The irrigated land is primarily located in the county of Skane (southern Sweden) and
the use of irrigation is less common in northern regions. In Uppsala County, the total irrigated area
was estimated to be below 100 ha in 2006 and irrigated areas thus make up less than 0.1 percent of the
total arable land in the county (Brundell et al. 2008, see also Lofgren 2010 for a discussion). Irrigation
of cereals and fodder is very rare, and instead it is primarily potatoes and horticultural products that are
irrigated. Between 14 % and 28 % of the land used to produce these crops is irrigated in the Uppsala
County, which is below the national average (Brundell et al. 2008). For the last 40 years surface water
has been the primary source for irrigation in Sweden, and it covers approximately 85 % of the water
used (Johansson and Klingspor 1977, SCB 2017).
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4 Site development — modelling and description of
future conditions and land use

As the safety assessment spans a large time scale, it is necessary to acknowledge factors that influence
the development and properties of the future landscape. This chapter gives a short description of the
natural processes and possible human impacts driving the development of the Forsmark site. The focus
in this chapter is on the landscape features that are likely to have the largest impact on human exposure
to radionuclides originating from the repository, and landscape features that historically have been
affected by human utilisation.

The main processes such as climate and climate-related processes that affect the landscape succession,
including a description of shoreline displacement, are described (Section 4.1). Their implications for
the development of topography and regolith (Section 4.2), surface hydrological conditions (Section 4.3)
and chemical conditions (Section 4.4) are outlined and the development of marine, limnic and terres-
trial natural ecosystems under present-day, global warming and periglacial conditions is presented
(Section 4.5).

Knowledge of historical land use is then described and used to sketch future landscapes. Agricultural
land is the most intensively managed part of the landscape (Section 4.6). This includes the cultivation
of organic soils situated in discharge areas for groundwater, where there is a potential for radionuclides
to accumulate for a long period of time prior to drainage and cultivation (SKB TR-10-09, Saetre et al.
2013b). Special effort has therefore been put on estimating characteristics of lakes, mires, and culti-
vated peat deposits.

Finally, the processes driving the landscape development are further elaborated to sketch the poten-
tial configuration of future landscapes in a regolith-lake-development model (RLDM, Section 4.7).
Examples of potential future landscapes are described based on the RLDM and knowledge from the
present landscape, climate modelling, historical data and historical land use. Finally, the uncertainties
in the future landscape descriptions and the application of the results from regolith-lake development
model in the safety assessment are discussed.

4.1 Climate and climate-related processes

The long-term development of the future landscape in the Forsmark area is mainly controlled by two
partly interdependent factors: climate variations and shoreline displacement. These two factors in
combination strongly affect many of the processes determining the development of ecosystems and
future conditions of importance for radionuclide transport and exposure. Examples of such processes
are erosion and sedimentation, groundwater recharge and discharge, soil formation, primary produc-
tion, and decomposition of organic matter.

4.1.1 Future climate evolution

The climate evolution of the next 100000 years will be primarily determined by changes in the
incoming solar radiation (insolation) during the boreal summer season, current levels of atmospheric
CO, and future emissions of anthropogenic greenhouse gases (Climate report, Sections 3.4.5 and
4.3). Future changes in insolation to the Earth can be predicted with high accuracy. These show
that the summer insolation over the next 100000 years will be associated with considerably less
variability than during the past 100000 years when the Fennoscandian climate was dominated by
major glaciations (Climate report, Chapter 3). As a result, it is likely that the current interglacial,
the Holocene, will be significantly longer than the previous interglacials. However, the length of the
current interglacial is also dependent on the amount of anthropogenic greenhouse gases emitted to
the atmosphere. Specifically, it will last at least for another 50000 years even if the anthropogenic
greenhouse gas emissions are substantially reduced within the coming decades, but likely for another
100000 years or longer if current, or higher, levels of anthropogenic emissions continue over the
next few decades (Climate report, Sections 3.4.5 and 4.3).
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Taking these projections about future climate evolution as well as the results from SR-PSU into
account, three post-closure climate developments are selected as variants of reference external condi-
tions in the PSAR: the present-day climate variant, warm climate variant and cold climate variant.
Collectively, these variants define the range of probable climate developments at Forsmark over
the next 100000 years, and thus constitute the range of external conditions considered in the main
scenario (see further the Post-closure safety report, Section 2.6.3). The conceivable climate-related
conditions can be represented as climate-driven process domains, typically referred to as climate
domains (Climate report, Section 1.4.3). At Forsmark, characteristic climate-related conditions of
importance for repository safety can be represented by the temperate, periglacial and glacial climate
domains. In summary, the temperate climate domain is defined as periods without the presence

of permafrost or ice sheets, whereas the periglacial climate domain is defined as periods that contain
permafrost but no ice sheets at the Forsmark site. Periods defined as the glacial climate domain are
characterised by ice-sheet coverage at Forsmark that may, or may not, also contain permafrost.

In addition to the climate domains, the description of the post-closure climate evolution also includes
information as to whether the Forsmark site is submerged beneath the Baltic Sea or not. Submerged
conditions are defined to prevail when the relative sea level is above —5.6 m (in the Swedish national
reference height system RH2000 (SMHI 2020). This corresponds approximately to 5.8 m below the
present sea level at the site®. At this height, 75 to 100 % of the surface above the repository is land.
Furthermore, a decrease of the relative sea level to this height has a large effect on several features
of importance for the safety assessment, e.g. the groundwater flow, discharge areas and land use (see
further Chapter 5).

The succession of climate domains in the three variants, including periods of submerged conditions,
is shown in Figure 4-1. These variants are briefly discussed in the following, whereas a more compre-
hensive description is provided in the Climate report, Chapter 5.

Present-day climate variant

N

12 22 32 42 52 62 72 82 92 102

Warm climate variant

Climate domains
2 12 22 32 42 52 62 72 82 92 102 Temperate [
Periglacial [ |
Cold climate variant Submerged [l
conditions
2 12 22 32 42 52 62 72 82 92 102
Time (ka AD)

Figure 4-1. Succession of climate domains, including periods of submerged conditions, of the climate
developments considered in this report.

¥ The present-day mean relative sea level at Forsmark is approximately +0.2 m in the RH2000 reference system
(Climate report, Section 3.4).
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Present-day climate variant

The present-day climate variant represents a future development where present-day climate condi-
tions prevail for the complete assessment period. This results in 100000 years of continued temperate
climate conditions at Forsmark, consistent with the warm climate variant which represents the
anticipated future climate evolution under “business as usual” global warming (see below).

The present-day climate is represented by locally measured meteorological data during a standardized
one-year period (October 2003 to September 2004), referred to as the “normal” year (Bosson et al.
2010), see Table 4-1. During this year, the average air temperature was 6.4 °C and the accumulated
precipitation was 583 mm. These values are similar to the average annual air temperature and precipita-
tion during the 19862005 reference period (Section 3.1) as well as the period 2004—2010 when the site
investigations were carried out (Bosson et al. 2010, Werner et al. 2013). The estimated annual potential
evapotranspiration of the standardized normal year is 421 mm.

Table 4-1. Characteristics of the climate in the present-day climate variant. Annual (without a
subscript) and summer (June, July and August; denoted JJA) values are given for temperature (T),
precipitation (P), and potential evapotranspiration (PET). Present-day characteristics are taken
from the normal year which has been used in SKB’s description of the future hydrology in Forsmark
in SR-Site and SR-PSU (Bosson et al. 2010). PET was calculated in Johansson (2008).

Air temperature Precipitation Pot. Evapotransp.
T (°C) Tua(°C) | P (mm) P,a (mm) | PET (mm) PET ;s (mm)

Present day +6.4 +16 583 186 421 244

Warm climate variant

The likely developments of external conditions over the next 100000 years are represented by the warm
climate variant and the cold climate variant. The warm climate variant assumes that anthropogenic
greenhouse gas emissions comparable to present-day levels will continue for the next few decades,
followed by a gradual decline towards net-zero emissions by the beginning of the 22nd century. Hence,
this variant represents a likely scenario in line with recent projections of “business as usual” emissions
as well as the Intergovernmental Panel on Climate Change (IPCC) medium emissions scenarios RCP4.5
and RCP6.0° (Climate report, Section 4.2). Most modelling studies on the long-term future climate
evolution project that the current interglacial will be prolonged for at least 100000 years under these
emissions (Climate report, Section 4.3). As a result, as with the present-day climate variant, the warm
climate variant is characterised by temperate conditions at Forsmark for the complete analysis period
of 100000 years.

In the warm climate variant, the air temperature at Forsmark is assumed to increase by a maximum
of 5 °C above the present level within the current millennium (Table 4-2), after which it will slowly
decline over the following tens of thousands of years. The maximum temperature increase corre-
sponds, approximately, to the mean value in future warming at Forsmark considering the amount of
emissions assumed in the warm climate variant (Climate report, Section 3.4.4). Annual precipitation
is projected to increase with higher temperatures. For a warming of 5 °C, the corresponding precipita-
tion at Forsmark is estimated to increase by ¢ 10-20 % relative to present day precipitation (Table 4-2
and Climate report, Section 3.4.4). However, the corresponding precipitation response during the
summer months (June to August) may either increase or decrease, where the higher annual precipita-
tion corresponds to an increase also in summer precipitation, but the lower value corresponds to a
decrease in the summer precipitation relative to present (Table 4-2 and Climate report, Appendix B).
The annual potential evapotranspiration is also expected to increase with higher air temperatures. The
change in potential evapotranspiration due to a warmer climate is calculated using the temperature-
based methodology described in Pereira and Pruitt (2004) (Climate report, Appendix D). Using this
methodology, the maximum increase of annual potential evapotranspiration, resulting from a 5 °C
warming, is estimated to be ¢ 34 %, compared to that of the present-day (Table 4-2). The projected

° Nomenclature adopted from IPCC’s fifth assessment report (IPCC 2013). In the most recent, sixth, IPCC assess-
ment report, emissions scenarios denominated SSPs rather than RCPs (see Climate report, Section 4.2.1).
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changes in precipitation and PET indicate the moisture in future Forsmark terrestrial landscape with
the warm climate variant would range from similar to present conditions to considerably dryer. As
the potential evapotranspiration increases more than precipitation in summers, and summers may be
relatively dry, the crop water demand is expected to increase in the warm climate variant.

Table 4-2. Maximum changes from present-day (Table 4-1) in the warm climate variant. Annual
(without a subscript) and summer (June, July and August; denoted JJA) changes are given for
temperature (AT), precipitation (AP), and potential evapotranspiration (APET). Note that the warm
climate variant describes two different representations of summer precipitation, see the text for
further details.

Air temperature Precipitation Pot. Evapotransp.
AT (°C) AT, 5 (°C) | AP (mm) AP, (mm) | APET APET, ;s
(mm) (mm)
Warm climate +5.0 +4.0 +19 % +17 % +34 % +18 %
Warm climate with dry summer +10 % -13 %

Cold climate variant

The cold climate variant represents a future development characterised by substantial reductions

in anthropogenic greenhouse gas emissions and/or removal of atmospheric CO, by technological
measures. Under these developments, atmospheric CO, is projected to have returned to pre-industrial
levels within the first 50000 years (Climate report, Sections 3.4.1 and 4.3), resulting in growth of
Northern Hemisphere ice sheets in response to the next substantial minimum in summer insolation
around 56 000 AD (Climate report, Section 3.4.5). This development is envisaged to result in two
ensuing periods of periglacial conditions at Forsmark during the second half of the assessment period.
Regional climate modelling indicates somewhat wetter conditions in Forsmark in a periglacial climate
as the evapotranspiration is estimated to decrease more (50 %) than the precipitation (30 %), resulting
in a higher runoff (Table 5.3 in Werner et al. 2013 based on input from Kjellstrom et al. 2009).

4.1.2 Shoreline displacement

Changes in the shoreline displacement, i.e. the relative sea level, in the Forsmark area are determined
by the opposing contributions of eustasy and isostasy. Eustasy represents changes in sea level due to
e.g. changes in the volume and spatial distribution of sea water in the world’s oceans, whereas isostasy
describes the vertical movement of the Earth’s crust (i.e. bedrock), which in the Forsmark area is
currently dominated by rebound following the latest glaciation. If the rate of isostatic rebound exceeds
the eustatic contribution, the relative sea level will decrease and the resulting shoreline regression will
contribute to a gradual exposure of new land areas. Conversely, if the eustatic contribution exceeds the
rate of isostatic rebound, the relative sea level will increase and the resulting shoreline transgression
will contribute to a gradual disappearance of land areas beneath the sea.

In the past, shoreline displacement has strongly affected the Forsmark area, both before and after the
latest deglaciation. The ongoing shoreline regression creates an altitude gradient from coast to inland
that represents a timeline in landscape development from the last deglaciation. At the end of the latest
deglaciation around 8800 BC, the area was covered by approximately 150 m of glacial lake water
and the nearest shoreline was situated some 100 km west of Forsmark (see Chapter 3 in Soderbick
2008). Thereafter, the isostatic rebound has been continuous and slowly declining in rate. The rate
of rebound in Forsmark has decreased from ¢ 35 mm a' directly after the deglaciation to a present rate
of ¢ 6.7 mm a™'. At present, the rate of isostatic rebound is also compensated by an eustatic contribution
(sea-level rise) amounting to a rate of about 2.6 mm a"'. These combined contributions result in a
present-day decrease of the relative sea-level, i.e. shoreline regression, of about 4.1 mm a™' (Climate
report, Section 3.5).

The uncertainty in future global sea-level rise over the next thousands of years is very large, with

increases in sea level ranging from a few metres to several tens of metres depending on the degree
of global warming and how Earth’s ice sheets and glaciers will respond to that warming (Climate
report, Section 3.5.3). At Forsmark, this uncertainty translates into either a shoreline transgression
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or a continued shoreline regression. Owing to the large uncertainty of future sea-level rise, multiple
variants of relative sea-level change are described in the PSAR, see Section 6.2 of the Post-closure
safety report.

In the present-day climate variant and cold climate variant, the contribution of future sea-level rise is
for simplicity assumed to be negligible. Thus, the initial shoreline displacement at Forsmark in these
variants is comparable to the glacial isostatic adjustment (Brydsten and Stromgren 2013). Since earlier
safety assessments (e.g. SR-PSU) show that doses are generally higher in terrestrial systems, this
simplification is assumed to be pessimistic as it results in a faster emergence of new land areas than
when an expected sea-level rise is considered. Further, it facilitates comparison with the results of the
main scenario in SR-PSU where the same representation of future shoreline displacement was used
(SKB TR-14-01). The resulting initial duration of submerged conditions in these variants is 1000 years.

In the warm climate variant, the climate warming is assumed to result in an increased rate of sea-level
rise over the initial thousands of years, resulting in a delayed shoreline regression compared with the
other variants. As a result, the initial duration of submerged conditions is prolonged by 3 500 years in
the warm climate variant compared with the other variants. Further details about the shoreline displace-
ments included in the climate variants are given in the Climate report, Chapter 5.

The shoreline regression will expose sediments to wave erosion and resuspended fine-grained particles
will be transported out of the area into the Bothnian Sea, or re-settle on deeper bottoms within the study
area (Brydsten and Stromgren 2010, 2013). Accordingly, the relocation of sediments may have implica-
tions for transport and accumulation of radionuclides potentially originating from the repository. The
shoreline displacement will also cause a continuing and predictable change in the abiotic environment,
e.g. in water depth, hydrology and availability of terrestrial ecosystems e.g. suitable for cultivation and
extraction of well water. These factors influence transport and potential exposure to radionuclides and
it is therefore appropriate to describe the origin and succession of ecosystems in relation to shoreline
displacement.

4.2 Development of topography and regolith

The distribution of regolith in the Forsmark area will change throughout the period considered in the
safety assessment. In the present terrestrial area, the proportion of peat-covered areas will increase as
the shallow lakes are infilled, and the low-lying wetlands are covered by a layer of peat (i.e. mires).
New lakes will form when the present sea floor becomes exposed with the land uplift and these lakes
will successively be filled with gyttja and peat (see Section 4.5) that can be drained and cultivated.
The proportion of land suitable for agriculture is likely to increase significantly in the far future as the
areas with water-deposited clay and sand at the floor of Oregrundsgrepen become exposed from the
sea (Figure 3-3). Areas with such minerogenic deposits can likely be cultivated for many thousands
of years. However, importantly for the safety assessment, discharge of groundwater occurs only in
limited parts of these areas (Werner et al. 2007).

In addition to some forested areas situated on sand and clay, a large proportion of the present
mainland is covered by till and forests. These till areas typically have a normal frequency of surficial
boulders (5-30 boulders/100 m?) and may be used as arable land in the future. However, based on
current and historical practices it is unlikely that there will be any extensive cultivation of these areas
(Lindborg 2010). Glaciofluvial deposits and till with a high frequency of boulders, and outcrops are
not suitable for cultivation and will probably remain forested.

The accumulation of sediment and peat as well as the erosion of sediment on the sea floor will
continue in the future. Some parts of the sea floor are likely to become shallow lakes and mires and
will eventually be covered by a layer of fen peat. Many of the mires that will form directly upon the
clay, sand or after a lake state can probably relatively easily be drained and used as arable land.

However, due to fast subsidence of peat, it may be difficult to maintain the drainage of many areas
with lake and wetland deposits, and these may be used for cultivation only for a relatively short period
of time (< 100 years). This affects especially fen mires developed in former lakes and often underlain
by thick layers of gyttja sediments, which are sensitive to compaction. Future locations with relatively
thin peat layers that will form in the clay- and sand-dominated areas, however, may be suitable for
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cultivation for a longer period of time. This is because these areas are underlain by deposits that are
not sensitive to compaction, and, thus, are suitable for cultivation even when the peat has disappeared.
The accumulation rate of fen peat is often below 1 mm y ' (Sohlenius et al. 2013c¢) and peat suitable
for cultivation is consequently not available in recently uplifted areas.

Unlike fen peat, bog peat is low in nutrients and it is therefore not likely that bogs will be drained
for agricultural purposes. Moreover, raised bogs, with rain-fed production on the bog plane (see
Figure 4-4), are of limited interest in a safety assessment where the radionuclides enter the ecosystem
from below. Consequently, a higher degree of Sphagnum peat in a raised bog will both make the mire
less suitable for cultivation, decrease or prevent further discharge of deep groundwater and continue
to dilute the content of radionuclides originating from the deep groundwater. Based on this argument,
a sufficiently deep layer of bog peat would restrict both the potential contamination from deep
groundwater and the use as arable land.

The onset of bog peat accumulation varies due to local conditions, and, in many fens, bog peat starts
to form after a fen stage of several thousand years (Lundqvist 1963). The estimates on the accumula-
tion of peat on a bog vary, from the accumulation of 1 m of peat in 1500 years (0.64 mm y ', Mikila
and Goslar 2008), to 1.5 m of peat developing during 850 years (1.8 mm y', Sternbeck et al. 2006).
Consequently, it seems that the window of opportunity for agriculture on mires may be variable
depending on size, age, local hydrological conditions and climate. Further, although it is likely that
the peat in the area generally does not fulfil the demands of the present peat industry, it is still possible
that peat will be used to heat individual households, as litter peat to absorb animal excrements, and
as soil conditioner in the future. For more details on the processes related to regolith development
and how those have been modelled in Forsmark, the reader is referred to Lindborg (2010) and the
references therein.

4.3 Development of surface hydrological conditions

Hydrological processes play a role in the development of surface systems, primarily by regulating the
water availability and exchange in limnic and terrestrial ecosystems. Water also acts as a medium for
transport of dissolved substances and particles, including radionuclides. Conceptual and numerical
models describing present and future hydrology were developed (Werner et al. 2013), based on SDM-
Site (Bosson et al. 2008) and SR-Site (Bosson et al. 2010).

For the marine basins, the major factor influencing changes in the ‘average age of the water’ (AvA)
in the marine basins included the PSAR is the interchange of the water between Oregrundsgrepen
and the Baltic Sea: in the future, surface-water exchanges across the strait in the south (between basin
184 and the Baltic Sea, see Figure 3-9), as well as inter-basin exchanges, will continually decrease
as the shoreline recedes and the basins are isolated from the sea. At 3000 AD (in the present-day
climate variant), the strait is expected to close and Oregrundsgrepen will turn into a bay and the only
connection between the marine basins and the open water of the Baltic Sea will exist in the northern
part of Oregrundsgrepen (Karlsson et al. 2010, Werner et al. 2013). At 9000 AD, only one marine
basin is in contact with the Baltic (basin 105). By 11000 AD there is no sea within the PSAR regional
model area (Brydsten and Stromgren 2013). However, a small sea area is kept in the northern reaches
of the regional model area to be used as a boundary condition in the numerical modelling (see Werner
et al. 2013, Figure 3-3). For more information on the development of the landscape with regards to the
retreat of the shoreline, see Brydsten and Stromgren (2013). For more information on the modelling
used to predict the inter-basin exchanges between marine basins, as well as the exchanges between
marine basins and the Baltic Sea, see Section 5.6 in Werner et al. (2013).

The numerical modelling, using the MIKE SHE hydrological modelling tool, was conducted in order
to estimate the future hydrological conditions at Forsmark (Werner et al. 2013). Local, high-resolution
models were constructed to examine hydrological conditions on the scale of the biosphere objects (e.g.
release areas, further described in Chapter 5). Regional models with a relatively lower resolution were
used to examine the basin-scale hydrology of Forsmark and to provide the local models with time-
varying boundary conditions. Hydrological models were developed for the times 2000 AD (present
conditions), 3000, 5000 (see Figure 4-2) and 11 000 AD. The characteristics of the hydrological models
vary over time due to shoreline displacement, redistribution of regolith materials due to erosion as
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well as the by-products of these phenomena (e.g. changes in topography and vegetation coverage), see
Brydsten and Stromgren (2013). The meteorological data and projected shoreline regression used for
these time periods are based on the present-day climate variant described in Section 4.1.

Figure 4-2 shows model results for the average vertical head differences between the rock and regolith
within the local model area at 5000 AD as forced by the “normal-year” meteorological conditions (see
Section 4.1.1). When viewed in this fashion, results can help indicate within which parts of the modelled
landscape the bedrock groundwater, i.e. modelled groundwater which has passed through the bedrock
volume for the current repository and its planned extension, discharges up into the regolith (negative
differences Figure 4-2) or where the regolith groundwater recharges the bedrock groundwater (positive
differences). By comparing results for all modelled time periods (i.e. normal-year meteorological condi-
tions for 2000, 3000, 5000 and 11000 AD, Odén et al. 2014) it is possible to denote how changes in the
landscape may affect the magnitude and location of the bedrock groundwater discharge zones.
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Figure 4-2. MIKE SHE-calculated annual average vertical hydraulic-head differences in the regolith at
5000 AD in the local model (modified from Figure 5-3 in Werner et al. 2013, the coordinate system is RT 90
2,5 gon V/0:15). Blue colours represent areas with upward flow (discharge) and red colours are areas with
downward flow (recharge). Dashed areas indicate the delineated biosphere objects (see Chapter 5).
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Results from the particle transport modelling conducted for SR-PSU presented in Odén et al. (2014)
indicate that with the receding shoreline, discharge areas for bedrock groundwater tend to advance
towards the new and relatively low elevation areas along the shoreline in the emerging landscape.
The results show that, in addition to the position of the shoreline, the general locations of discharge
and recharge areas are also strongly dependent on the relative elevation differences in the landscape
topography. However, the regolith stratigraphy and depth may affect recharge and discharge patterns
on the local scale. This indicates that while the topography of the landscape dictates where, in general,
the discharge and recharge areas are located, the regolith stratigraphy and depth in these areas (see
Section 4.3) influence how groundwater and dissolved substances are transported through the regolith.

Werner et al. (2013) examined the water balances for several groundwater discharge areas in the
future landscape. In the context of the safety assessment, these discharge areas are referred to as
“biosphere objects” (see Chapter 5 for a description of biosphere objects). Results indicated that the
yearly groundwater discharge rate from the bedrock to the regolith increases over time as the hydrau-
lic gradient between the terrestrial groundwater and open sea increases with the shoreline regression.
This is especially evident when comparing the results of the 3000 and 5000 AD realisations; it is
between these two periods that the Forsmark landscape changes from a terrestrial-and-sea landscape
to a largely terrestrial landscape. An increase in the magnitude of the groundwater discharges within
the local model area was also observed when comparing results of the 5000 and 11000 AD simula-
tions. However, there was a significant deceleration of the changes between these periods due to the
fact that the modelled area was entirely terrestrial by 5000 AD, thus resulting in a reduced effect of
the position of the shoreline on the groundwater hydraulic gradients until 11 000 AD. By 11000 AD,
all lakes within the local model area have been transformed to terrestrial areas, resulting in a reduc-
tion of the bulk evapotranspiration, due to a reduction in the open-water surface area, and higher
annual average stream discharges than those observed in the model results from 5000 AD.

The influence of a warmer climate on surface hydrology was investigated using the 5000 AD model
(Sassner et al. 2022). The hydrological simulations were based on the climate conditions described for
the warm climate variant (Section 4.1.1 and Table 4-2), with higher mean annual temperatures and
potential evapotranspiration than in the present-day climate variant. In one simulation a higher precipi-
tation than at present was assumed for all seasons and a second simulation assumed higher precipitation
for the winter, spring and fall seasons but lower precipitation for the summer season (Climate report,
Section 3.4). In short, the warm climate variant is characterised by more annual precipitation and

a higher potential evapotranspiration than that of the normal year variant. According to the results

of the hydrological modelling presented in Sassner et al. (2022), the increased precipitation does not
compensate for the higher evapotranspiration in a warmer climate. The influence of the warm climate
is comparatively large on surface water flows, which are directly affected by increases in potential
evapotranspiration. However, the effects on deeper groundwater flows are limited. Thus, the location
of discharge areas and the groundwater level in these areas are expected to be similar to those in
temperate conditions (Sassner et al. 2022, Werner et al. 2013). However, for upland areas a warmer
climate is expected to result in an increased water deficit during the summer months.

Periglacial conditions, featured in the cold climate variant, influence the hydrology and were
described and analysed in Werner et al. (2013). Periglacial environments are typically characterised
by permanently frozen ground, known as permafrost, that controls the general distribution and routing
of surface water across the landscape. There is a relatively short hydrologically active period in the
spring and summer months. At the top of the permafrost there is a relatively thin, hydrologically
active layer which undergoes a seasonal freeze-thaw cycle. A large part of the snowmelt occurs when
the active layer is still frozen thus preventing infiltration into the groundwater. Once the active layer
is thawed it is quickly water-saturated, which promotes ground-surface storage, pond formation and
surface-water runoff. In discontinuous permafrost, most groundwater recharge is assumed to occur
via through taliks that connect the unfrozen groundwater flow system under the permafrost to the
active layer on the ground surface (Figure 4-3). In a periglacial environment without permafrost near
the surface, groundwater flow in the uppermost regolith is the largest part of the runoff, whereas with
permafrost the surface runoff makes the largest contribution to runoff.
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Figure 4-3. A schematic profile through a permafrost area with an active layer and different types of taliks
(Bosson et al. 2010).

4.4 Development of chemical conditions

The chemical conditions in the regolith and surface waters affects element transport and accumulation
as well as the species communities, productivity and development of ecosystems. Present chemical
conditions in the Forsmark area are a consequence of past glaciation and deglaciation, past climate
changes, past landscape development, past and present land use, and anthropogenic inputs. Several
factors will influence the development of the future chemical environment, where external abiotic
factors, such as shoreline displacement, climate and atmospheric deposition, set the limits, while
internal factors, such as primary production and land use, may further modify the environment.

The minerogenic material dominating the agricultural lands in Forsmark is subject to erosion and
weathering. Erosion is expected to be a slow process in the flat landscape of Forsmark (Cerdan et al.
2010). Chemical weathering releasing nutrients needed for primary production is also a slow process.

The Forsmark region is rich in calcite and calcite-bearing till deposits that have a marked influence
on the hydrochemistry in the area. When new areas of the present sea floor rise above the sea level,
weathering of the calcite is initiated, releasing Ca** and CO;*/HCO;  ions. This process increases
the alkalinity in the shallow groundwater, streams and lakes, affecting also the soil pH and can thus
influence the sorption and transport of many elements, including radionuclides. In the soil horizons
farther away from Forsmark, calcite has been depleted down to considerable depths and there is a clear
gradient with shallower depths towards the coast (Ingmar and Moreborg 1976). Estimates based on soil
calcite inventories and present weathering rates suggest that the calcite in the regolith layers might be
depleted within a time span of some 1000 (Trojbom and Grolander 2010) to more than 50 000 years
(preliminary results from ongoing analyses'®). The high calcite levels elevate the soil pH, which means
highly fertile soils, but the calcite dissolution will in the long run lead to a lower pH and potentially

a decreased productivity in unmanaged soils. Possibly, weathering rates of less readily weathered
minerals such as silicates will increase in the future when the calcite in the regolith is depleted and pH
decreases (Lindborg 2010). The release of major constituents originating from these types of minerals
(e.g. Al, Na and Mg) as well as release of trace elements incorporated in the bulk minerals (e.g. Th and
rare earth elements) are thus assumed to increase in the future.

' The time for depletion of the calcite content in the till (640 kg m™®) was estimated assuming an average till
thickness of 4 m on 65 % of the terrestrial surface area, ~8 % calcium content and ~2 000 kg m™ bulk density
of the till (Hedenstrdm and Sohlenius 2008) and a constant area-specific transport of calcium of ~8 g/m?%a in
the Forsmark area (Trojbom and Grolander 2010).
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In the wetlands and lakes, the ample supply of Ca*" ions and the high alkalinity facilitate chemical
precipitation of calcite forming calcareous sediments (Hedenstrom and Sohlenius 2008). As observed
in the lakes farther to the inland, the oligotrophic hardwater stage usually persists a few thousand years
followed by the development of brown-water lakes with higher concentrations of humic substances and
finally mire formation (Andersson 2010). These observations imply that the calcite influence on lakes
and streams at the Forsmark site will diminish in a 10 000-year perspective.

The present distinctive conditions of the Forsmark area will change towards the hydrochemical
environment seen in most other parts of Sweden, but the quantitative effects of calcite leaching on the
chemistry of surface water and regolith are hard to predict. However, by contrasting the water and soil
chemistry of Forsmark with that of similar coastal sites without the calcite influence (e.g. Laxemar) or
older sites farther inland, effects of calcite depletion can be estimated. Such a comparison suggests that
the pH of lake water may decrease by one unit or less (Andersson 2010). Similarly, the pH of regolith
layers is likely to decrease, but probably not more than two units (Sheppard 2011, Lundin et al. 2004,
Lofgren 2011). One important effect of calcite depletion and decreasing pH will be changes in sorption
strength of different elements and would thus also affect the transport and accumulation of radio-
nuclides from the repository within the regolith.

In the long term, weathering has implications on the magnitude of processes such as chemical co-
precipitation and primary production in limnic and mire ecosystems. Whereas dissolved calcium, pH
and alkalinity drop, the availability of phosphorus increases. When the surface water composition in
the Forsmark area approach inland brown-water systems, a relative shift from benthic to more pelagic
primary production is expected in lakes (Andersson 2010).

Typically, the mire formation in Forsmark initially results in a fen, i.e. a groundwater influenced mire,
and could eventually succeed into formation of a raised bog. The typical fen mire in the Forsmark area
has a high pH and will undergo a natural long-term acidification when turning into a more bog-like

mire (Lofgren 2010, Section 10.4).

4.5 Ecosystem development

In this section, the potential ecosystem development is described for three different climates; under
present-day temperate, global warming and periglacial conditions. The ecosystem development

is strongly affected by the shoreline displacement that turn the sea bottom into terrestrial areas.
Relatively enclosed sea bays may become isolated and gradually turn into lakes. After isolation from
the sea, sedimentation of matter produced within the lake or originating from the catchment and
ingrowth of vegetation, gradually transform the lake ecosystem into a mire system (Figure 4-4 and
further discussed Section 8.2 in Andersson 2010 and in the summary description in Lindborg 2010).
More open bays can turn directly into mires, without intermediate lake stages and more exposed
bottoms often become forested.

4.5.1 Ecosystem development under present-day temperate conditions
Marine

Future temperate brackish water and marine ecosystems are expected to be similar to those at present
(Aquilonius 2010, Lindborg 2010). However, the gradual sea regression will alter the functional
group composition and the magnitude of the fluxes within the ecosystems. One major change will
be the deeper offshore ecosystem shifting from pelagic-dominated to benthic-dominated primary
production along with the uplift of the sea floor. However, the magnitude of the primary production
in these altered habitats will likely be similar to the shallow coastal areas existing today. At present,
the whole marine area in Forsmark is net autotrophic (i.e. more production than consumption) due
to the high primary production in the shallow areas, and it is likely that the marine ecosystem will
continue to be net autotrophic in the future. Assuming present day runoff and global sea level, the
continued shoreline regression due to the isostatic rebound would lower the salinity in the Bothnian
Sea. The species composition would shift from a mix of freshwater and marine species towards higher
dominance of freshwater species. According to the landscape modelling, the marine area in Forsmark
has almost completely retreated from the model area at 11 000 AD (Section 4.7), and the salinity in
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the remaining basins in the model area will have decreased to between 2 to 3 ppm (concluded from
Gustafsson 2004), which is similar to the present conditions in the Bothnian Bay. The Bothnian Sea
would be isolated from the Baltic Proper around 25000 AD and then become a large freshwater lake
(Passe 2001, see also Posiva 2013).

Limnic

In the future, shoreline displacement will isolate both shallow and deeper marine basins and turn
them into lakes (Andersson 2010). Most of the emerging lakes are assumed to closely resemble the
present-day shallow oligotrophic hardwater lakes in Forsmark with high benthic primary production.
However, if the calcite is depleted from regolith layers, it is possible that future lakes will be dystrophic
(i.e. brown-water lakes) dominated by respiration of the material produced in and discharged from the
surrounding terrestrial catchment.

Three of the future lakes, located farther away from the repository, will be more than 10 metres deep
at isolation from the sea. These deeper lakes will differ from the shallow lakes in a number of aspects
and are assumed to more closely resemble other deep lakes in surrounding areas. They will be deep
enough to allow for thermal stratification during both summer and winter. A larger pelagic production
in these lakes may be utilised directly in the pelagic habitat by zooplankton. Losses through the outlet
will probably be large due to the large catchment areas resulting in relatively a rapid water exchange.
In addition to lakes, ephemeral pools like the small ponds found in Forsmark today, will most likely
be formed also in the future. However, due to the size of the ponds, they will be transformed into
mires relatively quickly.

In the future, small streams closely resembling the streams in the Forsmark area today (cf Section 3.3
and 3.5.2) will form in the area close to SFR. Further downstream in the model area, somewhat larger
streams, more similar to the nearby Forsmarksan (Figure 3-6), will be formed. The water retention

time in those larger future streams will be shorter than in the present smaller ones, due to their larger
catchment areas.

Terrestrial

Several natural terrestrial ecosystem types, with different properties in terms of dominating
functional groups, biomass, net primary production (NPP) and groundwater availability, are found in
the Forsmark region and farther inland. Forests are most common, but fen mires have been identified
as the terrestrial ecosystem type where deep groundwater (e.g. from a repository) most likely will
discharge (SKB TR-10-09, Section 7.1.1 and Saetre et al. 2013a, Chapter 6). Consequently, the focus
here is on these mire ecosystems and their potential use as agricultural land after drainage.

Mires are formed through three different processes: terrestrialisation, primary mire formation and
paludification (Lofgren 2010). Terrestrialisation is the infilling of shallow lakes by sedimentation and
establishment of vegetation. Primary mire formation is when peat is developed directly on fresh soils
after emergence from water or ice. Paludification, which is the dominant process of mire formation in
more humid parts of Sweden, is peat formation on mineral soils that become saturated due to changed
hydrological conditions or expanding mires. All three processes are likely to occur in Forsmark, but
today terrestrialisation and the consecutive development of fen mires are probably most important in
the area that emerged from the sea relatively recently (Section 4.1.1 in Lofgren 2010).

The first stage in the wetland ontogeny of the Forsmark area is today characterised by rich fen mires
dominated by mosses of the Bryales family. As the mire development proceeds and the influence

of mineral-enriched groundwater diminishes over time, these become replaced by nutrient poor fen
communities dominated by the Sphagnum mosses (e.g. Lofgren 2011). This development can be seen
already after 2000 years for catchments located higher in the landscape (e.g. at Ronningarna, ¢ 1.5 km
southwest of Lake Bolundsfjarden). This transition may take longer if a larger amount of groundwater
is directed into the mire (i.e. if the catchment is larger as they often are on a lower ground). Eventually,
a rain-fed raised bog will typically develop, but large bogs are rare in Forsmark today because they
have had too little time to develop in this young terrestrial environment (Figure 4-4 and Lofgren 2010,
Section 10.4).
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Figure 4-4. A schematic illustration of the major ecosystems that may be found during a temporal sequence
at the Forsmark site, where the original sea bottom slowly becomes land due to shoreline displacement. Black-
line arrows indicate natural succession, while dashed arrows indicate human-induced changes to provide new
agricultural land or improved forestry. Agricultural land may be abandoned and will then develop into forest
or, if the hydrological conditions are suitable, into a fen. A forest may be “slashed and burned” and used as
agricultural land. Through primary mire formation, some ecosystems transform from a sea bay directly into
a mire without an intermediate lake stage (not illustrated in the figure).

4.5.2 Ecosystem development under global warming conditions
Marine

Under global warming conditions, changes in precipitation and runoff may affect the load of nutrients
and particulate matter in the marine area. Decreased duration and extent of sea ice, increased water
temperature, and changes in freshwater input and wind stress will affect vertical mixing, upwelling and
ultimately the nutrient supply. These changes in turn affect the growth dynamics, location, and species
composition of phytoplankton, benthic primary producers as well as zooplankton and fish communi-
ties. The increased temperature increases bacterial respiration, that can lead to bottom anoxia which
constrains benthic fish and other fauna. Changes in temporal overlap between primary producers and
consumers may occur and effects on the whole food chain and fish productivity are possible (BACC
2008) but difficult to predict. Along with warmer conditions and a deeper summer thermocline in most
coastal areas, warm-water species will extend their habitats at the expense of the cold-water species.
Similar shifts are expected for other organism groups, for example a reduced reproduction of Baltic
ringed seals (Phoca hispida botnica), since they need ice cover to breed their pups (BACC 2008).

Limnic
Lakes have been proposed to serve as sentinels of climate change due to their rapid and observable
responses (Adrian et al. 2009). However, the responses of lakes to global warming are affected by indi-

vidual catchment characteristics, lake morphometry and food-web interactions. Thus, the response of
lakes to global warming is more variable than effects on terrestrial ecosystems (see Andersson (2010)
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for a discussion). Generally, the effects on abiotic parameters, such as the duration of ice cover, are
relatively easily foreseen, whereas effects on biotic parameters, such as biomass of different organism
groups, are more difficult to predict.

An increased air temperature will lead to a longer thermal stratification period in summer and
shorter period with sea-ice coverage. Since the winter temperature under a “business as usual” global
warming will likely be several degrees higher than 0 °C (Section 4.1.1 and the Climate report), the
duration of ice cover is expected to decrease and to be interrupted by longer periods of open water.
This has implications for other abiotic and biotic parameters in the lakes, such as mixing, light condi-
tions, biomass and production. Runoff patterns will change in a warmer climate, which will influence
nutrient concentrations in lakes and streams, both through altered input loads and altered retention
times. Furthermore, within-lake factors, such as mixing and anoxia, may influence the future nutrient
concentrations in the water column. In most lakes, brownification and dissolved organic carbon
(DOC) is expected to increase due to global warming (Weyhenmeyer et al. 2016, Meyer-Jacob et al.
2019), but the response of the lakes in Forsmark with respect to DOC is somewhat uncertain due to
their presently high DOC concentrations.

There may be a shift in occurrence of anoxia from winter to summer. At present, anoxia occurs in
the shallow lakes in Forsmark during winter. A shortened period with ice coverage reduces the risk
of anoxia in winter. On the other hand, increased production in summer can lead to increased amounts
of degradable matter, resulting in increased respiration and increased anoxia during the summer
thermal stratification. The effects on biotic components in lakes are difficult to foresee and there may,
for example, be an increase or decrease in phytoplankton biomass. For a more comprehensive discus-
sion on possible effects of global warming on the Forsmark lakes, see Andersson (2010).

Terrestrial

A warmer climate is typically associated with increased biomass and net primary production (NPP),
as well as increased respiration rates and thus reduced storage of organic matter in the short term
(Chapin et al. 2002, BACC 2008). Potential plant functional types under warmer climate conditions
were simulated with the dynamic global vegetation model LPJ-GUESS (Sitch et al. 2003). The
modelling result suggests that Forsmark would be dominated by broad-leaved trees, with a larger
biomass but with an NPP similar to that of today.

Other modelling approaches, e.g. BACC (2008), suggest that in forests both the productivity and the
biomass increase in response to a warmer climate. They also highlight the uncertainties concerning
the carbon dynamics in wetlands. A warmer and possibly drier future climate (see Section 4.1.1) may
affect the properties of peat-covered areas. An increased temperature, with a corresponding increase
in evapotranspiration, will likely lower the groundwater table and increase heterotrophic respiration.
This may prevent the development of fens into bogs. However, in wet environments, drying condi-
tions may enhance plant production and initially result in a faster carbon storage (Strack et al. 2008).

4.5.3 Ecosystem development under periglacial conditions
Marine

Marine primary production is largely determined by light, water mixing and nutrient conditions, rather
than directly by temperature, and it is thus hard to predict how it will change in a future periglacial
climate. It is likely that respiration rates will decrease along with temperature. For marine areas, higher
organisms at Forsmark are expected to remain quite similar to those currently present, although species
abundance and composition may be altered. For example, marine mammals are already present in the
Baltic, but the growing season will be shorter and the ice cover will provide an increased habitat for
breeding of some marine mammals (i.e. seals), which therefore may increase in abundance. As under
temperate present-day conditions, a shift towards more benthic production and freshwater species

is expected along with the continued shoreline regression, but also a shift towards more cold-water
adapted species. The bird community has been very stable around the Baltic Sea during the recent
interglacial (BACC 2008) and will probably remain so also under colder conditions.
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Limnic

A large difference between present lakes in Forsmark and future periglacial lakes is that there will be
no reed dominating the shores of the periglacial lakes (Andersson 2010). The lake shores may instead
be covered by bryophytes or other vascular plants that lack some of the reed properties in terms of
providing sheltered breeding areas for aquatic organisms and influencing the composition of water
entering the lake from the catchment. Lake ice cover will be thicker and persist longer. This affects
light penetration as well as the mixing and transport of nutrients and ultimately primary producers.
Nutrient concentrations may be lower due to a shorter runoff season, altered weathering, production
and retention in the soil surrounding the lakes, as well as altered internal circulation of nutrients.
There is an increased risk of oxygen depletion during the winter due to longer periods with ice cover.

Species composition will probably change towards more cold-water adapted species, but the biomass
and production of benthic primary producers under periglacial conditions will not necessarily be lower
than during temperate conditions, despite a shorter growing season. Phytoplankton biomass is rela-
tively low in present-day Forsmark lakes and will likely be low also in a periglacial climate (Andersson
2010). However, fish production and biomass will probably decrease (Andersson 2010).

In addition to existing and future lakes defined by bedrock depressions, there will be temporary,
so called thermokarst lakes, that develop in a cyclic pattern where permafrost freezes and thaws in
a periglacial system. However, thermokarst lakes do not have a connection to deep groundwater flow
and are therefore not important in the context of radionuclide transport directly from a geological
repository.

Terrestrial

The potential species present at Forsmark under a periglacial climate domain have been evaluated
using the information gained in the SKB assessment for the Greenland Analogue Surface Project
(GRASP, see SKB TR-13-18, Lindborg et al. 2016, 2020). In the GRASP area, large trees, gastropods,
amphibians and reptiles are absent, and these organism types are also expected to be absent at the
Forsmark site under periglacial conditions. Apart from these organisms, the functional groups are
expected to be similar to those occurring presently at Forsmark, although a shift in species composition
from temperate to arctic species is expected.

The areas that have been classified as mires during periods of temperate conditions will also be likely
to be mires in a periglacial landscape. The mires formed in a colder climate are often a mixture of
fen and bog areas and are dominated by sedges and mosses. This is a general description and several
factors, such as topography and wind stress, influence where the vegetation types are found (see
Lofgren 2010). Moreover, a prevailing permafrost regime, together with the lower evapotranspiration,
suggests larger areas being partially or periodically water-inundated than in the current landscape.

A sufficiently reduced temperature will eventually change a temperate or boreal environment to a more
tundra-like environment. This will lead to lower biomasses and net primary production (NPP) in both
forested taiga and tundra peatlands. Despite lower respiration and decomposition rates, carbon storage,
e.g. as peat, will most likely be lower than under present conditions. A lower mean annual temperature
will reduce the yield of crop production and dramatically change the potential for cultivation. For

a detailed discussion on terrestrial ecosystems and how they are expected to change under different
climate conditions, see Lofgren (2010); a summary is provided in Lindborg (2010).

4.6 Land use and human influence on landscape development

In this section, the historical, present and future landscapes of Forsmark are discussed. For a more
comprehensive description of the past and present land use and historical development of the Forsmark
region, the reader is referred to Séderbéck (2008) and Lindborg (2010).
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4.6.1 Historical land use

A major part of the Forsmark area was completely covered by water until ¢ 1500 BC. The earlier
development of human land-use is therefore based on information from other parts of Sweden. Before
the Younger Stone Age in the region (Neolithic, 4000-1800 BC), the impact of human activities on
the natural landscape was small and almost all terrestrial areas in south and mid Sweden were covered
by forest. The early inhabitants constituted hunting, fishing and gathering societies similar to the poten-
tially exposed group hunter-gatherer (HG, Section 6.2.1) for which doses are estimated in the safety
assessment (e.g. Section 9.3). In southern Sweden, the dense forests were cleared during the first phase
of the Younger Stone Age (Hyenstrand 1994), often by burning, and the created open areas were first
cultivated for some years and then used as grazing land. During the Bronze Age (1800—300 BC) and
the Iron Age (300 BC-1100 AD"), the areas with cultivated soils gradually increased. These societies
resembled the potentially exposed group Inland-Outland farmers (IO, described in Section 6.2.1).
Iron mining has had an important role in the Forsmark region since the Iron Age. As the iron industry
became more organised in the 16th century, forests were cut down to feed furnaces and mines with
wood and charcoal. The region around Lake Milaren in south-central Sweden, about 100 km south
of Forsmark, was almost depleted of trees at the end of this period (Welinder et al. 1998).

Before the modernisation of agriculture, only fairly dry soils could be cultivated. Heavy clays (soil
with > 50 % clay particles) and mires were used for haymaking, and stone-ridden tills and bedrock
with some surficial soil were grazed. The modernisation of agriculture made it possible to drain peat
and heavy-clay areas for cultivation. Extensive draining of mires started a bit over one hundred years
ago and peaked in Sweden in the 1930s (Eliasson 1992). This was done by lowering the groundwater
table in mires and lakes by ditching. From the 18th to the 20th century there was an increasing demand
for food production since the population was growing. This resulted in extensive ditching of mires
and lowering of lakes, considerably changing the landscape. As a result, up to 90 % of the mire area
has been drained in some parts of Sweden (Svanberg and Vilborg 2001). The proportion of open
landscape was largest in the late 19th century. This trend came to an end as agricultural management
was rationalised by the use of fertilisers and better equipment in the early 20th century. Drained-mire
farmers (described in Section 6.2.1) is the potentially exposed group that generally receive the highest
doses in the dose assessment (e.g. Figure 9-4 in Section 9.3, Section 10.2.2 and 10.3.2) and cultivation
of peat is thus described in more detail below.

Cultivation of peat — patterns and boundaries

The thickness and properties of peat and the underlying regolith are of importance for the possibility
to drain a mire and use it for agricultural purposes. Peat may accumulate in either fens or bogs, the
former usually being discharge areas for groundwater. As peat continues to accumulate, the fen
can at a certain point develop into a bog where the surface of the mire becomes ombrotrophic,

i.e. hydrologically independent of the landscape and the vegetation is all rainwater-fed. The peat
developed during such ombrotrophic conditions has low nutritious value (i.e. the C:N ratio is high,
Osvald 1937) and low pH, and is therefore less suitable for agricultural purposes (Berglund 1996).
Moreover, the potential accumulation in vegetation and peat of radionuclides entering from below
will level off as the bog plane rises and the influence of deep groundwater decreases. During the
mid-20th century the most commonly cultivated peat types in the County of Uppsala (including
the Forsmark area) were Carex sedge peat and Bryales moss peat (Hjertstedt 1946), which are both
formed in fens. However, but a small proportion of nutrient-poor bog peat (Sphagnum moss peat
and forest bog peat) was also cultivated.

Due to oxidation and compaction, peat subsides considerably when the groundwater is lowered after
draining (discussed in Sohlenius et al. 2013c). Subsidence of peat is a fast process and sustainable
cultivation for longer periods is possible only if the underlying deposits are suitable for cultivation. In
the County of Uppsala about half of the cultivated peatlands appear to have gone through a lake stage
and generally have larger peat depths than the other half of the peatlands (Sohlenius et al. 2013c¢).

' The second half of this is period is also known as the Viking Age.
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All studied cultivated peatlands were underlain by fine-grained minerogenic material and none were
directly underlain by till. However, the highest doses from a drained mire are expected directly after
drainage (the first fifty years after drainage are evaluated in the dose assessment, Section 6.2.2 and
9.3). Therefore, mires with relatively thin peat layers covering till should not be ignored in the dose
assessment if radionuclide releases to such areas are possible.

4.7 Modelling of the future landscape at Forsmark

Already earlier, in SR-PSU, a regolith-lake development model (RLDM) was used to describe the
future landscape development in Forsmark (Brydsten and Stromgren 2013). Output from the model
included time-dependent parameters describing average landscape geometries and three-dimensional
regolith models for specific time steps. In addition, different sets of assumptions on land use and
climate were applied to the RLDM output to produce illustrations of potential future landscape
configurations. No additional landscape modelling has been performed in the PSAR, so this section
summarises the previous work. It briefly describes the RLDM, the results and its application in the
PSAR, discusses the uncertainties in landscape development projections and the use of such projec-
tions in dose assessments.

4.7.1 Regolith-lake development model

The RLDM simulates the surface geology, stratigraphy, and thickness of various regolith strata for
the period considered in a safety assessment (Brydsten and Stromgren 2013). The model is divided
into two modules: a marine module that simulates the sediment dynamics caused by wind waves and
a lake module that simulates the lake infilling processes.

The marine module starts when the area has recently been deglaciated (8500 BC). The entire

area is cover by the sea and all regolith materials are of glacial origin. The starting conditions are
generated using the bedrock surface, the till layer and the glacial clay layer from the regolith depth
and stratigraphy model (RDM, Sohlenius et al. 2013a) in combination with an assumption that the
glacial clay layer is at least 2 m thick over the entire sea bottom. The sediment dynamic subroutine
model, determined sedimentation of postglacial fine-grained sediments or erosion of those sediments
and glacial clay in each raster cell based on the modelled wind wave driven water movement at the
sediment surface (Brydsten 2009). For each time step of 500 years, the marine module outputs are
raster maps of regolith layer thicknesses and bathymetry (i.e. a DEM for the sea, see Section 3.2).

When enclosed sea bays become isolated as a result of the shoreline regression, the regolith develop-
ment of each lake is modelled separately with the lake module. The DEM from the time step prior to
the lake isolation is used as input to the module, in combination with an assumption that the thresholds
of future lakes are lowered to the upper surface of the till layer. The lake module initially estimates the
vegetation ingrowth in the sea bay prior to isolation and then estimate sedimentation and ingrowth by
vegetation in 100-year time steps until the lake is completely infilled (Brydsten and Stromgren 2013).
Raster maps of regolith layer depths limnic sediments (i.e. clay gyttja) and peat, and an updated DEM
are outputs from the lake module for each time step. In a post-processing routine, the outputs from the
marine and lake modules are merged into combined raster maps of the regolith layers (till, glacial clay,
combined post-glacial marine and limnic sediments, and peat) and an updated DEM for each time step.

The output from the RLDM was used to extract time-dependent parameters describing geometries
of specific biosphere objects for the calculations in the BioTEx model (Grolander 2013, Chapter 4).
These include average water depths, average regolith thicknesses and sedimentation rates (see
Chapter 5 for a description of biosphere objects and their properties). The output from the RLDM
was also used to export three-dimensional regolith models used for the hydrological modelling at
different stages for the landscape above the repository (Werner et al. 2013, Section 2.2.2). These
included submerged conditions (3000 AD), terrestrial conditions with open lakes (5000 AD) and
terrestrial conditions with all lakes infilled with mires (11 000 AD), discussed in Section 4.3 above.

Note that only one realisation of the landscape development in Forsmark was derived with the RLDM.
As all lakes close to the repository are projected to be infilled before the first permafrost, there was
no need to reduce the rate of ingrowth during periods with periglacial climate. Moreover, for variants
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where submerged conditions were prolonged (i.e. in a considerably warmer climate), or occurred after
a passage of an inland ice sheet, the same landscape projection was used, but the development was
shifted forwards in time (SKB TR-14-06, Chapter 7).

4.7.2 Landscape development in the present-day climate variant

To illustrate potential future landscapes at Forsmark, covering different climate conditions and land-
uses, maps of five different variants were presented in SR-PSU (SKB TR-14-06, Section 5.5). These
were constructed by coupling the RLDM output with different sets of assumptions with respect to the
links between regolith, ecosystems and potential land use. Below is a summary of the results presented
for the variant that assumes intensive cultivation and present-day climate conditions.

In this variant, the rate of shoreline regression corresponds to that used in the present-day climate
variant in the PSAR (Section 4.1.2). In short, the rules relating regolith types to terrestrial ecosystems
were as follows: rock outcrops were assigned pine forest, peats were assigned mires, and all other
regolith types were assigned mixed coniferous forest. However, if the total thickness of cultivatable
regolith layers (excluding till with a normal or high frequency of boulders but including clayey till)
was sufficient for cultivation (> 0.5 m depth after soil subsidence), the area was larger than 0.24 ha,
and located outside a lake basin with open water, then it was outlined as potential arable land (for
details on the rules, see Table 5-1 in SKB TR-14-06).

Applying these rules to the output from the RLDM, the distributions of ecosystems in the landscape were
derived for the period between 1500 BC (i.e. —1500 AD in the figure) and 40000 AD (Figure 4-5). With
the assumed rate of sea-level change, the shoreline will regress relatively fast for the next 5000 years,
resulting in an increase of the terrestrial ecosystems, including the area of potential arable land. Potential
arable land will further increase when the lakes have been filled in with sediment and peat.

The proportion of mires (wetlands in Figure 4-5) increases over time from 500 BC to 8500 AD, when
it represents ¢ 10 % of the modelled area. After 8500 AD, the proportion of mires decreases, as they
become potential arable land by the assignment rules above. The total lake area is largest at 5500 AD
(almost 6 % of the modelled area). At 15000 AD, only 6 out of the 48 lakes remain. However, as these
lakes are large and deep, the lake area still makes up 2 % of the total area. At 20000 AD, no lakes
remain in the area above repository. At the end of the simulation (40 000 AD), all lakes are projected
to be filled with sediment and peat and most of them are classified as potential arable land.
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Figure 4-5. Proportions of different ecosystems as a function of time, assuming intensive cultivation and
present-day climate conditions. The time scale is in 500-year intervals from —1500 AD to 15000 AD and
5000-year intervals from 15000 AD to 40000 AD.
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It should be noted that the land assigned as potential arable land corresponds to an upper estimate of
cultivable land (about 40 % at 40000 AD). However, it is unlikely that all this land would be cultivated
simultaneously. For example, many of the mires can only be cultivated for a short period of time as the
peat layers are likely to subside relatively fast (Section 4.6.1 and e.g. Chapter 6 in SKB R-14-02). The
corresponding landscapes above the repository for the time steps 2000, 3000, 5000, and 20000 AD are
shown in Figure 4-6.

2000 AD

I Pine forest on bedrock
- Mixed coniferous forest

D Arable land
- Wetland
[ Lake/sea

River
Present shoreline

3000 AD

5000 AD

R

Figure 4-6. lllustration of the landscape development using the time steps 2000 AD, 3000 AD, 5000 AD and
20000 AD assuming the shoreline regression based on the present-day climate variant and intensive cultiva-
tion. The yellow colour represents land that could potentially be cultivated. Note that in this projection, mires
within lake basins are not marked as potential arable land until the lake has been completely infilled.

78 SKB TR-23-06



4.7.3 Comparing landscape projections with the present area in Forsmark

In SR-PSU, the landscape projected by the RLDM at 2000 AD was compared with a corresponding
map of the area today (Figure 4-7, and Section 5.6.2 in SKB TR-14-06). For a better comparison,
present land-use practises were used to assign areas suitable for cultivation in the simulated landscape.
That is, vegetation types were assigned as described above, with the exception that areas had to be
at least 1 ha (not 0.24 ha) to be considered suitable for agriculture, and draining of peat soil was not
considered, as this is not part of present agricultural practices in the Forsmark area. The map of the
present distribution of ecosystems was retrieved from Lantméteriet and from the Swedish Board

of Agriculture (http://www.jordbruksverket.se, accessed 2013-12-01).

The comparison showed that RLDM captured many features of the present landscape. For example,
the distribution of large lakes and the mires in the vicinity of the lakes were in good agreement with the
present conditions. However, some of the small lakes are missing and covered by peat in the model.
This is primarily because the model does not describe the development of lakes with an area less than
4 ha. Such structures are considered to be colonised with mire vegetation within a relatively short time,
and in the RLDM they are instantaneously filled with peat (Brydsten and Strémgren 2010, 2013). In
some cases, small mires present in the landscape of today have also been missed. This could be due to
small-scale deposits of semi-permeable fine-grained material that are not captured by the RLDM.

Today, the largest cultivated area is situated at Storskéret (Figure 4-7), which also is reflected in the
model (2000 AD). In the model, the corresponding area reflects the distribution of clayey till, but
all of the potentially arable land is not cultivated presently. Moreover, in some areas, the modelled
shoreline is situated clearly outside the present location. This indicates that it is difficult to make
precise predictions of the shoreline position on a flat landscape.

A comparison between the modelled distribution of glacial clay and postglacial gyttja clay (Brydsten
and Stromgren 2013) and the present clay distribution, as indicated by the site descriptive regolith map
(Sohlenius et al. 2013a), also showed some discrepancies (data not shown here). For example, smaller
areas on the regolith maps are missing in the RLDM output, and in other instances the model predicts
water-deposited clays in areas where there presently are none. This is not surprising as erosion and
sedimentation in the sea are difficult to predict. However, this implies that the future distribution

of small areas suitable for cultivation may only be partly realistic, and that the thickness of clay layers
in such areas may be associated with considerable uncertainties.
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Figure 4-7. Close-up of the RLDM with (a) modelled land use for the year 2000 AD, compared with (b) the
present map of Forsmark showing the distribution of five different ecosystems. Note that yellow areas in the
RLDM represent potential arable land, assuming present land-use practices.
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4.7.4 Conclusion from the landscape modelling

The safety assessment is performed for long timescales during which processes such as climate change,
shoreline displacement and ecosystem succession may have a significant impact on the development
of the landscape. Uncertainties with respect to the future climate and the effect of the relative sea-level
change are described and addressed in the Climate report. In short, these uncertainties are captured
by the definition of several post-closure climate developments (Section 4.1.1 and the Climate report,
Chapter 5). For example, as global warming may cause sea levels to rise, due to an increased melting of
inland ice sheets and glaciers and an accentuated effect of sea-water thermal expansion, the submerged
period is extended by 3 500 years in the warm climate variant. Moreover, the effect of a prolonged
submerged period is considered to primarily change the timing of transitions between sea, lake and
mire ecosystems.

The regolith-lake development model (RLDM) is used to describe a potential future landscape based
on physical constraints and knowledge of the historical processes that have shaped the Forsmark land-
scape. The model is based on data that describe the elevation, the relative sea-level change, the present
distribution of till, sedimentation and erosion processes for glacial and postglacial deposits, lake
ingrowth (terrestrialisation), and primary mire formation. All these data sources are associated with
uncertainties, and for practicality, the landscape development simulated with the RLDM is currently
based on one realisation which is further modified in postprocessing to analyse other variants.

The resulting topography and regolith stratigraphy from the RLDM have been used to identify eco-

systems that are potential recipients for deep groundwater, e.g. shallow bays, lakes, mires and streams.
The identification of these areas is based on the present DEM, which is relatively reliable for present

conditions in the area above the repository. However, the size of the identified ecosystems and their

temporal development are more uncertain. For example, the spatial extent of a future lake is dependent
on the presence of the lake threshold, which may be subject to erosion, draining or damming activities.
Moreover, small mires and lakes may be overlooked, and the projections of the thickness of the clay
layers may not be reliable at finer scales.

Thus, although the results from the RLDM give a comprehensive example of landscape development,
it is important to account for uncertainties when results are used at the level of individual biosphere
objects. As the development of the future landscape is presently described by a single realisation,
parameters extracted from the model do not have any explicitly expressed uncertainty. To not constrain
the representation of the landscape, a suite of examples is used to illustrate reasonable alternative land-
scape configurations and discharge area properties in the dose assessment. This is mainly addressed by
the alternative landscape configuration calculation case (Section 10.6) and the alternative delineation
calculation case (Section 11.3), but the timing of shoreline regression calculation case (Section 10.4)
and the subhorizontal fracture calculation case (Section 10.5) add further insights related to the uncer-
tainty in the landscape development and the future landscape characteristics. Moreover, to clarify how
projected properties like the size of a discharge area and the thickness of regolith layers affect the
calculated dose, sensitivity analyses were performed (the mire object properties calculation case,
Section 11.4).
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5 Modelling biosphere objects in the landscape

This chapter describes the identification and development of biosphere objects. A biosphere object is
an area in the modeled landscape that is predicted to receive a substantial portion of the radionuclides
following a release from the repository. Radionuclides may arrive via discharge of groundwater from
the geosphere and/or indirectly via lateral transport of surface and near-surface groundwater. A bio-
sphere object is used as the spatial unit for the coupled aquatic-terrestrial ecosystem that is used in
the BioTEx model (Chapter 7). Thus, the spatial information from the landscape-level modelling
(Chapter 4) is extracted and applied to specific biosphere objects. The main tools used to outline a
biosphere object are the digital elevation map (DEM) and results from the geohydrological flow-path
(or particle tracking) analyses. The surface hydrological descriptions of the watershed containing the
biosphere object are also used in the delineation of the biosphere objects.

The biosphere objects identified in SR-PSU (SKB TR-14-06) are also used in the PSAR. The method-
ology applied in the delineation of the biosphere objects is summarized in Section 5.1. Discharge
locations from the latest hydrogeological simulations of SFR are also examined in Section 5.1. The
properties of biosphere objects are outlined in Section 5.2; special attention is paid to the description
of object 157 2 because prior analyses have indicated this area as being the primary receiver of radio-
nuclides. The temporal evolution of the biosphere objects is described in Section 5.3. Cold climate
and permafrost conditions for the biosphere objects are examined in Section 5.4. Lastly, the potential
effects of groundwater pumping wells on radionuclide transport and radiation doses are discussed in
Section 5.5.

5.1 Methodology
5.1.1 Geometrical features of the biosphere objects

The process of defining the geographical boundaries of a biosphere object is essentially an exercise in
identifying the area of the landscape capable of contributing surface and subsurface runoff to a location
in the modelled landscape that is predicted to receive a substantial portion of radionuclides following
a release from the repository. It is here, within the boundaries of the biosphere object, that exposure
of humans and non-human biota is expected to be highest.

Three landscape features are of particular interest when calculating the water fluxes affecting radio-
nuclide transport and exposure calculations in the biosphere system. The first landscape feature is
the general area, or areas, in the landscape where radionuclides are expected to reach the surface.
These areas often coincide with local depressions, or low points, in the landscape. As the shoreline
retreats due to land uplift, these low points are assumed to be transformed into a mire ecosystem,
either with or without an associated lake. These low points are therefore referred to as a lake—mire
(or mire) ecosystem in the context of the PSAR. The boundary of the lake-mire ecosystem is most
often defined by the surrounding topography. For example, the delineation of the area might be the
first isometric contour which entirely encompasses the lake—mire ecosystem. It is this boundary that
serves as the spatial delineation of the biosphere object. However, it should be noted that this applies
only after the entire object has fully emerged from the sea, i.e. the terrestrial period. The delineation
of the biosphere object during the marine and transition phases is discussed below. For the PSAR, all
lake—mire (or mire) ecosystems are assumed to have an accompanying stream and all surface discharge
is assumed to exit the stream outlet (see Figure 5-1).

The second landscape feature is the “basin”, which equals the catchment that contributes runoff to the
lake—mire ecosystem. Runoff from the basin is contributed either directly, via overland and sub-surface
flow, or routed through a stream. All runoff from the basin is routed through the stream outlet of the
basin. This stream outlet also coincides with the stream outlet of the lake—mire ecosystem. Delineation
of the basin is done using the DEM. The boundaries of the DEM are constant regardless of whether the
basin is in marine or terrestrial conditions. The part of the watershed where runoff is routed directly to
the biosphere is the third landscape feature of interest; this feature is referred to as the “sub-catchment”.
The sub-catchment is a sub-area of the basin. If there exists a stream inlet to the ecosystem, then a part
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of the runoff in the basin is routed into the biosphere object via the “stream-inlet” (see Figure 5-1). If
the stream-discharge of a biosphere object is routed downstream to another biosphere object, then the
basin for the downstream object begins immediately downstream of the stream outlet of the upstream
object (i.e. all basin, sub-catchment and lake—mire ecosystem areas are mutually exclusive).

While the landscape is in submerged condition (Section 4.1.1), the whole basin, or parts of it, is
covered by the sea. The portion of the basin covered by water is defined as the aquatic ecosystem and
the boundary of the biosphere object coincides with the area of the basin covered by water. It is here,
in the aquatic ecosystem, where humans and non-human biota may be most exposed to radionuclides.
As the shoreline retreats, due to land uplift, the aquatic ecosystem transitions to a lake—mire or mire
ecosystem within the basin (see Figure 5-1). The area of the aquatic ecosystem will decrease in propor-
tion to the area of the basin no longer covered by the sea as the shoreline retreats.

a) Basin

E!Iment \ Stream
Lake-mire outlet

ecosystem

b)

Figure 5-1. a) Conceptual illustration of geometrical areas and flows of runoff associated with a biosphere
object in the terrestrial stage (with no upstream object). Black ellipse represents the basin which is also the
catchment. The grey line divides the basin into the catchment of the inlet (left) and the sub-catchment (right,

shaded). The sub-catchment includes the biosphere object (hatched area). b) Black arrows represent the flow
of runoff; either as streaming water (large arrow) or as surface and subsurface runoff (small arrows). Blue
oval represents a lake, surrounded by a mire (orange). All runoff in the basin will be discharged through the
stream outlet. Figure modified from Grolander and Jaeschke (2019).
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5.1.2 Identification of biosphere objects

The biosphere objects identified in SR-PSU (SKB TR-14-06) are used also in the PSAR (Figure 5-2).
The methodology used in their identification is summarised as follows: Future lakes and lake catch-
ment geometries were first identified using the digital elevation model (DEM) presented in Section 4.7
and Stromgren and Brydsten (2013) (Figure 5-2). Areas where deep groundwater discharges from the
bedrock into the regolith were then identified using results from non-reactive particle tracing simula-
tions, imposed on the flow-field calculated by the geohydrological model, to trace flow-paths from the
repository (Odén et al. 2014). The estimated locations of the future lakes and catchment geometries and
the deep groundwater discharge areas was then examined simultaneously in order to identify where
surface hydrological processes, such as runoff and near-surface groundwater movement, will likely
interact with deep groundwater flow paths originating from the repository. It is in these areas, where
the deep groundwater discharges are likely to interact with the surface water hydrology at the surface,
where focus is given when defining most of the biosphere objects in the PSAR. It is these areas where
the sub-basin (see Section 5.1.1) is defined, and therefore the lateral boundary of the biosphere objects.
For the PSAR, the location of all biosphere objects was defined in this fashion with the exception

of biosphere object 157 2.
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Figure 5-2. Biosphere objects in the PSAR. When the area is under the sea, the biosphere objects are in their
marine stage and all of the delineated objects are used simultaneously in order to assess the potential expo-
sure dose from the marine object. However, significant fractions of the geosphere release are only expected
to be discharged to basins 157 2 in the base case, and to 157 1, 157 2 and 116 given the presence of an
atypical horizontally sloping fracture (Section 5.2). Thus, these three objects were considered sufficient for
assessing dose in the terrestrial stage. In the terrestrial stage, the biosphere object is defined as the original
lake basin (blue) or the mire (yellow). The coordinate system is RT 90 2,5 gon V/0:15. Figure modified from
SKB TR-14-06.
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For biosphere object 157 2, a gently sloping local topography without any pronounced depressions
within the focus area prevented the formation of an inland lake during the transition from a marine to
a terrestrial basin. However, results from the future hydrological modelling predicted that the annual
average groundwater table would be near the ground surface producing conditions conducive of
wetland formation (Werner et al. 2013). It was therefore assumed that the object would bypass a lake
stage during its isolation from the sea and transition directly to a wetland stage. This meant that it
was not possible to define the boundaries enveloping the mire ecosystem solely based on the position
of a stream outlet Instead, the object was delineated by enveloping the majority of discharge points
that were modelled for the terrestrial stage of the basin (see Figure 6-12 in SKB TR-14-06). The
spatial boundary of the biosphere object was defined by generally following the isoline enveloping
the majority of the discharge points while avoiding the water divide for basin 159. Special attention
was paid to ensure that the drainage outlet of biosphere object 157 2 matched that of the larger basin
(Figure 5-3).
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Figure 5-3. Flow routed over biosphere object 157 2. The flow direction from the watershed converges
into the object, whereas the flow within the object is directed to the stream outlet. Dashed line shows the
watershed of the object and the orange circle the stream outlet. Grey lines represent topographic contours
(elevational equidistance of 0.2 m).
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5.1.3 Analysis of potential areas for discharge from SFR

The first, and arguably most important step in the identification and delineation of the biosphere
objects in the PSAR is the estimation of the discharge points at the surface. Hydrogeological models
of the Forsmark landscape were developed for multiple future time steps for SR-PSU. For each time
step, a steady-state flow field was generated and used for particle tracking simulations (Odén et al.
2014). Results from these simulations show where groundwater from the repository could enter the
biosphere, and which areas of the biosphere may therefore contribute to a release of radionuclides
from SFR to the biosphere.

After SR-PSU, complementary studies examined uncertainties in the parameterization and structure
of the bedrock hydrogeological models. Ohman and Odén (2017) and Saetre and Ekstrom (2017a)
examined a postulated, large, horizontally sloping fracture in the bedrock below biosphere object 157 2
and how it may affect future groundwater discharges. Ohman and Odén (2018) built on these studies
and examined how uncertainties in the model parameterization, structure and heterogeneity of the
bedrock model affected modelled discharge locations. Results from these studies were then compared
with the discharge locations produced in Odén et al. (2014) in order to assess if the biosphere objects
used in the SR-PSU work were relevant for the PSAR.

Results from Ohman and Odén (2017) (see subhorizontal fracture calculation case, Section 10.5)
largely confirmed the pattern of discharge locations reported by Odén et al. (2014) in SR-PSU in spite
of the uncertainties of the bedrock model; these results help support the conclusion that the biosphere
objects defined in SR-PSU are also appropriate to the PSAR, i.e. objects 157 2, 157 1 and 116.
Moreover, it was found that in most cases it is sufficient to use biosphere object 157 2 as the primary
discharge area for the geosphere release. For 22 of the 30 bedrock cases examined in Ohman and Odén
(2018), almost all particles released from SFR1, and most particles from SFR3 were discharged into
biosphere object 157 2 (Table 5-1, Figure 5-4). In the marine period, the surface water in all seven
basins will receive radionuclides via advective fluxes of the surface water across the basin boundaries
(see Section 5.3.1). In the terrestrial period, objects 157 1 and 116 will receive radionuclides via sur-
face or groundwater flows from object 157 2. Descriptions of objects 157 1 and 116 are also required
to assess the consequences of a geosphere release that is distributed via the horizontally sloping fracture
examined in Ohman and Odén (2017) and Saetre and Ekstrom (2017a).

Table 5-1. Location of released particles at the bedrock-regolith boundary. The result is presented
as fraction of the total number of released particles from SFR1 and SFR3 (10000 per waste vault
and bedrock case); a blue-to-yellow (0—100 %) gradient is used to visually emphasize the results.
“Object” refers to the biosphere object itself, and “Basin” refers to the larger basin within which
the “Object” is located. ‘Mean’ refers here to the mean fraction of 22 typical bedrock cases
(including “base case” BC1, results for which are displayed also separately). The mean for the
eight bedrock realisations for the atypical realisation with a large horizontally sloping fracture
underneath object 157_2 is reported separately (R02). Note that most released particles reach the
basin of 157_2 in the marine stage (~98 %, 3000 AD), and the object area in the terrestrial stage
(> 90 %, 5000 and 9000 AD), but that a large fracture may alter this pattern (see text for details).
Data from Ohman and Odén (2018).

Time (AD) 3000 5000 9000

Area BC1 Mean R02 BC1 Mean RO02 BC1 Mean RO02

157_2 Basin 100% 98 % 97 % 7% 94 % 57% 98% 96% 66%
Object 83% 79% 77 % 94 % 92% 56 % 95% 94% 64%

157_1 Basin 2% 4% 25% 2% 3% 24%
Object 2% 2% 1% 1% 2% 10%

116 Basin 1% 2% 17 % 0 % 1% 10%
Object 0% 1% 9% 0% 1% 5%
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Figure 5-4. Spatial distribution of discharge locations for particles released from SFR as reported in Ohman
and Odén (2018) (110000 particles and bedrock case BC1) in relation to basins and biosphere objects used
in SR-PSU. The discharge density is expressed here as the number of particles per each 20 x 20 m? model
cell. The upper left panel shows the present bathymetry for the sea floor north of SFR. Note that the object
outline broadly follows the topography of the sea floor; the original outline of 157 2 was defined using a map
of a coarser scale and therefore there are somewhat larger differences between the object borders and the
topography contours. The other three panels show particle densities (number of points per 400 m°) for three
timesteps, representing the sea stage (3000 AD) and the terrestrial stage (5000 and 9000 AD). The released
particles are primarily discharged into biosphere object 157 2. Objects 157 1 and 116 are included for
orientation. Corresponding fractions for particles discharged into the three objects are shown in Table 5-1.
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5.2 Properties of biosphere objects

This section describes the properties of biosphere objects that are of importance for modelling the transport
and accumulation of radionuclides. These include geometrical features, water exchange during the marine
stage, regolith depth and ground- and surface-water flows.

5.2.1 Properties of marine basins

At 3000 AD, at least some portion of every sea-basin is predicted to have emerged from the sea due to land
uplift. However, most of each basin is predicted to still be covered by surface water; all basins are, at this time,
considered to be in the marine stage. All seven sea-basins and Oregrundsgrepen (i.e. the open water between
Forsmark and present-day Griso) are used to assess the repository safety in the marine stage (3000 AD in
Figure 5-4 and Figure 5-5) as all basins are in direct, or indirect, contact with object 157 2 via surface water
exchange (Figure 5-5). During the marine stage, it is the sea-basins that are used to delineate the biosphere
object used in the dose calculations. For the objects, or sea-basins, that do not contain groundwater discharge
areas (i.e. all basins except for 157 2, 157 1 and 116) it is assumed that radionuclides may be transported to
these objects via surface water exchange and sedimentation mechanisms only. The amounts of accumulated
radionuclides in the regolith within the objects/basins that do not contain discharge areas are therefore expected
to be orders of magnitude lower than the amounts of radionuclides accumulated in the regolith of the objects
which contain groundwater discharge areas. Thus, in order to simplify the analyses performed during the marine
stage, the assessment of all objects other than 157 2 (i.e. the object within which the primary groundwater
discharge area is located) is restricted to the area of the basin which is covered with water (see Section 9.2 and
Figure 5-5). Consequently, it is only the object properties that are associated with the open water that are utilized
in the PSAR for these objects during the marine stage. The most important of these properties include the
surface water area, the water depth, and the horizontal flows of water between the objects. The concentration
of particulate matter, mineralization rate, biomass and primary production are also properties of the basins that
are described in the analyses, but these properties are considered to be of less importance in the dose calcula-
tions in comparison to properties affecting the advective transport of radionuclides. The DEM (Stromgren and
Brydsten 2013) was used to define the water surface area and water depth (Brydsten and Strémgren 2013).
The biotic properties were derived from the morphometry of the basin (Grolander 2013). The horizontal water
exchange between the objects was calculated using the MIKE 3 FM modelling tool (Werner et al. 2013).
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Figure 5-5. Physical properties and water exchange of marine basins. Left: depth map over the Forsmark area at

3000 AD. Basin boundaries are outlined with black lines. The red triangle marks the primary groundwater discharge from
the repository within object 157 2. The arrows indicate straits that are open for exchange of water. Right: water flows
between connected biosphere objects (m* a'). Biosphere objects are positioned on the lead diagonal including the object
“Grepen” which is added to represent the exchange between the object and the open-water of Oregrundsgreppen. The flow
directions between the objects along the lead diagonal are given in a clock-wise direction (see the diagram directly below
the figure). Higher flows correspond to darker blue colours. Flows were calculated with MIKE 3 FM (Werner et al. 2013).
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5.2.2 Regolith depth of terrestrial objects

The thickness of the regolith layers was calculated using the regolith—lake development model
(RLDM), a landscape development model that examines how processes such as erosion and land
uplift may affect the landscape of Forsmark. For the till, a regolith layer that is assumed to not be
affected by interglacial erosion processes, the thickness is described using the regolith depth model
(RDM), a geospatial dataset describing the current state of the regolith at Forsmark (see Section 4.7.1
for a brief explanation of the RLDM).

Biosphere objects 157 2, 157 1 and 116 all have similar till thicknesses (“RegoLow” in Figure 5-6).
The organic regolith layers (post-glacial clay-gyttja and peat) accumulate over time (see Section 5.4)
and are assumed to reach a steady-state once the object is in its the mire stage. Object 157 2 is located
on a gentle hillslope and is not predicted to contain a lake basin. In this object, regolith layers on top of
the till are estimated to be relatively thin (> 0.3 m) (Figure 5-6). Local depressions within object 157 2
are estimated to be partly filled with inorganic deposits (e.g. Figure 5-7). Regolith thickness varies
across the landscape with generally thicker sedimentary deposits in local depressions and in down-
stream portions of each basin (see Section 11.3.1). Objects 157 1 and 116 are situated downstream
of 157 2 and they have deeper lake basins than that of object 157 2. These objects are predicted to
have more sedimentary deposits on top of the till, with object 116 projected to have the thickest layer
of sedimentary deposits (Figure 5-6).
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Figure 5-6. Object boundaries and regolith thicknesses of biosphere objects 157 2, 157 1 and 116 during

their terrestrial period. Left: digital elevation model (DEM) of the area around SFR with the three biosphere
objects outlined in black. Right: regolith stratigraphy of the biosphere objects at the mire stage (bar chart,
left vertical axis) and sizes of object, basin and watershed (right vertical axis, note the logarithmic scale).
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Figure 5-7. Regolith distribution and stratigraphy in object 157 2 according to the regolith depth model
(RDM). Left: surface distribution of regolith layers with a minimum thickness of 0.5 m. Position of the
transect shown on the right-hand panel is indicated by the dotted black line. Right: vertical profile showing
stratigraphy and total regolith thickness along a transect that intersects object 157 2 (indicated by the
double-ended arrow) and beyond. The vertical axis shows the altitude in relation to the sea level (m a.s.l.),
and the upper surface of the profile coincides with the digital elevation model (DEM). Orange represents
post-glacial sand deposits, yellow is different types of clay, blue is till and red is bedrock with the uppermost
bedrock layer in brown. Figure updated from Sohlenius et al. (2013a).

5.2.3 Surface hydrology

Surface hydrological characteristics and water balance components were derived for biosphere objects
157 2,157 1 and 116 using a distributed hydrological model implemented in MIKE SHE (Werner
et al. 2013). Simulations were carried out for four shoreline positions as denoted by the time period
of the simulation. For “present day”” and 3000 AD simulations, all objects are in their marine stage (i.e.
covered by sea) and in the 5000 and 11 000 AD models the objects are in their terrestrial stage (i.e.
isolated from the sea) (Figure 5-4). According to the hydrological modelling (Werner et al. 2013) all
of object 157 1 and most of object 116 are below the piezometric water surface in the wet period of
the year thus indicating that these portions of the object are under water (Figure 5-8). This is also the
case for object 157 2 but to a lesser spatial extent. This indicates that primary mire formation is likely
to occur within object 157 2, even in the absence of a lake basin during the terrestrial stage, which
indicates that this future hillslope will likely have wetland characteristics.
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Figure 5-8. Surface hydrological characteristics of the area surrounding the biosphere objects. Results from
simulations with the shoreline position of 5000 AD and a temperate climate (normal year). Striped areas
indicate the three biosphere objects and the small lake in basin 159. Left: annual average hydraulic-head
differences (m) in the regolith at ~4 m below ground surface (i.e. between calculation layers 2 and 3 in the
model). Labels of the biosphere objects appear to the left of the object; the small lake basin in basin 159 is
east, north—east of object 157 2 and is not labelled. Blue colours indicate a negative pressure change in the
vertical direction (pressure decreases as elevation increases) thus implying an upward flow of groundwater
in these areas. Red colours indicate a positive pressure gradient in the vertical direction (pressure increases
as elevation increases) thus implying a downward flow of groundwater in these areas. Right: depth to the
groundwater table (m) during a wet period (March). Blue colours indicate areas where the modelled ground-
water level is above the ground surface thus implying the presence of surface water in these areas. Green/
brown colours indicate areas where the modelled groundwater head is below the surface thus implying that
these areas consist of “dry land”. Panels are details from Figures 5-3 and A1-15 in Werner et al. (2013).
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Water balances derived from the MIKE SHE modelling results presented in Werner et al. (2013) are
used to calculate the surface and sub-surface water fluxes in and out of the biosphere objects that are
later used in the BioTEx model (Chapter 7)'*. Key parameters of these water balances are the vertical
water flows between the bedrock and the regolith within the biosphere object, and the vertical fluxes
between the different layers'® within the regolith profile (Figure 5-9). During the terrestrial periods
(i.e. 5000 and 11 000 AD), the water balances included horizontal flows into and out of each object,
as well as flows across the boundary of mire and lake/stream parts of the objects (Figure 5-9).
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Figure 5-9. Water balances for terrestrial conditions of biosphere object 157 2. Left: map of the biosphere
object (vellow) and its catchment. The grey line outlines the borders of the basin. The blue line represents a
stream. The present shoreline is outlined in black for reference. Middle: stacked boxes represent MIKE SHE
model calculation layers within the object, and the arrows represent water flows across object boundaries
(horizontal) or the regolith layers (vertical). Right: upward and downward flows between regolith layers

in the BioTEx model (Chapter 7), as estimated by linear interpolation between the boundaries of the MIKE
SHE calculation layers. The flows in the water balances are normalized to the area of the object (i.e. being in
terms of area-specific flows) and are expressed as mm a”' (equivalent to 107 m’ per m? and year). Regolith
thicknesses for the calculation layers are given in both stacks of boxes. The head of the arrows (connecting
the middle and right panels) indicate the approximate vertical locations of regolith layer boundaries in the
corresponding MIKE SHE calculation layers. For example, the boundary between RegoGL and regoLow is
located 0.1 m into the Regolb layer. For details on the methodology see Section 7.2 in Werner et al. (2013).
Letters are used to link components in the left and middle panels.

12 Sassner, 2022. Framtagande av vattenbalanser frin MIKE SHE till radionuklidtransportmodellering.
SKBdoc 1987268, ver 1.0, Svensk Kérnbrianslehantering AB. (In Swedish.) (Internal document)

" In MIKE SHE, there is a distinction between calculation layers for which flow calculations are made and
regolith layers to which hydrogeological parameters are assigned. At positions where more than one regolith layer
overlaps with a calculation layer, the properties of the calculation layer are obtained by spatial averaging of the
regolith-layers properties (using harmonic mean for vertical conductivity, see Bosson et al. 2010, Section 4.1.1).
As the boundaries of the calculation layers do not coincide with those of the regolith layers, linear interpolation
was used to calculate upward and downward flows at vertical positions corresponding to the boundaries of the
regolith layers (Section in 7.6 in Werner et al. 2013, see also Figure 5-8).
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A comparison of the modelled vertical flows within the objects indicates that the area-specific
groundwater discharge is expected to be higher in object 157 2 than in the other two biosphere objects
(Figure 5-10). This is due to the thinner regolith layers (Figure 5-6) and a larger discharge from the
bedrock within the object. The area-specific bedrock discharge is an order of magnitude larger in object
157 2 than for the other two objects. This is due in large part to the structure of the bedrock directly
under object 157 2 as discussed in Ohman and Odén (2017) and Saetre and Ekstrom (2017a).
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Figure 5-10. Upward flows leaving the top of the specified layers as a function of soil depth in biosphere
objects 157 2, 157 1 and 116 normalized by the area of the object. Marker colour indicates the layer from
which the flows are leaving: top of the bedrock (blue), top of till (Low, dark grey), top of glacial clay (GL,
light grey), top of postglacial clay-gyttia (PG, light brown) and top of deep peat (orange).
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5.3 Temporal development of biosphere objects

The spatial boundaries of a biosphere object are largely defined according to the surface topography.
Surface topography is, in large part, dictated by the topography of the bedrock and the deposition
pattern of the overlying till. These geological layers are expected to undergo marginal/negligible
changes during an interglacial period due to the relatively large amount of energy and/or time required
to displace these materials.

In contrast, the glacial clay and postglacial sedimentary materials are lighter and are therefore more

susceptible to displacement via interglacial erosion mechanics. Shoreline regression, wave erosion and
sedimentation, lake infilling and ecosystem succession are all expected to shape the landscape during
the interglacial periods. Thus, the regolith—lake development model (RLDM, see Chapter 4) was used

to describe the temporal development of the biosphere objects in SR-PSU over the interglacial time-
period considered in these analyses (i.e. up to 11000 AD).

5.3.1 Stylised development of biosphere objects used in the assessment
Biosphere object 157_2

Object 157 2 is located north of SFR. Currently, the object sits under the sea on a gentle slope
(~0.5 %) which generally points downward to the north (Figure 5-4). Within the present modelling
framework, the rate of shoreline regression corresponds to the present rate of isostatic rebound
(Brydsten and Stromgren 2013). At this rate, the shallowest (southern) parts of the object will emerge
from the sea ~ 1000 years into the future (3000 AD) and the object will become fully isolated from
the sea in ~2 500 years (4500 AD). These time horizons are considered to be early estimates as they
do not account for the current and future rate of sea-level rise associated with a warming climate
which would delay the terrestrial isolation of the object.

There are four local depressions within object 157 2 which, in total, cover about a third of the object’s
area, see Saetre and Ekstrdm (2017a). These depressions may form shallow pools during the object’s
isolation from the sea which will eventually be overtaken by mire vegetation. The effect of these pools
on dose calculations was examined in Saetre and Ekstrom (2017a). Results from this study indicated
that the existence of these pools had no noticeable effect on the modelled radionuclide doses. It was
therefore decided to model these depressions as being filled with peat during all stages of the object’s
isolation in order to simplify the hydrological and radionuclide transport models.

A stream is assumed to carry the runoff from object 157 2 to the downstream object 157 1 (see
Section 7.5.2 in Werner et al. 2013 for details). This stream was not accounted for in SR-PSU. This
stream was added for the PSAR as its formation is consistent with other small streams postulated in
the stream network (e.g. streams in basins 159 and 157 _1). The inclusion of this stream also ensures
that exposure to organisms in an aquatic habitat can be appropriately assessed even though the shallow
pools that are predicted to exist during the object’s isolation from the sea are not explicitly modelled™.

The regolith description of object 157 2 suggests that much of the object’s area would be suitable
for cultivation due to extensive glacial clay and post-glacial sand deposits (Figure 5-7). It is therefore
assumed that cultivation will be possible within the object areas assuming the wetland areas are
properly drained.

Biosphere object 157_1

Biosphere object 157 1 is located directly to the north and downslope of 157 2. The assumptions
inherent to the modelling of shoreline regression indicate that object 157 1 will become isolated from
the sea a few hundred years after the isolation of object 157 2. Once isolated, object 157 1 will be a
lake with a mean depth of approximately 2 metres. Mire vegetation will begin to colonize the lake thus
accelerating the accumulation of sediment. Peat accumulation begins once the lake is completely filled

' Calculated activity concentrations in surface water will be similar in pools and streams, as the dilution with
surface water is primarily determined by the size of the watershed. For C-14 this is not true, due to losses from
degassing in the mire. Therefore, dose rates to non-human biota (NHB) are also cautiously evaluated postulating
a release to surface water with no prior degassing (Chapter 12).
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with sediment. The lake is considered to be completely filled ~1 000 years after its isolation, assuming
no anthropogenic intervention. Given the clay deposits and the expected future accumulation of organic
deposits (i.e. clay-gyttja and peat) within the object, it is plausible to assume that object 157 1 could be
cultivated in the future if it is drained.

Biosphere object 116

Biosphere object 116 is the largest of the three objects considered. The object is currently a sea basin
with an average depth of 10 metres and it is expected to be a lake once it is isolated from the sea. The
lake threshold of object 116 is less than a metre below that of upstream object 157 1; lake isolation
is predicted to occur less than a hundred years after the isolation of object 157 1. The mean depth of
the lake comprising object 116 is estimated to be ~2 metres with some parts as deep as 5 metres. The
time required for complete terrestrialisation of object 116 is expected to be substantially longer than
that estimated for 157 1. Via extrapolation of the ingrowth rates for present lakes in the region, it is
estimated that the lake comprising object 116 could stay open for thousands of years in the absence
of anthropogenic intervention. This is due to the presence of relatively deep local depressions within
the lake and the lake’s relatively large size. Object 116 is also assumed to be well suited for cultivation
in the future due to the relatively thick layer of glacial clay in the area, the accumulation of organic
deposits (i.e. clay-gyttja and peat) that is expected during the infilling of the object and assuming the
object is properly drained.

5.3.2 Projected change in biosphere objects according to the RLDM

Quantitative properties describing the development of biosphere objects were extracted from the
RLDM for each of the three biosphere objects as part of the parametrisation of the assessment model
in SR-PSU (Grolander 2013). These properties are also used in the base case of the PSAR assessment
in this report. However, as previously noted, uncertainty with respect to object properties and the time
of emergence are handled in separate calculation or sensitivity cases (see Chapter 6 for an overview).

If the climate gets significantly warmer than postulated in the RLDM, changing sea levels may delay
the isolation of the biosphere objects from the sea. The transition of the biosphere object from its
lake to its peat stage is not expected to be significantly different from the conditions postulated in the
RLDM when considering a warmer climate. Thus, it is considered reasonable to shift the times of the
isolation events to account for a postulated sea level rise while keeping the projected timing of the
transitioning between lake- and peat-stages constant.

Regolith characteristics for all biosphere objects will change on the timescale considered in the
analyses. The RLDM is used to calculate the development of regolith of the biosphere objects over
time, and to describe their transition from marine to terrestrial objects. An example of these results is
illustrated in Figure 5-11.

Ground- and surface-water fluxes in and out of the biosphere objects will change along with the
development of the landscape. To account for this, snapshots in time were taken to represent stages
of the aquatic (3000 AD) and terrestrial (5000 and 11 000 AD) ecosystems. Linear interpolation was
used to calculate flows in the interim periods. This simple method is considered adequate as the
largest, most significant changes in the flows are assumed to occur in the time period surrounding the
emergence of the object from the sea. A more detailed explanation of flux calculations is presented
in Section 8.2.4.
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Figure 5-11. Example of object properties that change in accordance with the development projected in the
RLDM. Left panel: development of mire object 157 2, with no lake stage. Dashed coloured lines represent
the area of the aquatic object (blue) and the mire (dark brown). Solid coloured lines represent the average
thickness of glacial clay and post-glacial clay gyttia (GC+PG, light brown), of deep peat (dark brown)
and the average water depth (dark blue). Left panel: The upper parts of the hill-slope starts to emerge
~3000 AD (first vertical line), and the mire object is fully emerged ~4500 AD (second vertical line). Right
panel: development of lake object 157 1. The lake is isolated from the sea ~4500 AD (first vertical line)
and it has been filled with sediments and peat ~5700 AD (second vertical line). The end stage of both
objects is a mire with a central stream.

5.4 Discharge locations in periglacial conditions

Hydrological models of periglacial conditions were examined by Bosson et al. (2010, 2013). Results
from particle tracking simulations indicated several potential areas for discharge given permafrost
extending down to a depth of 100 m (Odén et al. 2014). Results from these studies supported the choice
of object 157 1 and lake 114 as potential through taliks under periglacial conditions (see Figure 5-12).
These objects are also used in the PSAR to examine radionuclide transport in the biosphere system
under periglacial conditions.

The current interglacial is projected to prevail for at least another 50 000 years (Section 4.1.1).
During periglacial conditions, ingrowth of mire vegetation and accumulation of lake sediment are
expected to be slower than during temperate conditions (Brydsten and Stromgren 2010). However,
it is assumed that all lakes above the repository, including object 157 1, will be infilled already by
this time. Therefore, the periglacial conditions are assumed to not considerably affect the projected
natural development of these objects and object 157 1 is assumed to be a mire talik.

Object 114 is positioned among the string of narrow sea bays and lakes that are projected to be the last
to remain in the Forsmark landscape (Brydsten 1999). The main stream in the Forsmark landscape
is expected to flow through this chain of lakes in the future valley, resulting in a catchment that is
significantly larger than those for the biosphere objects in the vicinity of the repository. Due to the
present topography and long-lasting availability of the lakes for sediment accumulation, the regolith
layers in these lakes are expected to be significantly thicker than those above the repository. For the
periglacial hydrological simulations, ~40 % of the lake basin of object 114 is assumed to be covered
by a mire (Werner et al. 2013).
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Figure 5-12. Biosphere objects utilised for hunting and gathering during periglacial conditions outlined on

the map of today s landscape. Objects 157 1 (mire) and 114 (lake) are assumed to form through taliks during
periglacial conditions and, thus, receive direct discharge of deep groundwater from the repository No through
talik and corresponding radionuclide releases are assumed in biosphere object 157 2, but the object could

be utilised for hunting and gathering and radionuclides that have accumulated in earlier temperate periods
would then contribute to exposure.

5.5 Well interaction area

Both dug and drilled wells are considered in the PSAR. Dug wells are considered as an exposure
pathway for agricultural, self-sustained communities in the biosphere objects and are included in the
assessment (Chapter 6). A drilled well is treated as a separate exposure pathway and the dose from
this pathway is evaluated according to a small, exposed group that uses the water for household
needs (see Section 7.5.4). The effects of wells on local hydrology and hydrogeology are considered
in the assessment of bedrock-drilled wells (Werner et al. 2013, Section 6.4). Drilled wells that
penetrate the repository are not included in the biosphere assessment; See the FHA report for

a description of these wells.

Earlier in SR-PSU, two types of drilled well locations were examined: drilled wells within potential
agricultural settlements and wells drilled in the path of the contaminant plume originating from SFR.
The locations of wells within potential agricultural settlements were estimated based on current and
historical information regarding well placement relative to the distance from arable land and sea. Based
on an analysis of the historical information, bedrock wells were considered to be within 100-200 m
from arable land at points with a ground surface elevation at least 1 m above sea level in order to avoid
sea-water intrusion (Werner et al. 2013, Section 6.4.2).
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In addition, a “well interaction area” was used to assess the potential contamination of bedrock wells
drilled within the path of the contaminant plume (Figure 5-13). The well interaction area was defined as
the volume of bedrock between —10 and —80 m depth (below bedrock surface) within which the majority
of particles released from SFR passes through; the volume is then projected on the topographical surface
producing a 2D area. The outlined well interaction area has a size of 0.26 km?, and the density of wells
in the region ranges between 0.5-2 wells per km* (Werner et al. 2013, Section 6.4). Thus, simultaneous
exposure from the use of more than one well in the area is not considered reasonable.

Werner et al. (2013) used particle tracking studies to estimate the potential contamination of these wells
due to a release of radionuclides from the repositories. Hypothetical wells placed within the well interac-
tion area were pumped at a rate consistent with the projected water demands of a future agricultural
settlement and covering the irrigation demand for a garden plot in a warmer climate (Werner et al. 2013,
Section 6.4, this report, Section 8.3.3). Most of the wells in potential agricultural settlements, outside
of the well interaction area (cf above), received no particles during the simulations. For the minority of
the wells that did receive particles, 0.05 % of the total particles released from SFR1 were captured, and
0.004 % of the total particles released from SFR3 were captured in these wells. The number of particles
captured by wells drilled within the well interaction area was significantly higher. Within the well
interaction area, the average fraction of released particles reaching a well ranged from 2 % of the total
particles released (SFR3, particles originating in vault SBLA) and 8 % (SFR1, particles originating
from the silo), see Section 6.4 in Werner et al. (2013) for a more in-depth explanation.

In SR-PSU effects from a potential release to wells drilled by agricultural settlements within a few
kilometres of the repository was also investigated (Werner et al. 2013, Sections 6.4.2 and 6.6.4).
Particle tracking studies suggested that most of these wells are unlikely to receive any radionuclides
from the repository (Werner et al. 2013, Table A3-1). The three wells that did receive particles were
located close to SFR, and the fraction of the release was two orders of magnitude lower than expected
for wells located in the well interaction area (i.e. typical fractions for SFR1 and SFR3 were 1x107°
and 3.5x107 as compared to a few percent, Table 8-4). Thus, the potential dose to a farming popula-
tion utilizing drilled wells in the vicinity of SFR is considered to be small as compared to potential
doses from a well in the well interaction area. Consequently, wells in the well interaction area are the
only type of drilled well considered in the PSAR. The probability of drilling a well into the well inter-
action area is not accounted for in the PSAR. Instead, the drilled well is treated as a separate exposure
pathway with a probability of 100 %, and the dose from this pathway is evaluated considering a small
exposed group, that uses the water for household needs (see Section 7.5.4).
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| | A Arable land

Figure 5-13. The well interaction area superimposed on particle trajectories from SFR (left panel) and the
4500 AD landscape map (right panel). Figure modified from Werner et al. (2013).
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6 FEP handling, assessment endpoints, and
calculation cases

In this chapter, SKB’s work in identifying features, events and processes (FEPs) important for the
evolution of surface ecosystems, and transport and accumulation of radionuclides are described in
Section 6.1. The incorporation of these FEPs in different parts of the biosphere modelling is also
described in Section 6.1. Sections 6.2 and 6.3 summarise the (human) exposure pathways and the
identification of assessment endpoints for human and non-human biota. The last section, Section 6.4,
presents the calculation cases used in the radionuclide transport and dose calculations described in
this report.

6.1 FEP handling

A FEP is a feature, an event or a process that is potentially relevant to post-closure safety and hence
needs to be addressed in the assessment. Earlier in SR-PSU, a major effort on the identification and
handling of FEPs related to the biosphere system was carried out (SKB TR-14-06, SKB R-14-02).
The PSAR FEP catalogue has been established by performing a validity check of the SR-PSU FEP
catalogue, accounting for new knowledge, and a check against new international FEP lists; this review
did not lead to any change in the set of FEPs included in the catalogue (Post-closure safety report,
Section 3.4). Also, the FEP handling described below is mainly the same as in SR-PSU.

Ecosystems are dynamic systems that continuously evolve because of a complex interplay of internal
and external factors linked to each other through many interacting processes. A systematic approach
is taken to 1) identify and analyse the ecosystems that are likely to receive discharges of deep ground-
water, ii) their internal components (where radionuclides may accumulate), and iii) the internal and
external processes that affect the transport, accumulation and exposure to radionuclides of organisms
and humans. The PSAR assessment period spans over 100000 years. Thus, effects of landscape devel-
opment and ecosystem succession on transport, accumulation and exposure also need to be considered,
as well as the effects of large-scale climate change.

To facilitate traceability in this chapter, identifiers in the PSAR FEP catalogue (FEP report, Chapter 5
and Appendix 2) are given in parentheses. Biosphere components are identified as CompBionn,
processes are identified as Bionn, and variables" are identified as VarBionn (where nn is the number
assigned to the component/FEP/variable).

6.1.1 Identification of important components, processes and conditions

An interaction matrix (IM) is a practical tool to transparently visualise identified components and
pathways that may potentially affect radionuclide transport, accumulation and exposure. It can be used
to list the rationale for dismissing identified processes as being of little or no quantitative importance
in a particular safety assessment (see for example Avila and Moberg 1999, Harrison and Hudson
2006, Velasco et al. 2006). The major components (CompBionn) of the system are listed along the
lead diagonal of the matrix, each representing a physical feature of the system. The dynamics of the
system are then described in terms of processes (Bionn) directly acting between the major components,
displayed as off-diagonal elements in the matrix.

IMs have been used by SKB to describe the effects of a potential release of radionuclides from deep
repositories since the early 1990s (Eng et al. 1994, Skagius et al. 1995, Pers et al. 1999). An early
version of an IM for the biosphere system was presented in 2001 (Kautsky 2001, SKB R-01-13), which
has been further developed and updated to reflect the current understanding of ecosystem processes and
radionuclide behaviour (SKB R-13-43).

' Defined as features, or internal conditions, related to the initial state of components, or features that influence,
or are influenced by, processes.
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Ten physical components, two boundary components (geosphere (CompBio01) and external condi-
tions (CompBio12)), six variables (features), and 50 processes were identified in the biosphere IM
in SR-PSU (SKB R-13-43). Four components represent different environmental media: regolith
(CompBi002), soil water (CompBio03), surface water (CompBio04), and atmosphere (CompBio05),
Six components represent organism groups that are exposed, directly or indirectly, through these
media: primary producers (CompBio06), decomposers (CompBio07), filter feeders (CompBio08),
herbivores (CompBio09), carnivores (CompBio10), and humans (CompBio11). The variables
(VarBionn) represent features of these components (geometry, material composition, water composi-
tion, temperature, stage of succession, and radionuclide inventory).

Not all processes between the components in the IM are expected to be significant for the transport and
accumulation of radionuclides from a geological repository at Forsmark. Of the 50 initially identified

processes, 45 were considered relevant and sufficient for assessing the safety of human health and the
environment (Table 6-1). The processes judged to be insignificant and not necessary to be included in
the safety assessment are movement (Biol1), change of pressure (Bi020), loading (Bi023), irradiation
(Bio44), and radiolysis (Bio46). Justification for the exclusion of these five processes is provided in

SKB (R-13-43, Chapter 7).

The processes have been grouped into six broad categories: 1) biological processes, 2) processes
related to human behaviour, 3) chemical, mechanical and physical processes, 4) transport processes,
5) radiological and thermal processes, and 6) landscape-development processes. In the text below, these
process categories are defined, and key processes for the modelling are briefly described. In addition,
internal conditions (variables) that affect the components and/or processes are also briefly described.
A detailed description of all processes and variables is given in SKB (R-13-43).

Biological processes

Biological processes are those that are dependent on organisms. One pathway of exposure to radio-
nuclides is via intake of water and food, and thus the distribution of biota and food-web interactions
are important. In addition, biota may influence the distribution of radionuclides in abiotic pools by,
for example, disturbing sediment or affecting water composition. The biotic processes are general
and may involve both humans and other organisms. Processes that are strictly related to humans are
categorised as processes related to human behaviour (see below). Consumption (Bi002), decomposi-
tion (Bio04), excretion (Bi005), food supply (Bio06), growth (Bio07), habitat supply (Bio08), primary
production (Bio13), stimulation/inhibition (Bio14), and uptake (Bio15) are biotic processes that influ-
ence the distribution of radionuclides in biota and the transport of radionuclides in food webs. The
processes decomposition and excretion also affect the transformation of radionuclides from organic
to inorganic form.

The processes bioturbation and (Bio01) particle release/trapping (Bio12) are biotic processes that
influence the abiotic compartments of the environment. Bioturbation influences the properties of the
regolith and thereby affects the accumulation of radionuclides in the regolith. Particle release/trapping
influences the amounts of particles in water and air, which is important for the transport of radio-
nuclides adhering to particles.

Processes related to human behaviour

Human behaviour may have a large effect on the surface ecosystems, for example by introducing
chemical elements or radionuclides. Water use such as irrigation (Bio19), anthropogenic release for
example via fertilisation (Bi0o16), and species introduction/extermination (Bio18) are key processes
related to human behaviour that need to be considered in the safety assessment.

Chemical, mechanical and physical processes

Chemical, mechanical and physical processes can influence the state of elements and compounds,
which can be important for the transport and accumulation of radionuclides. For example, elements are
tightly bound to particles in some oxidation states, whereas in other states they may be easily dissolved
and transported by water. Chemical, mechanical and physical processes that need to be considered in
the safety assessment are, for example, element supply (Bio22), phase transitions (Bio24) and sorption/
desorption (Bi027). Element supply is the amount of an element available for use by biota, and a low
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element supply may limit biotic production. The process phase transition is important, among others,
for transport of C-14 from water to air (i.e. degassing). The process sorption/desorption determines
whether radionuclides are bound to surfaces or dissolved in water. This process is crucial to consider
when determining the transport of radionuclides. Sorption/desorption is typically affected by properties
of the local environment such as pH and Eh (redox potential).

Transport processes

Transport processes are those whereby elements and other substances are transported from one point
to another in a system. Key processes assigned to this category include: convection (Bio32), deposi-
tion (Bio34), import (Bio36), relocation (Bio38), resuspension (Bi039) and water saturation (Bio40).
The latter two are not transport processes per se but are included in the category because they are the
result of, or affect, transport.

Convection concerns the transport of a substance (e.g. water) or a conserved property in a liquid or
gas. The process includes advection/dispersion through surface- and groundwater flows, as well as
water-mediated element transport (e.g. diffusion and transport through capillary rise). Deep ground-
water discharge is especially important for the transport upwards from a repository to the surface
environment. Surface water flow is also important for relocation of radionuclides, i.e. transport of
solid matter and sessile organisms, and it may affect the retention time and dilution of radionuclides
in surface-water bodies. Advection and diffusion of gas are important for the transport and dilution
of C-14.

The processes resuspension, relocation and deposition are important to describe the transport from
sediment to a water column and vice versa. Deposition relates, in addition to sedimentation, also to
precipitation (rain- and snowfall), which is important for water balances and water flows. Import
and water saturation are processes not occurring within the biosphere system. However, import has
been assigned to this category as it, by definition, is the result of transport into the biosphere system
(SKB R-13-43). Saturation refers to changes in water content of the regolith, which is important for
the properties of the regolith, which in turn, affect convection as well as living conditions for biota.

Radiological and thermal processes

Radiological and thermal processes are those processes that concern radionuclides, solar insolation
and temperature. Important processes to consider here are: radionuclide release (Bio47), radioactive
decay (Bio41), exposure (Bio42), light-related processes (Bio45) and heat storage (Bio43).

Radionuclide release refers to the amounts of radionuclides, originating from the disposed waste,
that are released from the geosphere to the biosphere system per unit time. This is strictly speaking
not an internal process of the biosphere system, but it is included as it is a fundamental prerequisite
for the analysis. Radioactive decay is a physical phenomenon acting as a removal mechanism for
the released activity, as well as a source for decay products. Exposure is the process whereby living
or dead organisms/matter are exposed to ionising radiation. It can either be external from sources
outside the body or internal from sources inside the body. The handling of exposure is described in
Section 6.2. Light-related processes include insolation, light absorption, light reflection and light
scattering, all of which influence primary production in both aquatic and terrestrial ecosystems. Heat
storage has a strong influence on both biotic and abiotic components of aquatic ecosystems, and
influences, for example, the distribution of biota, mixing of the water column, and occurrence of ice
cover (which in turn limits exchange across the air-water interface).

Landscape development processes

The type of ecosystem (marine, limnic or terrestrial) influences transport and accumulation of radio-
nuclides. Thus, processes affecting landscape development, and transitions from one type to another
type of ecosystem, need to be considered. Processes important to consider here are change in rock-
surface location (Bio48), sea-level change (Bio49), and thresholding (Bio50). Thresholding is the
occurrence and location of thresholds that delimit water bodies like lakes and sea basins. The processes
change in rock-surface location, sea-level change, and thresholding determine the sizes and types

of ecosystems at the site.
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Internal conditions (variables)

The variables representing internal conditions of the biosphere system may have a significant influence
on biosphere components and their interactions, and thus their effects on transport and accumulation
need to be considered. The geometry (VarBioO1) of the landscape and of individual biosphere compo-
nents affects both transport rates and the potential for accumulation of radionuclides in the environment.
It includes, for example, topography and bathymetry, the size of a biosphere object, the thickness of
regolith layers and the shapes of organisms. Material composition (VarBio02) and water composition
(VarBi006) include chemical composition (e.g. salinity and the concentrations of minerals and nutrients)
as well as physical features (such as grain size and porosity). These conditions, together with tempera-
ture (VarBi003), strongly influence biogeochemical processes and process rates. The successional stage
of a biosphere object (VarBio04) determines the type of ecosystem that occurs at a given time and
thereby affects the processes at the site. In addition to natural successional stages, it is also important
to consider human activities, e.g. draining activities that convert lakes and/or mires to agricultural land.
Radionuclide inventory (VarBio03) is the amount of a radionuclide stored within a physical component.
However, in most instances the concentration of radionuclides resulting from a release from a geological
repository is expected to be too small to influence processes and reactions in the biosphere system
(SKB R-13-43).

6.1.2 Handling of potentially safety-relevant biosphere FEPs

Earlier in SR-PSU, 45 out of 50 processes and variables were identified as relevant and sufficient to
consider for a safety assessment of a geological repository (SKB R-13-43). Identification of relevant
FEPs and model development have been going on in parallel at SKB for the last 25 years. Thus,
knowledge of important FEPs has been considered in the development and improvements of the bio-
sphere transport and exposure model, and more experience in the importance of FEPs has been gained.
Consequently, many relevant FEPs are included as components and/or processes in this dynamic model
(Chapter 7). However, not all the FEPs are explicitly included in the model, some are accounted for
in the supporting modelling of hydrology and landscape development (Chapter 4), others underlie the
derivation of parameter values for the model (Chapter 8). To ensure that the relevant FEPs have been
included/represented in an appropriate manner in the assessment, the FEPs have been mapped to the
different modelling activities in the PSAR where they are considered (Table 6-1). A check against
internationally identified FEPs related to the biosphere, which confirmed that no FEPs of potential
significance were identified as having been omitted, is reported in the FEP report.

Table 6-1. Handling of biosphere FEPs in the different model activities in the PSAR. Aqua, Mire,
and Agri represents the three ecosystems included in the modelling, i.e. aquatic (sea, lake and
stream), mire (wetland), and agricultural land. NHB is short for non-human biota, K,/CR represents
sorption coefficients and concentration ratios and X indicates inclusion in the model activity.

Process and Variables Transport and exposure modelling | Supporting activity
Transport modelling | Dose @ Ecosystem-specific
calculations 2 | = |parameters
= [}
3|3
g |3 z
Q 5 <
2 3 | e 2
7] <) 4
S @ = £ o |2 |58 |elc|S|E
=3 = o 3 I ®© > T | = o |3 |3
< = < T F4 - I | < |2 |<|X [T
Biological processes
Bio01 Bioturbation X X X X
Bio02 Consumption X X X X X X | X X X
Bio03 Death X X X X | X
Bio04 Decomposition X X X X X [ X | X
Bio05 Excretion X X X I X [X X
Bio06 Food supply X X X [ X |X
Bio07 Growth X X
Bio08 Habitat supply X X X X I X IX X
Bio09 Intrusion X X X
Bio10 Material supply X X X I X IX X
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Table 6-1. Continued.

Process and Variables

Transport and exposure modelling

Supporting activity

Transport modelling | Dose = Ecosystem-specific
calculations 2 | = |parameters
= [}
3 T
o
? | E 0
s |3 I
Q D <
7] ® o ]
] > |9 x | §
s 2|5 |5 |2 |5 (2|2|2(5(8]5
< s < I z S|z |8 |<|¥|x
Bio12 Particle release/trapping X X X [ X |X
Bio13 Primary production X X X X | X | X
Bio14 Stimulation/inhibition X X [ X | X
Bio15 Uptake X X X X X [ X | X | X |X
Processes related to human behaviour
Bio16 Anthropogenic release X X X X
Bio17 Material use X X X X
Bio18 Species introduction/extermination X X X X
Bio19 Water use X X X X
Chemical, mechanical and physical processes
Bio21 Consolidation X X
Bio22 Element supply X X [ X | X | X
Bio24 Phase transitions X X X X | X [ X [X
Bio25 Physical properties change X X X X | X [ X |X
Bio26 Reactions X X X X | X | X [X
Bio27 Sorption/desorption X X X X X X
Bio28 Water supply X X X | X X
Bio29 Weathering X | X | X [X
Bio30 Wind stress X X | X | X
Transport processes
Bio31 Acceleration X
Bio32 Convection X X X X | X [ X |X
Bio33 Covering X X X X | X [ X
Bio34 Deposition X X X X | X [ X
Bio35 Export X X X X X
Bio36 Import X X X X X
Bio37 Interception X X X
Bio38 Relocation X X X
Bio39 Resuspension X X X X
Bio40 Saturation X X X
Radiological and thermal processes
Bio41 Radioactive decay X X X X X X
Bio42 Exposure X X X
Bio43 Heat storage X | X
Bio45 Light related processes X | X | X
Bio47 Radionuclide release X X X
Landscape development processes
Bio48 Change in rock-surface location X X
Bio49 Sea level change X X
Bio50 Thresholding X X
Variables
VarBioO1 Geometry X X X X X X X | X [ X X X
VarBio02 Material composition X X X X X | X [ X | X |X
VarBio03 Radionuclide inventory X X X X X
VarBio04 Stage of succession X X X X X X X | X [ X X X
VarBio05 Temperature X X X X X X X | X [ X |X
VarBio06 Water composition X X X X X X | X | X [ X
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6.2 Assessment endpoints for humans

The assessment endpoint for humans in the biosphere assessment is the annual dose, calculated as the
annual effective dose to an adult, where the annual effective dose is defined as the effective dose from
external exposure in a year, plus the committed effective dose from intakes of radionuclides in that
year (Section 2.3.5). The approach in the assessment is to calculate annual doses to a set of potentially
exposed groups (PEGs). When selecting the groups, all relevant pathways of exposure with respect
to the use of the areas with the highest concentrations of radionuclides are considered. The habits
of the groups reflect land-uses that result in relatively high exposure, and are selected to be reasonable
and sustainable with respect to physical constraints of the landscape, to human needs for nutrients and
energy, and to present and/or historical land use.

A comprehensive pathway analysis for exposure of humans was conducted in SR-PSU (SKB R-14-02)
and is valid also for the present assessment. A set of exposure route cases was identified, considering
the modes of exposure (such as ingestion or inhalation) combined with environmental media that may
receive repository-derived radionuclides (such as surface waters or regolith). A screening evaluation
was performed on each exposure route case, either qualitatively or quantitatively, to determine if

its contribution is insignificant for post-closure safety and hence if it can be excluded from the safety
assessment.

The outcome of the exposure pathway analysis was that 22 exposure route cases were screened in,
and that they could be covered in the dose calculations by establishing four potentially exposed groups
(PEGs): Hunter-gatherers (HG), Infield-outland farmers (10), Drained-mire farmers (DM), and Garden-
plot households (GP). These groups are described in SKB (TR-14-06) and the parameter values used
to characterise them are addressed in Chapter 8 below. Figure 6-1 illustrates the exposure pathways
included in the dose calculations. When characterising the most exposed groups, physical and bio-
logical characteristics of the biosphere objects, human requirements for energy and nutrients, and
habits from historical and present societies have been considered (Saetre et al. 2013a, b).

Natural ecosystems Agricultural ecosystems
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Drain and
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Figure 6-1. Exposure pathways included in the dose calculations for exposed populations using natural resources
and/or living in biosphere objects. Hunter-gatherers use natural aquatic (A) and mire (B) ecosystems. The other
three exposed populations represent different uses of arable land, namely infield-outland agriculture (C), draining
and cultivating the mire (D) and small-scale horticulture on a garden-plot (E). Bold arrows represent input of radio-
nuclides from the bedrock (red), from natural ecosystems or deep regolith deposits (orange), or water-bound transfer
of radionuclides within the biosphere (blue). The thin black arrows represent exposure routes: 'fish and crayfish,
‘game, berries and mushroom, *inhalation and fertilisation that include radionuclides from combustion of biofuel.
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The PEGs are briefly described below and are considered credible to use as bounding cases for a
representative individual in the group exposed to the greatest risk, with respect to exposure through
all relevant exposure pathways.

6.2.1 Potentially exposed groups
Hunter-gatherers (HG)

A hunting-gathering society has been identified to serve as a local reference for the most exposed
group with respect to radiation exposures from the natural environment, i.e. essentially undisturbed
by humans, and intakes of surface water and aquatic and terrestrial natural foods. The major exposure
pathways to a hunter-gatherer are related to foraging discharge areas in the landscape (fishing, hunting,
and collecting berries and mushrooms), and from drinking water from surface water (streams or lakes).
Land use and habits of a typical hunter-gatherer community have been extracted from historical records
(Saetre et al. 2013b and the associated electronic supplementary material), and the group is considered
to be made up of 30 individuals that forage an area of approximately 20 km?, as illustrated in Figure 6-2.

Infield-outland farmers (10)

This self-sustained agrarian system is characterised by fertilised arable fields and enclosed meadows
(infield) on one hand, and by livestock grazing nearby pastures and forests (outlands) on the other hand.
The key principle is to fertilise the arable land with the nutrients from outlands, using animal manure
as organic fertiliser. This basic principle more or less characterised agricultural practices in Scandinavia
well into the 18th century (Welinder et al. 1998). Radionuclides in wetland hay reach the cultivated soil
through fertilisation with manure. The major exposure pathways are from growing food and raising
livestock, and from drinking water either from a dug well or surface water. A self-sufficient community
of infield-outland farmers is assumed to be made up of 10 persons. A wetland area of 0.1 km* (10 ha) is
needed to supply winter fodder to the herd of livestock corresponding to the amount of manure needed
to support infield crop production for this group.

Drained-mire farmers (DM)

Agricultural practice changed dramatically during the 19th century in Sweden. The amount of arable
land increased and the use of large-scale drainage to increase the land available for cultivation was first
observed. At the turn of the 19th century, most of the farming population was found on self-sufficient
small-scale farms. These are considered to serve well as a reference for the most exposed group with
respect to exposure from draining and cultivating contaminated lake—mire systems. The radionuclides
reach the cultivated soil through groundwater uptake, and radionuclides that have accumulated for an
extended time prior to drainage of the mire are also considered. The major exposure pathways are from
growing food and raising livestock, and from drinking water from a dug well (or from surface water).
A self-sufficient community of drained-mire farmers is assumed to be made up of 10 persons. A wet-
land area of 6 ha is needed to support food production for this group, assuming a level of technology
similar to that from the turn of the nineteenth century.

Garden-plot households (GP)

There are several possible exposure pathways that are likely to affect a small group of future permanent
residents who are not necessarily entirely self-sustained with respect to food production. Such possible
exposure pathways include particularly irrigation and fertilisation. A garden-plot household is a reason-
able reference for a family that is self-sustained with respect to vegetables and root crops produced
through small-scale horticulture. Hence the garden-plot household serves well as a reference for the
most exposed group with respect to radionuclides from intake of irrigated crops and external exposure
from soils contaminated due to irrigation. In the assessment, a garden-plot household is also suitable
for covering exposure pathways related to using seaweed or fly ash as soil fertilisers. Radionuclides
reach the cultivated soil through fertilisation and irrigation. The major exposure pathways are from
growing food and from drinking water from a dug or drilled well (or from surface water). A garden-
plot household is assumed to be made up of five persons and a 270 m? area garden plot is assumed
to be sufficient to support the family with vegetables and root crops. The garden-plot is also associated
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with support areas providing fertilizers. These depend on the productivity of seaweed, the productivity
of wood, or the depth of the peat layer in the biosphere object. The productivity of the garden-plot and
the diet for this group have been determined from present-day habits.
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Figure 6-2. Support areas for the potentially exposed groups superimposed on biosphere object 157 2. Only
part of the perimeter of the 20 km’ foraging area supporting a typically sized group of hunter-gatherers is
shown (HG, in the left lower corner). The area for the infield-outland farmers (10) corresponds to the size
of a mire that could produce the winter fodder for the herd of livestock supporting the group. The area for
drained-mire farmers (DM) corresponds to the arable land needed to support the group with crops and fodder.
The two areas for the garden-plot household (GP) correspond to the areas of a mire that could support biofuel
for heating a house by combustion of fire-wood (outer circle, sustainable yearly production) or harvesting
of peat (inner circle, given a 50-year period and the average depth of peat in object 157 2).
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6.2.2 Remarks on the potentially exposed groups

The annual dose (see Section 2.3.5) is calculated for all potentially exposed groups. Doses are evalu-
ated continuously over the assessment period, but for the drained-mire farmers, doses arise from an
event (the draining and cultivation of a natural wetland). Exposure is evaluated and averaged over a
50-year period following the drainage event, assuming that the mire has not been drained previously.
However, the consequences of draining the mire are cautiously evaluated for all times when cultiva-
tion is feasible.

The hunter-gatherer community uses undisturbed ecosystems, whereas the other three groups actively
cultivate the land. For hunter-gatherers and drained-mire farmers, exposure occurs within the boundaries
of the biosphere object or objects. However, for infield-outland farmers and garden-plot households,
exposure occurs due to utilising resources from the biosphere object (e.g. organic fertilisers, biofuel
or irrigation water) and the location of the cultivated land is not explicit.

During marine conditions, natural ecosystems can be used for food gathering (fishing) and as a source
for organic fertilisers (seaweed), but cultivation of crops is not possible in the biosphere object. The
possibility to drain and cultivate the biosphere object and to extract water from a well increases as more
land becomes available due to the shoreline regression. Hay and surface waters can be used as soon
as an object has been isolated from the sea. Wells can be dug, and mires can be drained when the risk
of saltwater intrusion has been reduced, which is assumed to occur when the land is at least 1 m above
sea level.

It follows from the description above that the four potentially exposed groups represent four different
types of future land use. In the remaining of the report, especially in the description of modelling results,
the groups are frequently referred to as “land use variants”.

6.3 Assessment endpoints for non-human biota

The primary endpoint selected for demonstrating protection of non-human biota is absorbed dose rate
(Section 2.3.5). As for humans, an exposure pathway analysis was conducted earlier for SR-PSU for
non-human biota (SKB R-14-02), which is valid also for the present assessment. In a similar manner,
exposure route cases relevant to include in the post-closure safety assessment were identified. Three
relevant exposure modes by which biota may be exposed to radionuclides was identified: through
the respiratory tract (inhalation), through the digestive tract (ingestion) and via external irradiation
(SKB R-14-02). However, exposure via ingestion and inhalation are not modelled separately as an
organism is modelled as one unit and not characterised in terms of tissues and organs. Hence, the
exposure modes for non-human biota are only divided into internal (via inhalation and ingestion)
and external exposure.

The outcome of the exposure pathway analysis was that eight exposure route cases were screened in:
internal exposure due to seawater, lake/stream water or peat, and external exposure from seawater,
lake/stream water, sea sediment, lake/stream sediment or peat (SKB R-14-02, Table 3-9).

6.3.1 Organism types in the assessment

Concerning exposure estimates to biota, it is practically impossible to consider and ensure protection
of every single population of organisms at the site, so generalisations are necessary to allow assessments
to focus on a few representative targets characterising the range of species and their habitats present. The
challenge is thus to identify a small enough number of targets to make assessments manageable without
reducing the information value of the assessment beyond credibility. This is discussed in more detail in
Jaeschke et al. (2013).

Species at the site are represented by a number of reference organisms included in ERICA, in terres-
trial, freshwater and marine ecosystems. Reference organisms are a set of organism types selected
as assessment targets in order to represent organisms that are likely to get the highest exposure in
the ecosystems of relevance, thus mirroring the reference man concept employed in human dose
calculations. Since SR-PSU, the reference organisms have been updated (Brown et al. 2016), along
with updates to the ERICA tool (the present assessment is based on the updated version, that is v2.0).
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Key changes included removal of the “Bird-egg” organism type, as it was deemed inconsistent with
the general protection strategy, while adding the freshwater “Reptile”, as some protected reptile
species in Europe were identified.

As described in SKB (R-14-02), the reference organism concept was acceptable to represent species
at the Forsmark site in most cases, and only a few changes and additions have been made to capture
important site-specific aspects. For example, one small benthic limnic primary producer has been
added to represent the microphytobenthos present in thick layers in the lake sediment in many of the
lakes in the Forsmark area today (Andersson 2010). Marine reptiles and sea anemones/corals are not
deemed relevant to the site, at present or in the future, and so the corresponding reference organism
types were excluded from the assessment.

The types of ecosystems included are sea, lake/stream and wetlands. Agricultural ecosystems have not
been considered relevant in the analysis because future discharge areas are expected to be marine areas,
lakes/streams or wetlands. Even though wetlands may be drained and cultivated, these agricultural soils
are expected to be productive (and thus provide a stable environment) for 100 years or less (Lindborg
2010). Species associated with this land would either be introduced by humans (crops or livestock) or
immigrate from adjacent land and consequently they would be part of larger and more stable biological
populations. The populations would also be actively manipulated by humans. The exclusion of farmed
animals from the assessment is consistent with the ICRP view that the protection of humans themselves
is probably sufficient for such managed environmental or ecological situations (ICRP 2008).

In total, 38 organism types have been included in the safety assessment: 13, 14 and 11 for terrestrial,
freshwater and marine ecosystems, respectively (Table 6-2).

Table 6-2. Organism types included in the assessment of non-human biota in the PSAR.

Terrestrial ecosystem

Freshwater ecosystem

Marine ecosystem

Amphibian

Annelid

Arthropod — detritivorous
Bird

Flying insects

Grasses & herbs

Lichen & bryophytes
Mammal — large
Mammal — small-burrowing
Mollusc — gastropod
Reptile

Shrub

Tree

Amphibian

Benthic fish

Bird

Crustacean

Insect larvae
Mammal
Microphytobenthos
Mollusc — bivalve
Mollusc — gastropod
Pelagic fish
Phytoplankton
Reptile

Vascular plant
Zooplankton

Benthic fish

Bird

Crustacean
Macroalgae
Mammal

Mollusc — bivalve
Pelagic fish
Phytoplankton
Polychaete worm
Vascular plant
Zooplankton

6.4 Calculation cases

Radionuclide transport and dose calculations are performed to provide a basis for estimation of radio-
logical risks for various scenarios assessed in the PSAR. As described in Section 2.3.3, there are three
types of scenarios: the main scenario that represents a probable future evolution of the repository and
its environs; less probable scenarios to evaluate scenario uncertainties that are not evaluated within
the framework of the main scenario; and residual scenarios to primarily illustrate the significance
of individual barriers and barri