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SSM perspektiv

Bakgrund

Stralsdakerhetsmyndigheten (SSM) granskar Svensk Karnbrinslehantering AB:s (SKB)
ansokningar enligt lagen (1984:3) om kirnteknisk verksamhet om uppforande, inne-
hav och drift av ett slutférvar f6r anvint kiarnbrinsle och av en inkapslingsanldggning.
Som en del i granskningen ger SSM konsulter uppdrag for att inhdmta information
och gora expertbedomningar i avgransade fragor. | SSM:s Technical note-serie rap-
porteras resultaten fran dessa konsultuppdrag.

Projektets syfte

Det 6vergripande syftet med projektet ér att utfora modellerings jimforelser mellan
alternativa biosfirsmodeller och SKB:s LDF modeller for att underséka osidkerheten i
nyckelparametrar, huvudsakligen flodesfaktorer, objekts storlek och alternativa data-
virden for K, och CR.

Forfattarens sammanfattning

Denna rapport har upprittats som en del av SSM:s huvudgranskning av SKB:s saker-
hetsanalys av den langsiktiga sikerheten for KBS-3 (SR-Site), en geologisk slutférvars-
anldggning, som SKB planerar uppféra i Forsmark. Granskningen tar upp de metoder
som anvinds for dosberikningar i SR-Site, speciellt vad giller transporter, ackumule-
ring och 6verféring av radionuklider i ytnidra miljé och pa vilka sitt doser till framtida
populationer av manniskor och djur kan uppsta.

Tidigare forsknings- och granskningsrapporter (Klos, m.fl., 2014a; Kltos och Worman,
2015) har fokuserat pa den metod som SKB valt f6r att modellera radionuklidtransport
och ackumulation i biosfaren och har dven beskrivit utvecklingen och tillimpningen
av en alternativ dosmodell - GEMA-Site som utformades for att matcha kapaciteten hos
SKB:s SR-Site modell som anviands for att generera s.k. Landskap Dos Faktorer (LDF).
LDF anviands av SKB for att skala utsldpp fran geosfaren for att uppskatta potentiella
framtida radiologiska effekter av utslappen fran det planerade slutférvaret.

Denna rapport fokuserar pa tre fragor i detalj:

* Den tidigare granskningen (Klos, m.fl., 2014a) ledde till att SSM skickade en begiran
om ytterligare information (RFI) till SKB for att fa klargorande detaljer om SR-Site
modelleringen. SKB:s svar pa dessa RFI granskas hir.

e Tillimpningen av GEMA-Site i en kiinslighetsanalys for att bestimma vilka de vikti-
gaste parametrarna dr som paverkar dosen i biosfirsmodelleringen.

e Jamforelse av resultat frain GEMA-Site med de numeriska resultaten fran SR-Site
LDEF.

RFI formulerades med avsikten att informationen skulle kunna anvidndas for att battre
karaktarisera hydrologiutvecklingen i bassidnger som sannolikt kommer att utvecklas i
det framtida Forsmarkslandskapet. Radionuklidtransportmodellen i SR-Site bygger pa
en genomsnittlig hydrologi baserad pa hydrologin i sex sjoar i dagens terrestra bio-
sfdar, och pa uppskattade floden ar 5000 AD framtagna utifran resultat fran MIKE-SHE
modellering.
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Den begirda kompletterade informationen besvarade de flesta fragorna, men analy-
sen av flodessystemen for de sex sjoarna vid tidpunkterna 2000, 3000 respektive
5000 AD gav inte nagon tydlig bild av hur hydrologin utvecklas i systemet. I rappor-
ten konstateras darfor att tillgang till MIKE-SHE resultat pa djupare niva behovs for
att battre kunna formulera en adekvat representation av utvecklingen av hydrologin
i systemet.

GEMA-Site modellen har anvints for att utfora en serie kianslighetsanalyser. Analy-
serna (PSA) har genomforts med hjilp av sannolikhetsfordelningsfunktioner fran
SR-Site dokumentationen med information om fysiska egenskaper hos aktuell
bassing tolkade utifran den platsbeskrivande modelleringen i SR-Site.

Slutsatserna fran den hir sista delen av huvudgranskningen ér:

1. Kombinationen av de sex olika sjéarna i SR-Site for att generera ett "genom-
snittligt objekt” dr varken forsvarbar eller reproducerbar;

2. Resultat fran kinslighetsanalysen visar att bassdngernas geometri spelar en stor
roll f6r dosuppskattningen;

3. Bittre integration av detaljer i grundvattenmodelleringen (till exempel med hjilp av
MIKE-SHE) krivs for att radionuklidtransportmodellen ska ge en mer rittvisande
och fullstindig beskrivning av viktiga delar av hydrologin som paverkar dos;

4. De statistiska resultaten fran tillimpningen av GEMA-Site tyder pa att LDF for
radionuklider med laga k, virden sannolikt inte kommer att vara underskattade
men att LDF for radionuklider med hogre k, virden, sirskilt de i ?*°Ra kedjan
(inklusive #°Pb och sarskilt ?°Po) kan vara underskattade, potentiellt nagra stor-
leksordningar, beroende pa antaganden om exploatering av lokala vattenresurser.

5. De LDF virden som redovisas i SR-Site ér lampliga for det &ndamal som de ar
avsedda for. Men det finns reservationer betriffande LDF virden f6r radionuklider
med hogre k, virden och de ir relaterade till tolkningen av hydrologin i bassdngen
(inklusive antaganden om vattenanvindning). Framtida sdkerhetsutviarderingar bor
anvinda en foérbittrad tolkning av vattenfloden och det bor finnas en bittre inte-
grering av resultaten fran MIKE-SHE liknande modeller.

Projekt information
Kontaktperson pa SSM: Shulan Xu
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SSM perspective

Background

The Swedish Radiation Safety Authority (SSM) reviews the Swedish Nuclear Fuel
Company’s (SKB) applications under the Act on Nuclear Activities (SFS 1984:3) for the
construction and operation of a repository for spent nuclear fuel and for an encapsu-
lation facility. As part of the review, SSM commissions consultants to carry out work in
order to obtain information and provide expert opinion on specific issues. The results
from the consultants’ tasks are reported in SSM’s Technical Note series.

Objectives of the project

The general objective of the project is to perform modelling comparison between
alternative biosphere models an SKB's LDF modelling approach to explore uncertain-
ties in key parameters, mainly, flow scaling factors, basin size, and alternative data
values for K;s and CRs.

Summary by the author

This report has been prepared as part of the SSM’s Main Review Phase of SKB'’s
SR-Site performance assessment of the long-term safety of the KBS-3 geological
disposal facility (GDF) proposed for construction at Forsmark. The review addresses
the methodology employed in the dose assessment calculations of SR-Site; specifi-
cally issues of transport, accumulation and transfers of radionuclides in the near
surface environment and the way in which doses to future human and non-human
populations can arise.

Earlier reports have focussed on the approach taken by SKB to model radionuclide
transport and accumulation in the biosphere and have described the development
and application of an alternate dose assessment model - GEMA-Site — designed to
match the capabilities of the SR-Site dose assessment model as used to generate the
Landscape Dose Factors (LDFs) that SKB use to scale release from the geosphere in
order to estimate potential future radiological impact of the release from the planned
repository.

This final report considers three issues in greater detail

e The earlier review prompted the SSM review team to send Requests for Further
Information (RFIs) to SKB in order to clarify details of the SR-Site modelling. SKB'’s
response to these RFIs is reviewed here.

e The application of GEMA-Site in a sensitivity analysis to determine the key
parameters influencing dose in the biosphere dose assessment.

¢ Comparison of results from GEMA-Site with the numerical results SR-Site LDFs.

The RFIs were formulated with the intention of used the response to better charac-
terise the evolving hydrology within basins likely to develop in the future Forsmark
landscape. The SR-Site radionuclide transport model is based on an average of the
hydrology of six lakes in the present-day terrestrial biosphere, using fluxes estimated
at the year 5000 CE in results from the MIKE-SHE hydrological modelling code.

Most of the requested details were forthcoming but analysis of the flow systems for the
six lakes at each of 2000, 3000 and 5000 CE did not provide a clear indication of the
evolution of the system. It was concluded that access to the deeper level MIKE-SHE
results is needed to better formulate an adequate representation of the evolving system.
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The GEMA-Site model was used to carry out a series of probabilistic sensitivity. The
analyses (psa) were executed using probability distribution functions from the SR-Site
documentation with details of physical characteristics of the basin interpreted from
the site-descriptive modelling in SR-Site.

Conclusions from this final part of the main phase review study are:

1. The combination of the six different lakes in SR-Site to generate an “average
object” is neither justifiable nor reproducible;

2. Results from the sensitivity analysis indicate that the geometry of basins plays
a large role in determining dose;

3. Better integration of details of groundwater modelling (for example, using MIKE-
SHE) is required so that the radionuclide transport model provides a more accu-
rate and comprehensive expression of key parts of the hydrology that influence
dose;

4. The statistical results from the application of GEMA-Site suggest that the LDFs for
low k, radionuclides are not likely to be underestimates but that doses from higher
k, radionuclides, particularly the #°Ra chain (including ?°Pb and ?'°Po explicitly)
might be underestimates, potentially by some orders of magnitude, depending on
assumptions for exploitation of local water resources.

5. The LDFs reported in SR-Site are suitable for the purpose for which they are
intended. There are reservations concerning the LDFs for higher k, radionuclides
and these are related to the interpretation of basin hydrology (including assump-
tions for water usage). Future assessments should use an improved interpretation
of water fluxes and there should be better integration of results from MIKE-
SHE=class models.

Project information
Contact person at SSM: Shulan Xu
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1. Introduction

In 2011 the Swedish Nuclear Fuel and Waste Management Company (SKB) submit-
ted an assessment of the long-term safety of a KBS-3 geological disposal facility
(GDF) for the disposal of spent nuclear fuel and high level radioactive waste in For-
smark, Sweden. This assessment, the SR-Site project, supports the licence applica-
tion of SKB to build such a final disposal facility.

The initial phase of SSM’s review of SR-Site by the Swedish Nuclear Fuel and
Waste Management Company (SKB) was completed at the end of 2013. SSM con-
cluded that SKB’s reporting was sufficiently comprehensive and of sufficient quality
to justify a continuation of SSM’s review to the main review phase. While the over-
all goal of the initial review phase was to identify issues for deeper review with a
broad coverage of SKB’s safety assessment, assignments carried out during the main
review phase are targeted on tasks and issues prioritized by SSM with the intention
to indirectly or directly support SSM’s compliance judgements. This includes de-
tailed analysis of a range of specific issues for which SSM has judged that further
input from SSM’s external experts would be helpful.

The task reported here constitutes a further and deeper evaluation of the suitability
of SKB’s biosphere dose assessment model through comparison with the alternative
biosphere modelling approach developed in the preliminary stage (Ktos et al.,
2014a). Both analysis and review have been undertaken as part of the task. The anal-
ysis involved implementation of the GEMA-Site alternative biosphere dose assess-
ment model (Ktos, 2015) that focused on alternate interpretations of the most im-
portant transport and accumulation processes. This is carried out as a sensitivity
study to determine the model parameters having the most impact on the Landscape
Dose Factor (LDF) used by SKB to determine the radiological impact of release to
the biosphere in SR-Site.

The review element of this task involves an interpretation of the information re-
quested from SKB by SSM at the end of the initial phase of the review. This mate-
rial concerns interpretation of the hydrological parameterisation of surface water
flows in the regolith in the Forsmark region. Material in the relevant SR-Site reports:
e Landscape dose model — SKB report TR-10-06 (Avila et al., 2010)
e Element and radionuclide specific data, SKB Report TR-10-07 (Nordén et
al., 2010),
e  Terrestrial ecosystems description — SKB Report TR-10-01; Lofgren, 2010,
e Limnic ecosystems description — SKB Report TR-10-02; Andersson, 2010,
e Landscape description — SKB Report TR-10-05 (Lindborg, 2010) and
e Surface hydrological description — SKB Report R-10-02 (Bosson et al.,
2010)

was found to be insufficient and a detailed Request for Further Information (RFI)
was submitted to SKB. Appendix 1 lists the RFI and appendix 2 is a compilation and
summary if SKBs response. Accordingly, the material reported here is broken down
as follows.

e Chapter 2 — Review and discussion of SKB’s RFI response

e Chapter 3 — Summary and conceptual discussion of the GEMA-Site (alter-
nate) model used in the probabilistic sensitivity study reported in Chapter 4,
including a description of the updates required for the probabilistic model-
ling
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Chapter 4 — Results and discussion of the sensitivity study carried out using

the GEMA-Site model
Chapter 5 brings together the elements of the review to assess the potential

uncertainty in the calculated LDFs and discusses the sources if uncertainty.

Focus here is upon four of the five radionuclides which contributed most to the cal-
culated annual effective human dose presented by SR-Site for the shear failure sce-
nario (SKB, 2011): 7Se, **Nb, %I and ?*Ra. (the fifth - '*C is reviewed separately

as the modelling approach used is less dependent on the hydrological interpretation
of the sites.)

Overall conclusions of this main phase of the review are given in Chapter 6.
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2. Requests for Further Information and
SKB’s response

2.1. Summary of requirements

The near surface hydrology is the main driver of the radionuclide transport model.
The parametrisation of the hydrological description in Bosson et al., (2010) was
based on detailed MIKE-SHE modelling of past, present and future conditions at the
site. Data from six lakes in the present-day terrestrial landscape were then used to
determine the characteristics “average object” in the landscape that was carried for-
ward to the parameterisation used in the Avila et al. radionuclide transport model.
Although details for “snapshots” of the hydrology at several timepoints were availa-
ble, the flux map used in the transport calculations used only the results at 5000 CE.

Bosson et al. (2010) is a comprehensive report, including some description of the
MIKE-SHE model. Given the scope of the main-phase review, however, the focus
has been on understanding the origin of details translated to the dose assessment
modelling. In terms of the structure of Bosson ef al., this means that the discussions
in Chapter 8, detailing the information delivered to the dose calculations has been of
prime concern. It is here that the definition of the average lake-mire object is pre-
sented. The detailed MIKE-SHE results (Chapters 5 to 7) have, consequently, re-
ceived less attention.

Nevertheless, there is a great deal of information potentially available from the
MIKE-SHE modelling. Water balance for each of the six lakes used to describe the
“average object” could have been evaluated at any time. It is implicit that similar in-
formation could have been provided for any basin at any time but that only results
these six lakes and the three times had been calculated and so were readily available
for further investigation.

The request for the water fluxes for each of the six lakes at three times was intended
to allow the evolutionary sequence of the different lakes to be understood and to de-
termine if the six lakes were sufficiently representative that the “average object” had
practical utility in describing features in the landscape. The requests set out in Ap-
pendix 1, and the response (Appendix 2) were only partially successful in this. Nev-
ertheless some useful insight into the translation of site-descriptive detail into the
dose assessment model has been gained.

2.2. Interpretation of SKB’s RFI response

2.2 1. Parameterisation of water fluxes

The justification for the parameterisation of key water fluxes in the radionuclide
transport model was raised in the first part of the main phase review (Ktos et al.,
2014a). The request for detailed reasoning behind the parameterisation was not an-
swered in the RFI response. The response stated that a detailed response would be
provided by September 2014. At time of completing this report the material has not
been forthcoming. Confidence in the SR-Site radionuclide transport model is there-
fore not as high as might be.
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Figure 1: Water fluxes maps for the representative object in the SR-Site radionuclide
transport model. “Average object” derived by Bosson et al. (2010). The Excel format illus-
trates balance for each of the compartments in the model’s structure. Also shown is the
same scheme derived from the average of the six lakes at 5000 CE (See Appendix 2).
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2.2.2. Reconstructing the "average object" fluxes

Water fluxes in the TR-10-06 radionuclide transport model (Avila ef al. 2010) are all
quoted in terms of mm year™'. The water fluxes used in the transport model are illus-
trated in Figure 1, as taken from Bosson et al. (2010) with the reconfiguration into
Excel so as to better illustrate mass balance in the modelled system. Also illustrated
is the same detail translated to Excel to assess mass balance in the average object".

The “average object” is reported as having been generated by combining the veloci-
ties generated by the MIKE-SHE mass balance tool from the six objects cited in Ap-
pendices 1 and 2 at 5000 CE to give an average scheme (page 304 of Bosson et al.).
This is then assumed to be representative of objects in the landscape as a whole. Fig-
ure 1 also shows the balance scheme for the average of the six objects at 5000 CE
using the data in SKB’s response. There are noticeable differences in the numerical
values and while the balance figures used by SKB are not perfect, the combined re-
sults from Appendix 2 where the SKB data have been reanalysed for this report, are
further from balance. It has not been possible to reproduce the numerical details of
the water balance in the “average object” as used in SR-Site. The method used to
produce the “average object” remains obscure.

2.2.3. Evolution of ecosystems — areas within the basin

A criticism of the approach taken by SKB to modelling the hydrology of basins in
the future landscape is that the flux maps (such as Figure 1) do not change as the
system evolves. This is potentially a key difference between the SKB radionuclide
transport model and GEMA-Site. One of the aims of the RFIs was to understand the
evolution of the system both in terms of water fluxes as well as changes to the areas
within the basins that are classed as terrestrial and aquatic ecosystems.

Figure 1 illustrates that the SKB approach used advective velocities rather than
fluxes. Ktos ef al. (2014a) noted the importance of understanding the fluxes and the
areas involved. This was the reason for the request that both velocities and fluxes be
provided. Also requested were details of how the terrestrial and aquatic areas
changed as the lake/mire system evolved.

Although the Request 1 clearly stated that areas of catchment, lake, mire and lake +
mire should be provided at the three times 2000 CE, 3000 CE and 5000 CE, data for
only a single time were provided (2010 CE), as were reported in the original Bosson
et al. report. This suggests either that the information was not available or that the
areas did not change significantly during the relatively short period from 2000 CE to
5000 CE. Nevertheless, since the velocities and fluxes are related by F, = 4, v,

norm " ij °
the normalising area between each compartment can be found. Using the flux and
velocity maps shown at the end of Appendix 2 it is possible to determine how the
terrestrial and aquatic areas change in time for each of the six lakes. To do so re-
quires setting some rules-of-engagement, concerning what may be assumed:

1. Each basin in the landscape is defined by its topographic boundary. Effectively
this boundary is the watershed between basins. Sedimentation does not change
the boundaries between basins. The total area of each of the basins is constant.

2. Precipitation (P) and evapotranspiration (£) in the calculations are constant are
560 mm year! and 410 mm year™! respectively. The values in the Chapter 8 of
Bosson et al. (2010) are P = 560 mm year!, £ =400 to 410 mm year" and these
are the values used here. Net “runoff” (the difference P — E) is 150 to 160 mm
year'!. In the regional groundwater modelling with MIKE-SHE the values were
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583 and 410 mm year™'. The reason for this difference is not immediately clear
and it may also be noted that the net infiltration at the surface of the terrestrial
and aquatic objects in Figure 1 does not correspond to any of the figures. This is
why working with volumetric fluxes is more reliable and transparent.

Total inflow to terrestrial side is runoff from outer basin (sub-catchment):

F;otTer,in = Lﬁ;ubCatuh + P;ubCatch + P;ubCatch J = (P - E) AsubCatch

terLow terMid terWat

Referring to Figure 1, the terrestrial and aquatic areas are explicit (with surface

areas A, m’and 4, m’respectively. These areas correspond broadly to

errWat
wetland and lake ecosystems at the lower elevations of the basin’s topography.
Implicit therefore is the area of the rest of the basin — the sub-catchment in

SKB’s terminology, with area A, ., m*. The total accumulated infiltration in

the sub-catchment is conserved and partitioned into flows to the terrestrial
lower, mid- and upper regolith compartments.

Input to terrestrial and aquatic water reflects difference in area,

F, =(P=E)duy,. F, ~(P-E)

atm atm aquWat
terrWat aquWat

As a compartment description, the “average object” model implies a similar re-
lation for the base of the regolith:

Fgea = vgea AterrWal 4 Fgeo = VgeoAaqqu 2
terLow aquLow

where the advective velocity at the base of the basin is v,, mm year.

Since
Eoss = Fgea + F:geo + Fithatch + F;ltm + F;tm
terLow aquLow aquWat terWat
H
=(P_E)Abasin +Fgeo +Fgeo
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the total basin area is given by
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Figure 2: Lakes in the present-day terrestrial landscape near the Forsmark site. Taken
from Bosson et al., Figure 8-3, with (inset) area data taken from Table 8-1.
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Figure 3: Comparison of derived areas for the six lakes at three times. also shown are the
figures cited in Avila et al. (2010) for total catchment and lake, mire and lake + mire.
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This method allows all the areas to be estimated and also allows for consistency
checks. The lakes included in the definition of “average hydrology” are shown in
Figure 2. Figure 3 illustrates the calculated areas for terrestrial, aquatic and terres-
trial and aquatic combined. As these are derived from fluxes at both the upper and
lower boundaries, a range is implied. The derived values are compared with the nu-
merical values taken from Bosson et al. (2010).

Given the multiple steps separating the MIKE-SHE defails and the derivation of ar-
eas, the results are informative. Three of the lakes have total catchment and derived
basin sizes broadly consistent (Fiskarfidrden, Gdllsbotrdsket, Puttan) and three have
Total Catchment > derived basin size (Bolundsfjdrden, Gunnarsbotrdsket,
Stocksjon).

The “good” lakes, where the estimated basin area is similar to the quoted area, have
limited upstream inflow (from outside the basin), Puttan & Fiskarfjdrden appear to
have none and Gédllsbotrdsket seems to have stream inputs that are likely to be small
compared to the total basin. In contrast, Bolundsfjdrden has input from both Gdlls-
botrisket and Stocksjon, complicated by the inflow to the small Stocksjon being aug-
mented by the outflow a much larger large lake (unnamed) to the southwest of
Stocksjon itself (see Figure 2). The source of water flows into Gunnarsbotrdsket ba-
sin is not clear. Cases where the area estimated from the total throughflow is larger
than the “total catchment” imply that the lake’s basin does not provide all the water
discharged from the basin. In such cases the “excess” flow is in the stream dis-
charge.

The main hope for the RFI responses was that the evolution of the flow systems for
the six lakes would be discernible in the results for the three times. Figure 4 shows
the evolutionary trends of the sizes of the derived areas for lake and mire. A linear
fit is included. The results indicate that there is little change to the areas. Only for
Puttan is there are clear trend (below) with the area of the wetland increasing and
the area of open water decreasing. The gradients (linear fits) are, respectively, 2.7 m
year!' and -0.53 m? year™'. For Bolundsfjiirden there are small gradients: 1.7

m? year! and -3.7 m? year! for mire and lake respectively. These are the two lakes
closest to the shoreline at 2010 CE and it might be expected that the rates of change
decrease with age from isolation and with profile. The other four lakes show barely
discernible gradients that, in some have, show the opposite trend to what might be
expected in that the lake area increases and the mire shrinks. Clearly there are diffi-
culties in interpreting the data as used for the lakes’ water balance.

2

The flux map in Figure 1 shows that SKB divide their model into aquatic and terres-
trial parts. These are the parts where radionuclides released from the bedrock can ac-
cumulate and so give rise to dose. The “outer” basin (sub-catchment) is not included
in this interpretation. This can be understood since any accumulations in the outer
basin will be at low concentrations. Nevertheless the effect of the “outer” basin is in-
cluded in that it contributes water fluxes. This is done using “normalising” factors
that effectively partition the net infiltration on the outer basin between the upper and
mid-regolith of the wetland.

In the GEMA-Site model all parts of the basin are explicitly included. Sub-horizon-
tal flows from the Outer basin to the Inner basin are characterised by the partitioning
factors, ¢, in a similar fashion the SKB model:

F

¢ _ subCatch,i
), =

F.‘s‘uhCatL‘h,i
i=Low,Mid Wat
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Figure 4: Estimates of changes to ecosystems areas for six lakes. Areas derived from wa-
ter fluxes and water velocities supplied by SKB in response to RFI1 using the rules of en-
gagement set out above. Also plotted are the quoted areas of the lakes at 2000 CE (Bos-
son et al., 2010 as provided by SKB in the response to RFI1). Linear fits to the mire and
lake areas are indicated to highlight trends in ecosystem development.
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Most of the captured “runoff” flows into the upper regolith (~ 60 to 65%), with
around 30 - 35% into the mid-regolith. Typically less than 5% flows into the lower
regolith. This analysis therefore has implications for the implementation of GEMA-
Site.

Figure 5 shows the plots of the changes in the partitioning of sub-surface flow for
the six lakes at the three times. This puts the ¢, in their successionary context. Of
the six, Puttan and Bolundsfjirden are nearest to the coast line and are just emerging
— presumably undergoing the most rapid change. Fiskarfjdrden is similarly close the
coastline. Bolundsfjirden and Fiskarfjdrden are the two largest lakes and have a
similar distribution between water and terrestrial areas'. Their equivalent ¢, are sim-
ilar to the “average object”, despite the temporal variation, with Bolundsfjarden hav-
ing a slightly higher flows into the upper regolith.

For the other three lakes there is a marked difference however. For Gunnars-
botrdsket, Puttan and Stocksjon there is more flow into the mid regolith compared to
the upper regolith. Clear trends are not readily identified. Nevertheless, it is clear
that the average object is not a good representation of the six lakes and so is unlikely
to be representative of anything useful in the landscape. The high relative flux in the
upper regolith inflow of Géllsbotrasket model may reflect the maturity of the
lake/mire system there. a range of values for the ¢, is suggested by this analysis.

2.3. Discussion and summary

The aims of the RFI were to:
e  better understand the basis for the “average object” used by Bosson et al.
(2010) to provide water flux parameterisation to the radionuclide transport
model (Avila et al., 2010);
e use the water balance description for the six lakes at 2000, 3000 and 5000
CE to inform the evolution of the flow model in GEMA-Site.

The analysis in the previous section prompts comments in respect of:
e the transparency and reproducibility of elements of the SR-Site radionu-
clide transport model, namely the “average object”;
o the suitability of the “average object” approach as a way of populating the
dataset for the landscape model of radionuclide transport;
e implications for alternate modelling

Transparency and reproducibility of the “average object”

Although the “average object” is quoted by Bosson et al. as being based on an aver-
age water fluxes in the basins of the six lakes existing in the present-day biosphere,
estimated at 5000 CE by MIKE-SHE, it has not been possible to reproduce the nu-
merical values used to express the generic hydrology and water balance of the basins
by SKB (see Figure 1).

SKB provided most of the requested numerical data for the six lakes at the three
times. The other request — for a detailed derivation of parameters in the TR-10-06
radionuclide transport model — has not been answered. Taken together the numerical

! “Large is relative” Though large in the context of the six lakes, the topography of the bed of
Oregrundsgrepen to the northeast of the site suggests that there will be several lakes signifi-
cantly larger than these two in the future.).
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basis for the “average object” and the rationale behind the parameterisation of “aver-
age object” are therefore somewhat lacking in the model description and usage in
SR-Site.

Confidence in the radionuclide transport model is therefore less than sufficient. Un-
derstanding of the potential radiological consequences arising from release to the fu-
ture Forsmark landscape therefore requires application of the SSM-sponsored alter-
nate model, GEMA-Site.

Suitability of the “average object” approach

As noted above, the focus on the usage of MIKE-SHE results in the dose assessment
model meant that a detailed review of the MIKE-SHE modelling itself, particularly
in respect of the evolving hydrology of the future Forsmark landscape, was not car-
ried out at a sufficient level of detail. This means that the review of SR-Site is de-
pendent on a numerical results (from MIKE-SHE) that have not been subject to the
same scrutiny as the dose assessment model. This is understandable, the aim of the
review was to determine the adequacy of the assessment of potential radiological
impacts. A better understanding of the workings of, and results from, the MIKE-
SHE model would have helped the reviewers to form a clearer picture of the poten-
tial for alternate interpretations of the evolution of the flow system in the regolith
over the period of the assessment. It is likely that there is more that could be done to
link the evolving flux maps for the landscape objects (ie, the basins) directly to the
landscape model. Certainly a single non-evolving flux map is insufficient, the three
time points of 2000, 3000 and 5000 CE are too few and the six lakes are not repre-
sentative of the morphology of lakes anticipated from the topographic maps of the
bed of the Oregrundsgrepen to the northeast of the planned repository location:
there will be significantly larger lakes that will form over the next ten kyear.

The “average object” approach is very-much a snapshot of average conditions in six
widely different lakes at different stages of maturity. The question is: would alter-
nate flow systems (with evolutionary sequences) significantly change the values of
the Landscape Dose Factors (LDFs) calculated by SKB as there surrogate for radio-
logical impact? This is, in part, addressed by the sensitivity analysis carried out us-
ing GEMA-Site in the Chapters 3 and 4 below.

Implications for alternate modelling

Much of the analysis in section 2.2 is carried out to produce practical details for in-
clusion in the GEMA-Site modelling below. In requesting details of the flow sys-
tems for the six lakes at 2000, 3000 and 5000 CE it was hoped that the evolution of
each of the lakes would be discernible so that an improved understanding of the flow
system in GEMA-Site could be implemented.

Figure 3 shows that for four of the lakes there is little change in the areas of the ter-
restrial and aquatic system in the 3 kyear between 2000 and 5000 CE. Access to
(and understanding of) the MIKE-SHE results (or similar) for the evolving flow sys-
tems in the landscape would be required to adequately characterise the evolutionary
nature of the basins in the landscape. Consequently the hydrology in the GEMA-Site
must remain restricted to the first approximation described by Ktos (2015).

There are some practical details that emerge from the analysis. Primarily, the inter-
action of the sub-catchment (SKB terminology) = Outer basin (GEMA-Site) is use-
ful since it implies the range of values that might be expected for the distribution of
vertical and sub-horizontal flows in basins.
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3. Overview of the GEMA-Site model

3.1. Key features

Ktos (2015) gives a complete description of the basis for the model taking into ac-
count evolution in the system caused by landrise with an interpretation of the evolu-
tion of the flow system in the basin as different areas of the basin emerge from the
sea during the modelled period with the consequence that hydrologic inputs to the
system interact with different parts of the system at different times.

Figure 6 shows a simple interpretation of the evolving flow system for a basin mod-
elled as three modules: Outer, Inner and Central. Transitions are treated as step
changes related to land rise and sedimentation the lake phase and continued organic
deposition in the wetland phase. Note that the wetland phase (Figure 6d) is the hy-
drologic configuration that most closely matches the situation as modelled in the
SR-Site “average object” and thereby the SR-Site radionuclide transport model.

Appendix 3 provides further detail concerning the configuration of the model, in-
cluding the numerical values for the water fluxes in the Reference Case model de-
scribed by Ktos (2015). This illustrates how the flow system changes according to
the transition times for each module:

e ¢t —transition from sea to bay (when the water column in the module no

longer exchanges parcels of water with the rest of the Oregrundsgrepen)
e ¢ —end of the aquatic period (no standing water in the module: water com-

aqu
partment disconnected and inventory redistributed).
For each of the modules, these times are given by

I, -1

bay

jupli/i - (M wi M t[m) Aubjpg1|

| b |

lupli/i‘ - (M i M tpo ) / Aabjp peat

]

t

aqu = tsea

Which includes the initial depth of the module below the Baltic ([, m) the depth of

the water column on transition to bay conditions ( /,,, m). The main driver for this

transition is the land uplift rate (l'up,,»ﬁ m year™'). Sedimentation also plays a role, de-

pending on the net sedimentation rate as the balance between the mass input at the

top of the compartment (sedimentation A, kg year™!) and the output (resuspension,

M,,,). During sea and lake stages the composition of the deposited material

changes as reflected in the density parameters for sea and lake (glacial/post-glacial
clay and peat respectively).

Transition to agriculture occurs at a time chosen by the human population. In the
reference model the time of transition is ¢,,,; = 19000 years after the start of the

simulation. Only the Central basin is assumed to be converted to agriculture. This is
the receiving compartment for the release and where the highest concentrations are
likely to arise. There are accumulations in other parts of the basin but these are much
lower than in the Central basin (Ktos & Wd&rman, 2015).
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Figure 6: Evolution of hydrology during land uplift. Outer, inner and central basins are
shown from left to right. With uplift and sedimentation the water level drops in each mod-
ule. Release is to the lowest part of the basin with a small upward flux at all times. As wa-
ter levels fall, flow from the outer, then inner basin is directed sub-horizontally towards
the central basin contributing to increased upward fluxes. Change to agricultural condi-
tions necessitates a modified and maintained drainage system. Radionuclide input is in
groundwater in the bedrock to the lower regolith of the Central basin (red arrow).
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Release of radionuclides to the basin is assumed to be to the lowest part of the to-
pography and to be driven by topography-controlled gradients at the surface. For the
flow system defined in the Reference Case, any dispersed release of groundwater to
the Inner and Outer basins only acts to reduce the calculated doses. For this reason
only the Central basin release is considered further.

The Reference Case dataset for the hydrological model is reproduced in Appendix 3
here. Variants and parameter distributions used in the probabilistic sensitivity analy-
sis (psa) are discussed in Section 3.3 below.

From this data description, a clear difference between the GEMA -Site approach and
the SR-Site transport model is seen. Water fluxes in SR-Site are defined by constant
fractional parameters, linked to net infiltration according to evolving areas in the
system. In GEMA-Site the flow system’s fluxes change as different areas within the
system become exposed as their water cover recedes. The fractional flows in the
sub-horizontal domain are, again, linked to net infiltration in but the fractional are
not constant. In one respect the SR-Site model better reflects the evolution of the
lake/wetland system than the GEMA-Site model: the areas of terrestrial and aquatic
ecosystems vary in time and the wetland grows while the lake shrinks. To obtain a
similar feature in GEMA-Site would require a higher degree of lateral discretisation
with more than the three modules included here. Nevertheless, the models give com-
parable results (Ktos, 2015) with increases confidence in the two modelling ap-
proaches.

In each model the fluxes in the modelled systems are linked directly to the inputs to
the system and distinct ecosystem areas within the basin. The Reference Case pa-
rameters in the GEMA Site are listed in Table 1. Numerical values for the Reference
Case model are listed in Table 2. Water fluxes are written in terms of the input pa-
rameters, for example, the water fluxes out from the top and bottom faces of the

LY . Outer Outer 3 -1
Outer basin’s upper regolith compartment ( £,/ and F, 7 m’ year™) are

Ouluf Quter
upp dno ¢ (P E ) A
Outer Outer ?
Fupp bto ( upp ) P -E ) Aobj

Table 1. Parameters governing water fluxes in GEMA-Site. Reference Case taken from
Ktos (2015).

Parameter Value Module Description

P myeart! 0.56 all basins Precipitation (Lindborg, 2010)

E myeart 0.4 all basins E\(;ip())())transpiration (Lindborg,
Vgeo  myear? 0.01 Central basin ?;:Sr:;: :g:}jig)lc(i)t)y sea stage
Twar Year?! 0.017 all basins Zf:;iin(c :qtlijri]lwoen(i)ljs\jv;gelro?arcels in

jupliﬁ myear!  -0.006 all basins Isostatic uplift rate, interpreted

from SKB (2010)
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Table 2: Numerical values for the GEMA-Site Reference Case model (Ktos, 2015).

Parameter Units  Value Scope Comments
4y m? 10 Central Basin Initial object area
lpay m 5 Central Basin Depth on isolation from sea
leolony  year 100 Central Basin Time for terrestrial colonisation
Lagri year 19000 Central Basin Time of conversion to agriculture
Lin m 0.01 lower regolith Minimum allowed thickness
lo m 1 lower regolith Initial thickness
Lin m 0.01 mid regolith Minimum allowed thickness
lo m 0.9 mid regolith Initial thickness
Lin m 0.01 upper regolith Minimum allowed thickness
Iy m 0.1 upper regolith Initial thickness
lag,,»,mw m 0.3 upper regolith Agricultural rooting zone
Lnin m 0.2 water Depth at end of aquatic state
Iy m 80 water Initial water depth
4y m?2 106 Inner Basin Initial object area
lpay m 5 Inner Basin Depth on isolation from sea
leolony  year 100 Inner Basin Time for terrestrial colonisation
Lagri year 25000 Inner Basin Time of conversion to agriculture
Lin m 0.01 lower regolith  Minimum allowed thickness
Iy m 1 lower regolith Initial thickness
Lin m 0.01 mid regolith Minimum allowed thickness
Iy m 0.9 mid regolith Initial thickness
Lin m 0.01 upper regolith Minimum allowed thickness
ly m 0.1 upper regolith  Initial thickness
lagri,mar m 0.3 upper regolith Agricultural rooting zone
Lin m 0.2 water Depth at end of aquatic state
Iy m 75 water Initial water depth
Ay m?2 107 Outer Basin Initial object area
Ipay m 5 Outer Basin Depth on isolation from sea
leolony  year 100 Central Basin Time for terrestrial colonisation
Lagri year 25000 Outer Basin Time of conversion to agriculture
Lin m 0.01 lower regolith Minimum allowed thickness
Iy m 1 lower regolith Initial thickness
Lin m 0.01 mid regolith Minimum allowed thickness
Iy m 0.9 mid regolith Initial thickness
Lin m 0.01 upper regolith Minimum allowed thickness
lo m 0.1 upper regolith Initial thickness
lagri,rom m 0.3 upper regolith Agricultural rooting zone
Lin m 0.2 water Depth at end of aquatic state
lo m 70 water Initial water depth
SSM 2015:22
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where the area of the module is 4,. m? and precipitation and evapotranspiration are

obj
P and E respectively. The distribution of the flux between lateral and vertical flow is
¢lg;"” (see Section 2.2). Similar relations hold for the mid and lower regolith com-

partments. Appendix 3 lists all such expressions, taken from the Ecolego implemen-
tation of the model, including the timing parameters used to switch the state of the
flow system.

The radionuclides considered are those from the original modelling (Klos et al.,
2014a); the release is 1 Bq year™! of 7Se, **Nb, '?°I and ?*°Ra (for which the daugh-
ters 21%Pb and 2!°Po grow in). These are significant radionuclides in the SR-Site as-
sessment. Both %I and ?2°Ra have high LDFs and the highest early releases (SKB,
2011).

A range of exposure pathways are considered in the model. These include consump-
tion of marine and freshwater organisms, natural foodstuffs during the wetland (nat-
ural ecosystem) period as well as a comprehensive range of agricultural pathways.
These pathways are switched in and out of the model according to the state of the
ecosystem in the modules at different times. Also calculated are inhalation and ex-
ternal exposure doses arising from accumulation in the upper regolith and according
to different patterns of human behaviour in the different ecosystems.

Since the initial modelling the use of local freshwater resources has been included
for all terrestrial stages. When freshwater lakes exist these can be used for water
consumption by humans and livestock. During the wetland period alternative (non-
contaminated) water bodies are assumed. During the agricultural phase there are
three water usage scenarios:

e  Water from the surface drainage system (see Figure 6¢);

e  Water from a shallow well in the lower regolith of the Central Basin;

e Irrigation, where crops are irrigated from the well water (drainage system water
could be used but leads to lower doses).

As the RFI response was not able to give additional detail as to the evolution of the
flow field in the basin it was decided that this initial formulation of the evolving
flow system would be used to investigate the range of dose-response and at the same
time to assess the parameters in the model description that have the most influence
on dose.

3.2. GEMA-Site for probabilistic sensitivity analyses

Since the initial modelling with GEMA-Site (Ktos et al., 2014a) the model has been
reviewed and updated (Kltos, 2015). Deterministic results have been presented to the
2015 ITHLRMWC (Ktos & Worman, 2015; Ktos et al., 2015). The version of the
model used here is GEMA-Site 1.3c.

The parameters sampled fall into two categories, those that affect radionuclide accu-
mulation and uptake — the regolith kzs and concentration ratios in foodstuffs; and
those that affect water fluxes directly (and so the flow system). The former are taken
from the database of the SR-Site radionuclide transport model (Nordén et al., 2010).
The latter — the areas of modules within the basin and so forth are based on the anal-
ysis of characteristics discussed by Ktos (2015).The values used here are listed in
Appendix 3.
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The assumed areas of the three module in this lateral discretisation of the basin are
known to have an important influence om the dose arising from the release (Klos et
al., 2015). Figure 7 gives an illustration of how results can vary with different as-
sumptions. The plots compare the reference case model (the “7-6-5 geometry” with
outer, inner and central basins having areas 107, 10° 10° m? respectively) and a vari-
ant with “5-4-4 geometry” (103:10%:10* m?). The former has conversion at the refer-
ence value of 19000 years from the start of the release and the second has the impo-
sition of the managed drainage system at the end of the lake period of the central ba-
sin at year 13148. Well water is the source of domestic and agricultural water sup-
plies. Further analysis is discussed in Chapter 5 below.

Combined with the analysis of basin areas in the future Forsmark landscape (Ktos,
2015) these results this justifies the set of pdfs assumed for module sizes in the prob-
abilistic analysis here:

e Central basis: uniform, with bounds (5x103, 10%) m?,
e Inner basin: uniform, (103, 10¢) m?
e Outer basin: uniform (10%, 107) m?.

As this is a sensitivity analysis rather than a full probabilistic dose assessment, no
correlations are assumed so that it is possible to have small outer and inner basins
combined with a large central basin.

In addition to the nuclide specific parameters noted above, the effect of soil charac-
teristics has also been included. Soil particulate densities (corrected from SKB’s
quoted bulk densities; Lofgren, 2010; Aquilonius, 2010) are also sampled as are the
soil/sediment porosities in the same source. The time of conversion to agriculture is
also sampled in the range 11200 to 20000 years.

Most sampled parameters can be implemented directly. The deterministic version re-
quires some modification to allow the parameters and processes investigated in the
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Figure 7. lllustration of doses alternative assumptions regarding basin size and time of

conversion to agriculture — variants on the reference case values. Water from shallow
well. Further discussion is found in Chapter 5 of this report.
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probabilistic sensitivity analysis to be adequately represented. Interdependencies in
the model require the following parameters to be introduced:

e  Water fluxes in the Outer basin. The parameters ¢~ and $2u partition the

infiltrating water flux at the top of the upper regolith at times after the aquatic
period. The factors determine the lateral and vertical fluxes from the upper and

mid regolith compartments respectively. The proportions are (1 -¢/ ) flows lat-

erally and ¢/ vertically. It is not practical to sample both the upper and mid-
regolith fractions, instead they are assumed to be related by the sampled param-
eter f;jmid , SO that ¢Oil;ter — (l _f;)mid)¢0uter .

i pp

e A factor describing the volumetric moisture content of agricultural soils. Poros-
ity of the compartments is included in the psa. Because of the proximity of the
water table to the surface it is assumed that all but agricultural soils are satu-
rated. Sampling both the porosity and volumetric moisture content of the agri-
cultural upper soil without correlation could lead to unphysical results. As a
simple expedient it is therefore assumed that the volumetric moisture content is
givenby 6, = p,é,, » with the sampled parameter being p, .

agri

e Time of the imposition of agriculture in the Central basin. The basic resolution
of the dose assessment model is 1 year. The time of transition from natural
drainage to managed agriculture drainage is sampled. However, the sampled pa-
rameter is a real, rather than integer number. for this reason the sampled param-
eteris p, . and this is converted to an integer number to give the date of transi-

agri

tion: 7, = int( pag”.) .
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4. Probabilistic Sensitivity Analysis results

4.1. Implementation

With the model outlined in the preceding chapter three sets of calculations have
been run using the Ecolego modelling framework. Each of the three assumptions for
local water usage (drainage system, well, well with irrigation) are evaluated. The
model is run in probabilistic mode with 1000 Latin Hypercube Samples with no cor-
relations.

The output quantity calculated is the annual individual dose arising from the release
of the four radionuclides, 7Se, **Nb, '*’I and ??°Ra (contribution of daughters grow-
ing-in in the biosphere included). Doses are calculated for each of the years from
10000 to 20000 after the simulation begins. Before this time, because of the choice
of the initial depth of the sea, all basins remain covered by the Baltic and doses from
the marine ecosystem are low.

The peak dose is evaluated for each radionuclide in the release. This differs from the
50 year average dose calculated by SKB in their generation of the LDF values (ie,
lifetime averaged dose)?. Figure 7 suggest that agricultural doses are likely to domi-
nate the results and that annual doses can remain reasonably constant over 50 years
or so. Use of the peak annual individual dose simplifies the analysis here. The fac-
tors that influence peak dose are also those that influence the 50-year average dose.

Ecolego allows sensitivity analysis to be performed. The Spearman rank correlation
coefficient is used to determine sensitivity. Scatter plots of key parameters are also
used to illustrate trends.

4.2. Analysis

4.2.1. Rank Correlation Coefficients (RCC)

Table 3 lists the results for the three water usage scenarios for each of the four radio-
nuclides released to the base of the Central Basin lower regolith. Only those results
for which the absolute value of the RCC > 0.1 are shown. Below this value the cor-
relation is too low to be meaningful.

Looking at Table 3 the factors that influence dose can be classified as
e  Sorption characteristics
o strongly and weakly nuclide behave differently — 7°Se and '*’I cf. **Nb and
the members of the 2?°Ra chain

I ¢ .
2 The fifty year average dose, (Dj, (¢)) = 50l SODM (")dt", is allowed by the SSM

(2008) guidance. If there are any short term transients with high peak annual doses
during the period, this quantity smooths them out to give a representative annual
dose over the adult lifetime of the exposed individual.
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Table 3: Results of the sensitivity analysis for the three water usage cases (|[RCC| 2 0.1).

“Se RCC 129) RCC
OuterBasin.A_obj -0.58 kd_organic (**°1) 0.65
kd_organic (°Se) 0.45 OuterBasin.A_obj -0.33
CR_fish_fw ("°Se) 0.25 CR_root (**°1) 0.18
CentralBasin.t_agri -0.20 TF_milk (*°1) 0.15
kd_inorganic (7°Se) 0.19 CR_pasture (*?°1) 0.13
CR_cereal (°Se) 0.18 kd_inorganic (1) 0.12
CR_root (7°Se ) 0.12 CR_cereal( *?°1) 0.11
CentralBasin.t_agri -0.11
%Nb RCC 225Ra chain RCC
kd_organic (**Nb) 0.68 CentralBasin.A_obj -0.51
OuterBasin.A_obj -0.26 OuterBasin.A_obj 0.42
kd_inorganic (**Nb) -0.14 kd_inorganic (**°Pb) -0.28
CentralBasin.t_agri -0.11 kd_inorganic (%°Po) -0.28
CentralBasin.A_ob0 -0.08 kd_organic (?°Po) -0.20
kd_inorganic (**°Ra) -0.18
CR_game (*'°Po) 0.10
OuterBasin.phi_upp -0.10

(a) drainage system
796 RCC 129) RCC
OuterBasin.A_obj -0.54 kd_organic (**°l) 0.69
kd_organic ("°Se) 0.47 OuterBasin.A_obj -0.44
CR_fish_fw (7°Se) 0.28 CR_root (**°1) 0.16
CentralBasin.t_agri -0.20 CR_cereal (*?°1) 0.16
CR_cereal (7°Se) 0.19 CentralBasin.t_agri -0.13
kd_inorganic (°Se) 0.14 TF_milk (*°1) 0.12
CR_pasture (1) 0.12
%Nb RCC 225Ra chain RCC
kd_organic (**Nb) 0.67 CentralBasin.A_obj -0.52
OuterBasin.A_obj -0.28 kd_inorganic (*°Po) -0.51
kd_inorganic (°*Nb) -0.17 kd_organic (*'°Po) -0.25
kd_inorganic (**°Pb) -0.20
OuterBasin.A_obj 0.19
kd_organic (**°Ra) 0.14
kd_inorganic (**°Ra) -0.10
CR_game (*1°Po) 0.10

(b) well water

9Se RCC 129) RCC
OuterBasin.A_obj -0.51 kd_organic (**°1) 0.64
kd_organic ("°Se) 0.47 OuterBasin.A_obj -0.48
CR_cereal (7°Se) 0.25 CR_pasture (1) 0.17
kd_inorganic( °Se) 0.21 CR_root (*2°1) 0.16
CR_fish_fw (7°Se) 0.21 TF_milk (*2°1) 0.14
CentralBasin.t_agri -0.17 CR_cereal (*?°1) 0.12
CentralBasin.A_obj 0.11 kd_inorganic(l-129) 0.11
%4Nb RCC 225Ra chain RCC
kd_organic (**Nb) 0.67 kd_inorganic( #°Po) -0.75
OuterBasin.A_obj -0.21 CentralBasin.A_obj -0.37
kd_inorganic (**Nb) -0.17 kd_inorganic (*°Pb) -0.14
CentralBasin.t_agri -0.10 kd_organic (*°Po) -0.12
CR_game (*1°Po) 0.10

SSM 2015:22

(c) well water and irrigation

22



o the relative strength of sorption in the upper regolith (organic material)
compared to the inorganic ky (material in mid and lower regolith)
e  Basin characteristics
o The areas of the modules often rank highly and the size of the outer basin
can have a greater influence than the size of the central basin (the place
where the release, accumulation and exposure take place).
o The time of transition to agriculture weakly influences of peak dose
e Concentration ratios and transfer factors
o These also show a variance between strongly and weakly sorbing radionu-
clides. Where they have influence it principally seen thorough the agricul-
tural pathways though the concentration of ’Se in fish during the lake pe-
riod is also indicated as a sensitive parameter.

4.2.2. Interpretation of results

Basin geometry (areas of outer, inner and central basins) feature in the top two most
influential parameters for each of the radionuclides and water use variants. The In-
ner basin has no significant influence and the Central Basin area has the expected
negative correlation on account of spatial dilution in the area from which agricul-
tural produce is derived. However, this is primarily for the ?°Ra chain, with a rela-
tively low signal, for **Nb. These are both examples of the more strongly sorbing ra-
dionuclides.

For the weakly sorbing radionuclides (7Se and '*I here) it is the area of the Outer
basin that has the strongest influence. The greater the collecting area for net infiltra-
tion in the basin as a whole, the lower the dose. The key factor here that of through-
put of contaminated water. Because the kgs are relatively low the high throughput
rapidly washes contaminants from the system with little accumulation. This feature
also affect dose from **Nb. Higher doses for **Nb arise for combinations of lower k;
in the lower and mid-regolith layers (negative correlation with inorganic k;) and
higher sorption in the organic layers (positive correlation). The importance of reten-
tion in the lower regolith for the low &, nuclides is seen in the results that both Se
and '®I have positive correlations of dose with inorganic ks. This acts to counter the
washing out of the radionuclides by the high throughflow, delaying loss for dose to
arise from the upper regolith.

A related effect is seen for the *Ra chain. In this case, however, there is a strong
positive correlation of doses with area of the Outer basin. There is a significant neg-
ative correlation between inorganic k; and dose for each of the radionuclides in the
chain. In the modelling of the chain there are opposite influences from the kgs of
226Ra and 2'°Po. A positive correlation for the organic k; of >>Ra acts to retain *°Ra
in the upper regolith where is has longer to decay to 2'°Po (via 2!°Pb). Doses from
the release of 2?°Ra are dominated by daughters, particularly 2'°Po. The role of the
Outer basin’s area in this case is to wash the highly sorbing ?*Ra (and 2!°Pb) into the
upper regolith where ingrowth of 2'°Po is important.

Figure 8 shows scatter plots of dose vs. module size for the released radionuclides in
the case of well water usage. These plots support the results from the RCCs. Trends
in the data are illustrated using a fitted power-law for each of the scatter plots. The
strongest signals come from the effect of the area of the Outer basin for lower &, nu-
clides: the greater the throughflow the greater the dilution. There is a similar effect
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Figure 8: Scatter plots indicating the influence of module areas on annual individual
dose. Case with well water usage. Results for each module area are shown. Fitted lines
are power-law fits to illustrate data trends. This is similar to the RCC but is less indica-
tive.

for **Nb though the trend is less pronounced. For the 2*Ra chain the effect is re-
versed. The strongest influence on the 2°Ra chain is the spatial dilution effect of the
Central basin’s area. It is not believed that the slight positive relation for the Central
basin area for 7Se and '®I is meaningful, although the slight negative slope of the
results for **Nb is consistent with that from the 2°Ra chain. The RCC values corre-
sponding to these results are below the 0.1 threshold. The influence of the area of
the Inner basin is seen to be similar to that of the Outer basin, suggesting that the
three module discretisation may not be necessary.
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The time of conversion to agriculture shows a slight negative correlation with dose
for all of the released radionuclides except 22Ra. The effect is more pronounced for
Se. This is consistent with the effects of throughflow. In the case of earlier conver-
sion there has been less time for the accumulated activity of the lower &, radionu-
clides to be washed from the system. During the lake period there is residual net up-
ward flux beneath the lake of the Central basin with relatively high accumulation in
the growing organic material of the lake bed sediment. With the change to the flow
vectors during the wetland (and agricultural) phase there is greater throughput in the
upper regolith washing out accumulation of lower &, nuclides. Broadly, the compari-
son between early and late conversion in Figure 7 illustrates the effect of time of ag-
ricultural conversion well.

The other parameters that feature on the RCC results are the concentration ratios and
transfer factors. A possible consequence of the way in which the end-stage of the
lake system’s evolution is handled in the model is that ”Se’s CR for freshwater ap-
pears as an important determinant of dose. Conceivably this occurs at the latter
stages when the volume of the lake is small. However, the geometric mean for this
parameter is particularly high for 7Se and this also contributes to the sensitivity in-
dicated here. In the main the CR and TF values that are flagged in this analysis have
relatively weak RCCs and they have most influence on the lower &, nuclides.

In particular, the way in which concentrations in game animals is modelled is cause
for some comment. The approach assumed here is taken from Avila et al. (2010).
Game concentrations are scaled from the concentration in natural foodstuffs using
the concentration factor CR-game and the concentration in natural foodstuffs is de-
rived from the concentration in the upper regolith using a similar concentration ratio.
Situations where the game pathway is indicated as important suggest that a better
representation of FEPs for accumulation in game might be required.

Results for the surface drainage and well water scenarios are similar. This is because
the well water is assumed to be taken from a shallow well in the lower regolith. In
the agricultural system this water discharges through the emplaced drainage to sur-
face water channels, augmented by captured and diverted water fluxes from the
combined inner and outer basins. The drainage system has slightly lower concentra-
tion than the well water. Deep (bedrock) wells are not considered here since the con-
centrations therein are the province of geosphere modelling, not the biosphere.

The distribution of water fluxes in the Outer basin between vertical drainage and lat-
eral and sub-horizontal flow (parameter OuterBasin.phi_upp) has only a minor in-
fluence in the case where water supplies are taken from the surface drainage system.
This suggests that the model overall is not sensitive to the route taken to flows into
the Central basin.

Well water abstraction combined with irrigation is therefore the maximum interac-
tion with contaminated groundwater in the model as configured. Because the ab-
straction is from the lower regolith, with direct interception by the crops, accumula-
tion in the upper regolith is less important®. The pattern of RCCs is slightly different
to the other two water usage cases; for example, the timing of the agricultural transi-
tion is detected for **Nb and retention in the lower regolith of 2!Po is the most im-
portant determinant of the 2?°Ra chain dose.

3 Parameters controlling irrigation interception have not been sampled here since the purpose
was to look at the effects of changes to the model of surface hydrology. The assumption is
that there are five equal irrigation events during the year.
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5. Synthesis - uncertainties in the SR-Site
dose assessment modelling

5.1. Overall uncertainty

As well as investigating the parameters in the model that have the most influence on
the calculated dose it is important to use GEMA-Site to investigate the potential
magnitude and origins of uncertainty in the SR-Site dose assessment. The spread of
results (5" to 95" percentile) obtained in the probabilistic sensitivity analysis dis-
cussed in the previous chapter can be compared to the reference modelling results
and with selected deterministic results. SKB’s LDF values themselves as well as re-
sults from the application of a "simple" modelling approach carried out by Walke
(2014) also help describe the overall range of results. Figure 9 shows the LDF val-
ues and peak doses from the “simple” model in relation results from the modelling
with GEMA-Site described here.

At first sight, the ranges shown in Figure 9 appear rather large. There is need to dis-
aggregate the sources of uncertainty.

The first important point to note is that for the lower ky species ("’Se and '*I here)
the estimates of LDF calculated by SKB in SR-Site are at the upper end of the range
as calculated with the GEMA-Site alternate model. This suggests that the SR-Site
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Figure 9: Comparison of SR-Site LDFs with ranges of values from the GEMA-Site psa. 5"
and 95" percentiles and mean values are plotted for the three water use scenarios. Addi-
tionally to the SR-Site LDF values are plotted the peak doses for the 5-4-4 and 7-6-5 ge-
ometry results (surface drainage) from Figure 7 as well as the 7-6-5 geometry results for
the well scenario. Walke (2014) has applied “simple” models to the SR-Site system de-
scription. These results are also indicated.
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LDFs for lower k4 radionuclides are robust, as a consequence of the many pessimis-
tic assumptions deployed by Avila et al.

For the higher k, species, **Nb and members of the 22°Ra chain, there is an indication
that the SR-Site approach could underestimate the radiological impact of releases by
some orders of magnitude. The following section addresses the sources of uncer-
tainty expressed in Figure 9, looking at different features of the GEMA-Site model.

As an expression of the overall variability two measures are used — the maximum
annual dose over the whole of the simulation period (from 0 to 20 kyear) and the
dose immediately after the transition. In this way the maximum values include doses
that might arise from non-agricultural ecosystems. Taking the dose just after the
transition to agriculture allows the impact of any initial transients in the dose evolu-
tion caused by accumulations of radionuclides in the precursor ecosystem to be
gauged. Figure 10 illustrates the procedure using a comparison of the evolution of
doses in the reference basin assuming the transitions at 19 kyear and as soon as pos-
sible after end of the aquatic period.

5.2. Sources of uncertainty

5.2.1. Transition to agriculture

The issue here is the extent to which longer term accumulations in the regolith can
give rise to higher doses in agricultural systems. Comparing results from the refer-
ence basin using surface water resources and transition at 19 kyear with the “as soon
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Figure 10: Evolution of doses using the reference basin model — influence of time of tran-
sition to agriculture (f.gr) on dose. Default case with transition to agriculture at 19 kyear
compared to the case with transition “as soon as possible” (at the end of the lake stage
of the Central basin). Dashed lines indicate transitions to the flow system, shaded area
denotes transitions for Outer and Inner basin ecosystems.
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as possible” variant, with ¢ =¢ = 13148 year shows that the highest doses come

agri = Lagu
from the agricultural ecosystem in the case of "°Se, **Nb and '*I. For the ?*Ra
chain, however, the peak dose comes from game consumption in the wetland phase.
Accumulations of 2!°Po are washed out of the wetland’s upper regolith because, dur-
ing this stage, lateral drainage of the wetland is active (Figure 6c — Figure 6d).
There is a small peak just after the transition as the soil is drained and compacted for
agriculture. For the other radionuclides, however, the flow system depicted in Figure
6¢ results in a slight increase over time with the maximum being reached sometime
after the transition®.

With the transition to agricultural land as-soon-as-possible the evolution shows a
similar sudden increase following the start of agriculture. Each of '*°I and the 2*°Ra
chain show a slow increase upto the equilibrium values. This takes on the order of
500 years. For **Nb (with relatively high kss in each of the three regolith layers) the
time to equilibrium is significantly longer, more than 7 kyear. 7Se shows equilib-
rium almost instantaneously — in the first few hundred years post transition there is
an insignificantly higher maximum.

These dynamics are of interest as it is uncertain whether agricultural land in a spe-
cific location will persist for longer than a few hundred years (Jansson et al., 2006).
Doses in the immediate aftermath of transition are therefore a more reasonable ex-
pression of likely radiological impact. Figure 11 plots the maximum dose during the
simulation and the maximum post transition values for a range of times of transition.
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Figure 11: Deterministic sensitivity results for different times of transition to agriculture
in using the 7-6-5 reference case basin model. Results normalised to reference case.

4 This contrasts with the SR-Site model of agricultural land where only washout is repre-
sented. Consequently the dose in the year following conversion to farmland is always the
highest and this decreases in time. SKB use the 50-year averaged dose to calculate the LDF to
account for this transient. Overall the effect is small — much less than a factor of two in the
GEMA-Site reference basin.
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These results suggest that the timing of the transition is has little impact on the radi-
ological impact. The maximum dose is similar in each case. Only the “never agricul-
tural land” results are lower, emphasising the significance of agricultural ecosystems
in dose assessment. The exception is the dose for the 2°Ra chain, as discussed,
where natural ecosystems can give rise to the peak dose.

Because the dose immediately after transition is a better indicator of dose from agri-
cultural systems the lower bound here is of interest. The role of accumulation is ap-
parent. For 7°Se there is significant accumulation in the lake bed upper regolith and
while this is rapidly washed out with the altered regolith flow system during the wet-
land phase there is a tendency for re-accumulation in wetland upper regolith. this is
seen in the increase of the minima of the plots in Figure 11 with increasing ¢, .

This accumulating trend is seen for the other three radionuclides in the release.

Overall the lack of sensitivity to time of transition to agriculture in these results is a
consequence of the model. There are no situations where earlier transition gives rise
to higher doses than the long term equilibrium dose values. The 19 kyear transition
is a useful indicator of what the “landscape dose factor” should be. SKB’s approach,
which estimated doses from agricultural systems at all times when land surface was
available, with the LDF being taken as the maximum of this set of doses, produces a
reasonable estimate of the potential radiological impact.

5.2.2. Basin geometry

Figure 10a shows the results for the reference basin. Figure 12 illustrates the differ-
ences in the evolution of dose caused by alternate basin geometries. The 7-6-5 refer-

ence case has areas in the ratio 107:10%:10° m? for the outer, inner and central basins,
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Figure 12: Evolution of doses using the reference basin model — influence of basin ge-
ometry on dose. Two alternatives illustrate the influence of variant basin sizes on the
evolution of dose, a small basin with equal areas and a smaller basin with smaller agri-
cultural area compared to the Reference case in Figure 10a. The shaded area denotes
transitions of Outer and Inner basin ecosystems.
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respectively. The variants shown here are the 5-5-5 case, a relatively small total ba-
sin with the same agricultural area as the reference; the second variant is smaller ba-
sin with the inner and central basins each 10* m? (the 5-4-4 geometry). In this varia-
tion the time of transition to agriculture is maintained at 19 kyear.

Because the areas of the basins differ — the collecting area for net infiltration — these
variants lead to systems with different hydrological characteristic. Doses during the
transition from marine to terrestrial ecosystems vary considerably and doses at times
before the formation of the lake in the central basins are notably different in each
case. This makes a discussion of the details rather complex . For the purposes of un-
derstanding the potential influence of the evolving landscape on landscape dose fac-
tors, the range from maximum dose during the simulation and the dose immediately
after the transition to agriculture are again used. A brief discussion follows with
more detail provided by Ktos (2015).

Releases to basins with different sizes show differences not only in magnitude of
dose but also in terms of dynamics. The 2*°Ra chain in Figure 12 illustrate this.
Changes to the ecosystem of the central basin on the isolation of the lake (at the
transition denoted by the grey shaded area) lead to relatively high concentration in
lake water. In the 5-5-5 case this decreases slowly whereas the decay is much more
rapid in the 5-4-4 case. Similarly, post the agriculture transition, the rate of increase
of dose towards the equilibrium value is different for the two alternative flow system
representations. These features are a result of the differences in the regolith ground-
water flow field embodied in the definition of the model. The dynamics of the 7Se
dose also provide instructive examples on the influence of the flow system model.

In these two smaller basin models (compared to the reference 7-6-5 geometry) the
ecosystem with the maximum dose also shows some variation. In the 7-6-5 case the
wetland ecosystem has the highest °Ra chain dose in the period after its formation.
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Figure 13: Deterministic sensitivity results for different times of transition to agriculture
in using the 7-6-5 reference case basin model. results normalised to reference case.
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In each of the 5-5-5 and 5-4-4 cases the agricultural ecosystem dominates. Figure 13
shows the range of values for five variant area models:

e small basin, with small agricultural area (5-4-4 geometry), small overall ba-
sin

e cqual modules (5-5-5- geometry), small overall basin

e small agriculture (7-6-4 geometry), similar to the reference case with a
smaller central area

e Reference case (7-6-5 geometry)

e Large basin (7-6-6 geometry), a simple case with a central area ten times
larger than the reference.

These results support the results from the psa in Figure 8 for the variation of the
module areas. Smaller basins with smaller overall water fluxes (simply expressed as
the product of net infiltration and “collecting area” of the basin) give the highest
doses. Here the 5-4-4 basin dominates for the less strongly sorbing "°Se and '*’I as
well as the more strongly sorbing **Nb. The effect of spatial dilution in the agricul-
tural region is also seen. The 7-6-4 geometry gives the highest results for the ??°Ra
chain. it is the increased sub-horizontal water fluxes in the larger basins that ac-
counts for the increased dose. A similar signal is seen for **Nb but, in that case, 5-4-
4 geometry gives the highest dose. A small agricultural area alone is not sufficient
(as witnessed by the 7-6-4 geometry result).

5.2.3. Use of water resources

The preceding discussion accounts for significant parts of the uncertainty shown in
Figure 9. A further important contribution to the variation comes from the assump-
tions about water resources exploited by the assumed population in the modelled
basin.

As modelled in GEMA-Site there are two potential sources of freshwater for domes-
tic and agricultural purpose. One is the accumulated drainage system water that rep-
resents the water that must be diverted from agricultural soils in order to keep them
dry enough to cultivate. The other is and a shallow well in the lower regolith. One of
the variants included in the ranges of Figure 9 is that the well water is also used to
irrigate selected crops. During the lake phase, the water source was assumed to be
the lake water but during this period there is no agriculture. At the end of the lake
period, as the lake becomes clogged with sediment and vegetation and the wetland
forms, it is no longer practical to use surface water.

These water use scenarios differ from the SR-Site assumption that drinking water
was obtained from a well in the bedrock, the dilution characteristics of which are de-
termined as a regional average figure (Avila et al., 2010). The assumed well capac-
ity is relatively large and contributed to the relatively low drinking water doses in
SR-Site (Walke, 2014). In SR-Site water usage from a well was always possible as
lakes were assumed always to be present in the landscape. The evolving system im-
plemented in GEMA-Site, with the lake evolving to wetland, would diminish the im-
portance of this scenario. Rather than implement GEMA-Site with the assumed radi-
onuclide concentration in bedrock-well water, a case with no contaminated drinking
water has been implemented. In this assumption (which will give doses lower than
in the case of the bedrock well) the local population obtain their water resources
from uncontaminated sources, for example a lake in a nearby basin or from a public
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Figure 14: Deterministic sensitivity results for different assumptions about water re-
source exploitation. Reference case basin (7-6-5- geometry), agricultural transition at 19
kyear.

water supply sourced elsewhere in the landscape. Figure 14 shows an analysis of the
impact of different patterns of water usage using the overall maximum and dose post
agricultural transition method in the reference case 7-6-5- geometry basin with agri-
cultural transition at 19 kyear.

These results emphasise the need to adequately characterise the habits of the poten-
tially exposed population. For ”Se and **Nb the assumptions for water usage make
little difference, all results are closely clustered around the reference case result. For
129 use of water from the shallow well has a more clearly defined effect, but increas-
ing the dose only by a factor of around two or three if irrigation is included. For the
226Ra chain, however, the results are more important. Because of the relatively high
k4 of 22°Ra in the lower regolith there is significant accumulation and ingrowth of
daughters can lead to over a factor of ten increase relative to the reference (drainage
system water used for domestic and agricultural purposes) and no-well-water cases.
If the well water is used for irrigation, doses can increase by around two orders of
magnitude.

These factors therefore account for a good deal of the variation in Figure 9 and it
should be born in mind that Figure 14 does not include the effects of variations in
basin geometry discussed above.

5.3. Discussion

The alternate dose assessment model of the future Forsmark landscape carried out
with GEMA-Site has been used to gauge the reliability of the LDFs published by
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Avila et al. (2010). Differences in the results from the two models (SR-Site radionu-
clide transport model and GEMA-Site) are to be expected — they express alternative
interpretations of the groundwater flow systems in the modelled basins. Similarly
the “simple” modelling approach carried out by Walke (2014) contributes to the dis-
cussion. Figure 9 takes the results from SR-Site and Walke (2014) and places them
in the context of the results from the probabilistic sensitivity analysis carried out us-
ing GEMA-Site and selected deterministic results from GEMA-Site.

How different are the three models? In essence they are very similar — they all em-
ploy the same vertical resolution adopted by Avila et al. They each, effectively, treat
each basin in the landscape as distinct, recognising that the immediate area around
the release point is the most important since most activity entering the biosphere
system from the bedrock remains close to the release location. The same exposure
pathways are considered in each case. The “complexity” of the SR-site modelling
approach comes principally from the modelling of the entire landscape in which eco-
systems change in time. The features, events and processes represented in the indi-
vidual models are all relatively simple, straightforward and robust.

Where the models used here differ from the “standard” approach (eg, the Reference
Biospheres Methodology developed by IAEA, 2003) is that the biosphere system
evolves as a consequence of the climate change that brought about the end of the
most recent glaciation. Two of the models — SR-Site and GEMA-site encode these
changes directly into a coherent structure, resulting in switches that activate changes
in the state of the model during the simulation. The “simple” approach uses a set of
models that are run independently. The same judgement that the experienced model-
ler used to implement the “switches” in SR-Site and GEMA-Site are used outside
the model execution to combine results in a consistent way. It is not possible to use
off-the-shelf biosphere models without major interpretation to match the spe-
cific conditions set by the site context. Each of the models applied to the modelling
of the future Forsmark landscape is conditioned by the site descriptive modelling
that underlies the dose assessment.

Nevertheless, there are differences in the results and these come from two sources,
one is the interpretation of the evolution of the site and the other comes from the as-
sumptions regarding how the exposed population interacts with concentrations of ra-
dionuclides in the biosphere. The key feature that GEMA-Site includes is that the
groundwater flow vectors change in time in relation to the elevation of the topo-
graphic surface in relation to sea level.

Two aspects of the GEMA-Site model have been investigated in some detail, time of
transition to agriculture and the size of the basin and its internal organisation.

The time of transition to agriculture reflects how much time the radionuclide release
from the bedrock flow system has to accumulate in agricultural soils prior to expo-
sure. In terms of the radiological impact the dose are relatively insensitive to this pa-
rameter because it is the maximum dose over the simulation that dictates the dose
conversion factor. While it is true that actual doses arising from earlier times would
likely be lower than if longer accumulation were possible, this is because the persis-
tence of agricultural land in any specific location is not certain to be more than a few
hundred years. As modelled, doses from early conversion would approach the values
predicted for later conversion if sufficient time as agricultural land were available
for concentrations in agricultural land to reach steady state concentrations. As far as
usage of LDFs in SR-Site is concerned, therefore, the suitable value would be taken
from later conversion cases.
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Basin geometry is a more complex issue. The SKB approach derived a representa-
tion of the average groundwater flow vectors from six basins at a single time point.
This “snapshot” of the flow system was then propagated to provide water fluxes for
all basins as a function of time, allowing for evolving areas of wetland and lake. The
agricultural ecosystem model was treated separately from the natural ecosystem (ac-
cumulation) modelling. LDFs in SR-Site were then taken to be the highest values of
dose from releases to each of the basins in the landscape over the whole timespan of
the simulation. Most of the LDFs used to scale releases from the geosphere in SR-
Site come from a single basin in the future landscape; a small part of a larger basin.

That the highest LDF in SR-Site comes from a small part of a larger basin is of in-
terest. It is by no means clear that the hydrological map for the “average object” in
Figure 1 is applicable to the conditions relevant to the release location in the portion
of the basin that gives rise to the highest LDFs. Similarly the full basin model in
GEMA-Site does not necessarily represent the flows in the locality with the highest
LDFs. Nevertheless the GEMA-Site approach — which can be configured to repre-
sent a broad range of basin geometries allows the key hydrological characteristics to
be identified. It is not necessary to model exactly the SR-Site case, what is required
is to see what features events and processes in a representative landscape combine to
give the highest radiological consequences. In this way usage of GEMA-Site here is
not bound to the SKB interpretation of the future landscape and its evolution. What
is required is a better understanding of groundwater flows in basins in the landscape.
Practically this means a clearer, more direct method of translating results from
MIKE-SHE (or similar) into the dose assessment modelling framework.

Use of GEMA-Site here provides a useful contrast to SKB’s LDF modelling. In SR-
Site, SKB construct a complete model of the landscape, with all basins that could
potentially become contaminated by receiving a direct release from bedrock frac-
tures modelled as a network of objects. All relevant basins in the future evolution of
the future landscape — with compartments linked by a fixed set of relations — are
therefore included in the assessment. The GEMA-Site alternative takes a representa-
tion of a single basin and uses probabilistic techniques to sample a large volume of
phase-space. This reveals the characteristics of the basins that will give rise to doses
at the higher end of the range. The basin characteristics included in the SKB land-
scape model are include within the sample space of the psa.

GEMA-Site has been developed using one of the basins in the future landscape as a
template. It is assumed that the FEPs expressed in this basin are representative of
those in alternative configurations of the basin. In this way it is possible to model an
ensemble of different basins by varying the geometry of the basin. Basins with dif-
ferent geometry produce significantly different dose results. By varying the geome-
try GEMA-Site can be used to identify those characteristics of the basins in the land-
scape that will give rise to the highest doses. As might be expected, smaller basins
with smaller cultivated areas are associated with the highest doses. This result is
similar to that for the most important basin in the SKB analysis.

The evolving flow system in GEMA-Site also produces some further interesting re-
sults. The greater the overall catchment collecting water in the basin (as net infiltra-
tion) the lower the doses for the less strongly sorbing radionuclides. For more
strongly sorbing radionuclides, however, a larger uncontaminated outer basin can in-
crease the dose in the central agricultural basin. The collected net infiltration in the
outer basin re-circulates upwards through the central basin acting to remobilise ac-
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cumulations close to the release areas at the base of the lower regolith increasing ac-
tivity concentrations of the upper regolith’s agricultural soil. This result is character-
istic of the hydrology of basins in the low—relief topography towards the Swedish
east coast. This feature of the landscape could not be addressed with models in
which the flow vectors of the regolith hydrology did not change in both magnitude
and direction during the evolution. Combined with the analysis of SKB’s hydrolog-
ical description in the earlier part of this report, this finding motivates increased uti-
lisation of results from the underlying hydrological model (MIKE-SHE) on which
SKB’s flow system in their radionuclide transport model is based.

In the GEMA-Site implementation employed here there are three different assump-
tions concerning water usage during the agricultural period. It is assumed that,
sooner or later, the lake at the centre of the basin evolves into a wetland which is no
longer useable as a source of drinking water. Prior to this, during the lake phase,
lake water can be used.

The first option for agricultural and domestic water is therefore that the water col-
lected in the network of drainage ditches that are used to keep the agricultural land
dry enough for cultivation is used as the source of water. Depending on the size of
the basin the volumetric flow in the drainage system is potentially large since it car-
ries away the net infiltration in the entire basin.

The second option is that a well in the lower regolith of the central basin This is
where the highest accumulations of activity are found. Dilution in this part of the
system is less than in the overall drainage system because the well water concentra-
tion depends only on the fraction of the total flow in the basin that circulates at the
lowest levels of the regolith.

The third option assumes that all drinking water is obtained from uncontaminated
sources, implicitly outside the basin. In this case the concentration in water for
drinking, domestic and agricultural purposes is zero.

SKB use an alternative assumption for water concentrations. In SR-Site water is as-
sumed to be taken from a bedrock well with “average” well capacity derived from
regional well water abstractions. The concentration of well water in this case is
based on geosphere rather than biosphere considerations and it is difficult to use
concentrations obtained in this way consistently in the context of the unit release
from the bedrock assumed in the derivation of LDFs.

Agricultural usage is expected to be restricted to the watering of livestock since this
is the practice observed in today’s biosphere conditions. The possibility of using the
different water sources for irrigation is also considered. Naturally this leads to
higher doses for some radionuclides.

The advantage of the GEMA-Site approach to water resource exploitation is that it is
based on the sustainability of the basin in respect of the supportable population. In
their determination of the supportable population in the modelled basins, SKB focus
on the productivity of foodstuffs. This is highest for the agricultural ecosystem. To
complement this the sustainable population making use of potential local water re-
sources should also be considered.
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6. Conclusions

Suitability of LDFs used in SR-Site

With the additional material from the RFI-process (Request for Further Information)
limited improvements have been made to the initial configuration of the alternate
model GEMA-Site. This model has been used to explore the potential range of dose
consequences in the modelled landscape for comparison with the LDFs generated in
SR-Site. The key feature of the alternate model is that the magnitude of water fluxes
between specific elements of the basins regolith can change in time as a results of
the evolution of the system. A probabilistic sensitivity analysis also allowed the
most important features of the GEMA-Site model to be identified. The size of the
basins and the water collecting and focusing potential emerge as key to understand-
ing calculated doses.

The calculated LDF values in SR-Site are used to scale discharges from the bedrock
fractures to estimate potential radiological impact in the assessment. From the analy-
sis carried out here with GEMA-Site the LDF values calculated for weakly sorbing
radionuclides (here 7Se and ') would appear to be robust in that the quoted values
are close to the top of the range of doses calculate in the probabilistic runs of
GEMA-Site.

For the more strongly sorbing radionuclides (**Nb here and the ?*Ra chain, includ-
ing dauhghters 21°Pb and 2!°Po) results from GEMA-Site suggest that the SR-Site
LDFs might reasonably be increased. For **Nb this would be by upto a factor of 50
but for the ?°Ra chain more than two order of magnitudes higher values might be
possible. This is a consequence of the focusing potential of larger basins forcing the
sorbed radionuclides upwards from their initial accumulations in the lower regolith
layers of the central basin where input from the bedrock fracture system takes place.
The importance of exploitation of local water resources is also noted. Use of shallow
(regolith) wells for domestic purposes can give high consequences.

Results here therefore suggest that SKB's assumptions about exploitation of local
water resources may not capture the full range of possible human activities and that
potential usage of shallow wells should be included in future assessments.

Confidence in SKB’s radionuclide transport model

The SKB radionuclide transport model is driven by water fluxes supplied as a result
of detailed groundwater flow calculations carried out using MIKE-SHE. Results
from these calculations are abstracted and combined before being passed onto the ra-
dionuclide transport modellers. This review has not considered the detail work of, or
results from, MIKE-SHE. A better understanding of the underlying details of MIKE-
SHE would have been very useful to the reviewer.

It has not been possible to verify and justify the parametrisation of the SR-Site radi-
onuclide transport model. Details requested from SKB in the RFI process have not
been provided. However, a substantial quantity of data were made available regard-
ing snapshots of water fluxes in those six lakes modelled in MIKE-SHE that were
used to define the “average object” and from which parameters subsequently used in
the radionuclide transport model were derived.

Though detailed these numerical datasets (six lakes at three times) have not been

shown to be suitably representative of any kind of “average object” in the future
Forsmark landscape. From the psa results using GEMA-Site, it can be questioned as
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to whether the “average object” has any real significance in the assessment of dose,
particularly as the “average object” characteristics were derived using only the re-
sults at a single snapshot at 5000 CE. In any case, review of the details of the six
lakes at three times suggests that the 3 kyear interval (2000, 3000 5000 CE) is too
short to reveal any major evolutionary trends.

Using the 5000 CE data for the six lakes it has not been possible to reproduce the
“average object” flux scheme that SKB used as the basis for the radionuclide
transport model. Neither was it possible to further improve the evolutionary se-
quence of regolith hydrology in GEMA-Site. This affects confidence in the radionu-
clide transport model as espoused by SKB to its detriment.

Broadly, however, we can be confident that the calculated LDFs do not signifi-
cantly underestimate the radiological impact of the proposed facility disposal.
This conclusion is based on the application of GEMA-Site to provide an alternative
set of Dose Assessment Model results.

The use of GEMA-Site has provided a useful alternate viewpoint in the assessment
process by which the LDFs themselves can be evaluated and because the procedures
involved in developing and configuring the model provide insight in the modelling
processes necessary in SR-Site’s dose assessment modelling. Further development
of the Alternate model GEMA-Site is recommended to better address vertical ex-
changes between regolith layers.

Results from GEMA-Site indicate some mechanisms — particularly the focussing ef-
fect of water fluxes towards the central, lower elevation, parts of the basin during the
evolution — could play a role in leading to higher concentrations and doses from the
226Ra chain. These mechanisms are not represented in the Avila et al. (2010) imple-
mentation and therefore cannot play influence dose in the SR-Site model.

There is a large amount of detail calculated during the MIKE-SHE modelling of the
hydrology. SKB need to make better use of this resource in future assessments — not
just for the spent-fuel repository but also for the proposed extension to the SFR low
and intermediate-level repository at Forsmark. SSM would benefit from a better un-
derstanding of the capabilities and potential of the MIKE-SHE class of modelling.

Requests for Further Information

In respect of the procedure by which Requests for Further Information were submit-
ted to SKB via SSM there are some reservations. The process worked in part. Most
of what was requested in respect of the dose assessment modelling was provided.
But not all of what was requested. Some of this might have been an oversight by
SKB but some was simply postponed and ultimately not delivered. The method was
slow and cumbersome and did not provide a means of compelling answers to be pro-
vided. A method of requiring SKB to respond in a thorough and timely manner is re-
quired.

SSM 2015:22 37



7. References

Andersson E. (ed.), 2010. The limnic ecosystems at Forsmark and Laxemar-Sim-
pevarp. SR-Site Biosphere. SKB TR-10-02, Svensk Kérnbrinslehantering AB.

Aquilonius K (ed.), 2010. The marine ecosystems at Forsmark and Laxemar-Sim-
pevarp. SR-Site Biosphere. TR-10-03, Svensk Karnbranslehantering AB.

Avila R., Ekstrdom P.-A., Astrand P.-G., 2010. Landscape dose conversion factors
used in the safety assessment SR-Site. SKB TR-10-06, Svensk Kéarnbrénslehantering
AB.

Bosson E., Sassner M., Sabel U., Gustafsson L.-G., 2010. Modelling of present and
future hydrology and solute transport at Forsmark. SR-Site Biosphere. SKB R-
10-02, Svensk Karnbrénslehantering AB.

IAEA, 2003. “Reference Biospheres” for Solid Radioactive Waste Disposal. Report
of BIOMASS Theme 1 of the BIOsphere Modelling and ASSessment (BIOMASS)
Programme, International Atomic Energy Agency report IAEA-BIOMASS-6.

Jansson, U, Kautsky, U and Miliander S, 2006. Rural landscape, production and hu-
man consumption: past, present and future. Ambio 35, No. 8, December 2006

Ktos RA, Limer, L, Shaw, G and Wérman, A, 2014a. Modelling comparison of al-
ternative biosphere models with LDF models and evaluation of selected parameter
values used in the biosphere dose assessment, SR-Site Main-Phase Review. SSM
Technical Note 2014:35. SSM, Stockholm

Ktos, RA, Limer, L, Shaw, G, Pérez-Sanchez, D, & Xu, S, 2014b. Advanced spatio-
temporal modelling in long-term radiological assessment models — radionuclides in
the soil column, J. Radiol. Prot. 34 (2014) 31-50. http://stacks.iop.org/0952-
4746/34/31

Ktos, RA and Worman, A., 2015. Site specificity in advanced dose assessment mod-
eling. Accepted for presentation at the 2015 International High-Level Radioactive
Waste Management Conference, Charleston, South Carolina, USA, April 2015.

Ktos, RA, Pérez-Sanchez, D, Xu, S and Nordén, M. 2015. Results from post-closure
dose assessment models with “alternative” levels of detail. Accepted for presenta-
tion at the 2015 International High-Level Radioactive Waste Management Confer-
ence, Charleston, South Carolina, USA, April 2015.

Ktos, RA, 2010. GEMA3D — landscape modelling for dose assessments. Aleksan-
dria Science Report ASN-09-01. Project report for SSM.

Klos, RA, 2015. Model description and test: GEMA-Site 1.0. SSM Report in prepa-
ration.

Lindborg T (ed.), 2010. Landscape Forsmark — data, methodology and results for
SR-Site. SKB TR-10-05, Svensk Kérnbranslehantering AB.

Lofgren A. (ed), 2010. The terrestrial ecosystems at Forsmark and Laxemar-Sim-
pevarp. SR-Site Biosphere. SKB TR-10-01, Svensk Kéarnbrinslehantering AB.

Nordén S., Avila R., de la Cruz I., Stenberg K., Grolander S., 2010. Element-spe-
cific and constant parameters used for dose calculations in SR-Site. SKB TR-10-07,
Svensk Kéarnbréanslehantering AB.

SSM 2015:22 38



SKB, 2011. Long-term safety for the final repository for spent nuclear fuel at For-
smark: Main report of the SR-Site project. SKB TR-11-01, Svensk Kérnbrénslehan-
tering AB.

SSM (2008). Stralsdakerhetsmyndigheten foreskrifter och allmidnna rad om skydd av
ménniskors hélsa och miljon vid slutligt omhdndertagande av anvént kiarnbréinsle
och kirnavfall. Swedish Radiation Safety Authority Regulatory Code SSMFS
2008:37, Stockholm, ISSN 2000-0987, January 2009.

Walke, R. “Modelling Comparison of Simple Reference Biosphere Models with
LDF Models — Main Review Phase,” SSM Technical Note 2014:34, Stralsaker-
hetsmyndigheten, Stockholm, Sweden, 2014.

SSM 2015:22 39



APPENDIX 1

Requests for Further Infor-
mation, Winter 2014

Request 1 — Results for the mass balance of six lakes at three times

Chapter 8 of SKB Report R-10-02 presents a balance scheme for an “average ob-
ject” based on the combination of water fluxes derived from six lakes close to the
Forsmark NPP in the present day (Gunnarsbotrésket, Géllsbotrisket, Stocksjon, Put-
tan, Bolundsfjarden and Fiskarfjarden).

Please supply the following details from the MIKE-SHE modelling:
For the times 2000 CE, 3000 CE and 5000 CE and for each of the six lakes provide

1. The areas of
a. catchment (basin)
b. lake
c. mire
d. lake + mire
2.  Water fluxes between the compartments used in the MIKE-SHE tool for defin-
ing mass balance in compartment models
a. Volumetric fluxes in m* year-!
b. Advective fluxes expressed as mm year™' (as for the “average object” mass
balance scheme shown in R-10-02, Fig 8-5.)

In total, then, there should be mass balance schemes for six lakes at each of three
times, making 18 sets of results in total.

Results in the form of Fig 8.5 of R-10-02 would be preferable. It is understood, how-
ever, that results in the form of Fig 8-4 of R-10-02 (with numerical values attached)
would show the same details.

Request 2 — Detailed derivation of parameters in the TR-10-06 radionuclide
transport model

Please provide detailed step-by-step description of the procedure used to justify, de-
fine and calculate the numerical values used in the radionuclide transport model for
the following six parameters:

i) Upwards velocity out of lower regolith: adv_low_mid,

ii) Fraction of flow from lower regolith directed to mire: fract_mire;

iii) Net precipitation: runoff;

iv) Fraction of infiltration to catchment moving laterally in terrestrial subsystem:
Ter_adv_midup_norm

v) Fraction of infiltration to catchment moving laterally in aquatic subsystem:
Aqu_adv_midup_norm

vi) Fractional lateral flux from subcatchment to wetland: flooding_coef

Please note that the description in TR-10-01 does not provide sufficient information.

At the meeting on 19 November, an extract from the developer’s log relating to
these parameters was shown. Please provide a copy of this extract. Note again,
however, that the details therein appeared to be insufficient to enable SSM and con-
sultants to verify the actual procedure that was used.
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APPENDIX 2

Summary and compilation
of SKB’s response to the
RFI, Autumn 2014

SKB’s Response — Covering letter

Svar till SSM pa begéiran om komplettering rorande radionuklidtransport och
dosberikning med koppling till ythydrologi

Stralsdkerhetsmyndigheten, SSM, har i sin skrivelse till Svensk Kérnbranslehante-
ring AB, SKB, daterad 2014-01-28 (SSM2011-2426-162) begért svar pa kvarsta-
ende fragestéllningar rérande kopplingen mellan modellen for ytnira hydrologi och
modellen for radionuklidtransport som anvéinds vid dosberdkningarna (Dokumentnr:
SSM2011-1137-53).

SSM begdr att SKB ldmnar en motivering till anvindningen av normaliserade
flodesfaktorer i radionuklidtransportmodellen. SSM begiir ocksa detaljerad inform-
ation kopplat till berdkningen av de normaliserade flodesfaktorerna for att SSM:s
konsulter ska kunna gora egna berdkningar och fortsdtta granska kopplingen mellan
modellen for ytndra hydrologi och modellen for radionuklidtransport. SSM:s konsul-
ter har uttryckt sin begdran enligt nedan.

1. "Results for the mass balance of six lakes at three times.”
2. “Detailed derivation of parameters in the TR-10-06 radionuclide transport model.”

Eftersom en av SSM:s konsulter dr engelsksprakig behover SSM kompletteringen pd
engelska.

Nedan besvaras fraga 1. Svar pa fraga 2 lamnas i september 2014. S& som efterfra-
gats ges SKB:s svar pa engelska.

Request 1 - Results for the mass balance of six lakes at three times

Chapter 8 of SKB Report R-10-02 presents a balance scheme for an “average object” based
on the combination of water fluxes derived from six lakes close to the Forsmark NPP in the
present day (Gunnarsbotrdsket, Gdllsbotrisket, Stocksjon, Puttan, Bolundsfjdrden and
Fiskarfjdrden).

Please supply the following details from the MIKE-SHE modelling:

For the times 2000 CE, 3000 CE and 5000 CE and for each of the six lakes provide
1. The areas of

a. catchment (basin)

b. lake
c. mire
d. lake + mire

SKB:s svar
The areas of each lake, mire, and lake + mire are given in R-10-02, Table 8-1, and also in the
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enclosed PowerPoint presentation “Water balances Forsmark” (slide 2). The same areas are
used for all three instances in time, since the same QD model was used in all three models
(see R-10-02, page 303). The areas of the catchment (defined as entire catchment above outlet
of a lake object) for each of the six objects are given in the PowerPoint presentation “Water
balances Forsmark” (slide 3). Catchment areas are not estimated directly from the MIKE
SHE model, but obtained from GIS shape files (see map on slide 3 in the Powerpoint presen-
tation).

2. Water fluxes between the compartments used in the MIKE-SHE tool for defining
mass balance in compartment models
a.  Volumetric fluxes in m’ year-1
b.  Advective fluxes expressed as mm year' (as for the “average object”
mass balance scheme shown in R-10-02, Fig §-5.)

In total, then, there should be mass balance schemes for six lakes at each of three times, mak-
ing 18 sets of results in total.
Results in the form of Fig 8.5 of R-10-02 would be preferable. It is understood, however, that
results in the form of Fig 8-4 of R-10-02 (with numerical values attached) would show the
same details.

SKB:s svar

All water balances are extracted by the MIKE SHE water balance tool, in the same
way as described in R-10-02, Chapter 8, and presented in the enclosed Powerpoint
presentation “Water balances Forsmark™.

Request 2 — Detailed derivation of parameters in the TR-10-06 radionuclide transport
model

Please provide detailed step-by-step description of the procedure used to justify, define
and calculate the numerical values used in the radionuclide transport model for the
following six parameters:

i Upwards velocity out of lower regolith: adv_low mid;
ii. Fraction of flow from lower regolith directed to mire: fract_mire;
i7i. Net precipitation: runoff;
iv. Fraction of infiltration to catchment moving laterally in terrestrial subsystem:
Ter _adv_midup norm
V. Fraction of infiltration to catchment moving laterally in aquatic subsystem:
Aqu_adv_midup norm
VI. Fractional lateral flux from subcatchment to wetland: flooding coef
SKB:s svar

Svar pa denna fraga lamnas i september 2014
Comments

Request 1

SKB’s response to Request 1 is complete and has been useful in developing under-
standing of how assessment models can be based on detailed site-descriptive models
- in this case the underlying MIKE-SHE modelling on which the mass balance
schemes used to define parameters in the SR-Site radionuclide transport model are
based.

Request 2

Although the response to request 2 was quoted by SKB as being available in Sep-
tember of 2014, no further communication has been received. This is disappointing
though not essential. The main aim of the second request was to elucidate why the
radionuclide transport model in TR-10-06 (Avila et al., 2010) was parameterise din
the way it was. At the November 2013 meeting, when the requests for further infor-
mation were discussed with SKB, extracts of the development log of the model were
made available but these did not provide the desired information. Speculation on the
basis for the model parameterisation is not required. That SKB have not responded
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suggests, however, that revisions to the modelling approach might be forthcoming in
future assessments.

Summary of detail

Material in Response 1 comprised information in the form of flux maps for the six
lakes combined in Bosson et al. (2010) to generate parameters for the model “aver-
age object”. For the record, the mass balance schemes are reproduced here.:
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Lake Bolundsfjirden
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Lake Fiskarfjirden

date fluxes mm year’! fluxes m® year™!
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Lake Gunnarsbotrisket

date fluxes mm year’! fluxes m® year’!
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Lake Gillsbotrisket

date fluxes mm year’! fluxes m® year’!
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Lake Puttan
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Lake Stocksjon

date fluxes mm year! fluxes m® year™!
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APPENDIX 3

GEMA-Site Reference Case
flow system

GEMA-Site is a compartment model with four compartments arranged in a vertical
structure representing a specific module of the basin. The lateral extent of the basin
is represented by a set of modules. Water and solid material fluxes are expressed for
each of eight potential interactions for each compartment, as shown in Figure 15.
Lateral transfers between modules are expressed as the up- and downstream fluxes.

To represent the evolving flow system the fluxes for each compartment are encoded
in the transport model (in Ecolego) for each of the time periods indicated in Figure
6. Step changes are assumed in this early stage of the modelling. Given the relatively
coarse discretisation of the model the only solid material transfers involve sedimen-
tation during the sea and lake phases as well as accumulations of organic material
during the wetland stage leading to growth of the upper regolith. The following ta-
bles give the calculated water fluxes during each of the periods for the four compart-
ments and each of the three modules (Outer, Inner and Central basins). Numerical
values are for the GEMA-Site reference case (see Ktos 2015).
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Figure 15: Modular structures of the radionuclide transport model in GEMA-Site. Each
compartment in the model has interactions via up- and downslope faces as well as top
and bottom faces. The components of the water and solid flux matrices are shown.
These combined transfers link the compartments of each module and express fluxes into
and out of the combined biosphere module. Application of GEMA-Site takes a number of
modules and combines them to represent the spatial discretisation of the system as a
function of time.
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Water fluxes in the GEMA-Site model are itemised in each of Error! Reference
ource not found. to Table 7, respectively for the Central basin (where agriculture is
assumed), Inner basin and Outer basin. NB this scheme is used for all variants in the
probabilistic sensitivity analysis. The relations between fluxes are unchanged, the
numerical values of the parameters are sampled. The fluxes calculated from these
equations use the data in Table 4. Finally, Table 8 lists the solid material fluxes used
in the determination of the transition times. For all other data, see Klos (2015).

Radionuclide specific parameters and distributions are listed in Table 9 and sampled
parameters for the characteristics of the compartments of the basin in Table 10.

Table 4. Drivers for the water fluxes and changes to the flow system (Reference Values).

Parameter Value Units

Idot_uplift -0.006 myear?

ETp 0.4 myear?

Ppt 0.56 myear?
CentralBasin A obj 0 100000 m?
InnerBasin A_obj_0 1000000 m?
OuterBasin A_obj_0 10000000 m?

V_geo_sea 0.01 myear?

v_geo_ter 0.01 myear?
OuterBasin phi_upp 0.69720186 unitless
OuterBasin f_phi_mid 0.932811906 unitless
OuterBasin phi_mid f_phi_mid*(1.0-phi_upp) unitless

0.282453710

pt_agri 19000 vyear
OuterBasin t_agri 25000 vyear (never agriculture)
InnerBasin t_agri 25000 vyear (never agriculture)
CentralBasin t_agri int(pt_agri) year
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Table 5. Water fluxes in the Central basin.

Water fluxes in the Central basin

Outer Inner Central
taqu
t< t< t< t< t< t< <=t < t>=

Parameter Ecolego Expression t_sea t_aqu t_sea t_aqu t_sea t.aqu t_agri t_agr
CentralBasin lower regolith F_bal F_bal_out - F_bal_in
CentralBasin lower regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 3.4E+04 3.4E+04
CentralBasin lower regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 3.4E+04 3.4E+04
CentralBasin lower regolith F_bti Centralbasin.v_geo*Centralbasin.A_obj 1.0E+03 1.0E+03 1.0E+03 1.0E+03 1.0E+03 1.0E+03 1.0E+03 1.0E+03

lower regolith F_bto

lower regolith F_dni
CentralBasin lower regolith F_dno if(time < Centralbasin.t_aqu, 0.0, 0.0)
CentralBasin lower regolith F_tpi if(time < Centralbasin.t_aqu, 0.0, Centralbasin.mid_regolith.F_bto)
CentralBasin lower regolith F_tpo if(time < Centralbasin.t_aqu, F_upi + F_bti, F_upi + F_bti) 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 3.4E+04 3.4E+04
CentralBasin  lowerregolith  Fupi %m_%mmm_w.mﬂwwwmmwﬂm%m:mﬁﬁwﬂmﬂmwwmﬂMm%ﬂm. ano)) 33E+04 | 33E+04 33E+04 | 33E+04 33E+04

lower regolith F_upo
CentralBasin mid regolith F_bal F_bal_out - F_bal_in
CentralBasin mid regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 49E+05 5.4E+05
CentralBasin mid regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 49E+05 5.4E+05
CentralBasin  mid regolith F_bti M%Hm_mmnmw_.ﬁ_mﬁwwwmm%wwM.N“Mm_gmi._osmﬁamo_::.ao_ 1.0E+03  1.0E+03 | 1.0E+03  3.4E+04 | 3.4E+04 3.4E+04 | 34E+04  34E+04
CentralBasin mid regolith F_bto if(time < Centralbasin.t_aqu, 0.0, 0.0)

mid regolith F_dni
CentralBasin mid regolith F_dno Mﬂww:m < Centralbasin.t_aqu, 0.0, if(time >=Centralbasin.t_agri, F_upi + F_tpi + F_bti - F_tpo, 5.0E+05
CentralBasin mid regolith F_tpi if(time < Centralbasin.t_aqu, 0.0, Centralbasin.upper_regolith.F_bto) 5.6E+04
CentralBasin  mid regolith F_tpo mﬁwnmmwmm_mwmww.m”n_...mm.,w%wcw.“M&ww , if(time >=Centralbasin. agri, 1.0E+03  1.0E+03 | 1.0E+03  3.4E+04 | 3.4E+04  3.4E+04 | 49E+05  4.0E+04
CentralBasin mid regolith F_upi if(time < Outerbasin.t_aqu, 0.0, Innerbasin.mid_regolith.F_dno) 4.5E+05 4.5E+05

mid regolith F_upo
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Table 5. Water fluxes in the Central basin. (continued).

Water fluxes in the Central basin (continued)

Outer Inner Central
taqu
t< t< t< t< t< t< <=t< t>=
Parameter Ecolego Expression t_sea t.aqu t_sea t_aqu t_sea t.aqu t_agri t_agr
CentralBasin upper regolith F_bal F_bal_out - F_bal_in
CentralBasin upper regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 1.8E+06 9.6E+04
CentralBasin upper regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 1.0E+03 1.0E+03 1.0E+03 3.4E+04 3.4E+04 3.4E+04 1.8E+06 9.6E+04
CentralBasin upper regolith F_bti Centralbasin.mid_regolith.F_tpo 1.0E+03 1.0E+03 1.0E+03 34E+04 | 3.4E+04 3.4E+04 | 4.9E+05 4.0E+04
CentralBasin upper regolith F_bto if(time < Centralbasin.t_aqu, 0.0, if(time >=Centralbasin.t_agri, F_tpi, 0.0)) 5.6E+04
upper regolith F_dni
CentralBasin upper regolith F_dno Mmﬁu—“ww < Centralbasin.t_aqu, 0.0, if(time >=Centralbasin.t_agri, 0.0, F_tpi - F_tpo + F_upi + 1.8E+06
fp : * : . : i
CentralBasin upper regolith F_tpi if(time < nw:ﬂm.?mm_s.ﬁmn:. 0.0, Ppt*Centralbasin.A_obj + Centralbasin.F_irri 5 6E+04 5 6E+04
Centralbasin.F_intercept)
CentralBasin upper regolith F_tpo if(time < Centralbasin.t_aqu, F_bti + F_upi, ETp*Centralbasin.A_obj) 1.0E+03 1.0E+03 1.0E+03 34E+04 | 3.4E+04 3.4E+04 | 4.0E+04  4.0E+04
. . . if(time < Outerbasin.t_aqu, 0.0, if(time >=Centralbasin.t_agri, 0.0,
CentralBasin upper regolith F_upi Innerbasin.upper_regolith F_dno)) 1.3E+06
upper regolith F_upo
CentralBasin water F_bal F_bal_out - F_bal_in
CentralBasin water F_bal_in F_tpi + F_bti + F_upi + F_dni 9.4E+08 9.4E+08 9.4E+08 9.4E+08 9.4E+08 5.6E+04
CentralBasin water F_bal_out F_tpo + F_bto + F_upo + F_dno 9.4E+08 9.4E+08 9.4E+08 9.4E+08 9.4E+08 5.6E+04
CentralBasin water F_bti if(time < Centralbasin.t_aqu, Centralbasin.upper_regolith.F_tpo, 0.0) 1.0E+03 1.0E+03 1.0E+03 34E+04 | 3.4E+04
water F_bto
CentralBasin water F_dni F_dno - (F_tpi - F_tpo) - F_bti 4.7E+08 4.7E+08 4.7E+08 4.7E+08 4.7E+08
CentralBasin water F_dno if(time < Centralbasin.t_aqu, F_upi + F_bti + F_tpi - F_tpo, 0.0) 4.7E+08 4.7E+08 4.7E+08 4.7E+08 4.7E+08 1.6E+04
CentralBasin water F_tpi if(time < Centralbasin.t_aqu, Ppt*Centralbasin.A_obj, 0.0) 5.6E+04 5.6E+04 5.6E+04 5.6E+04 5.6E+04 5.6E+04
CentralBasin water F_tpo if(time < Centralbasin.t_aqu, ETp*Centralbasin.A_obj, 0.0) 4.0E+04 4.0E+04 | 4.0E+04  4.0E+04 | 4.0E+04 4.0E+04
CentralBasin water F_upi Wm%.ﬂm Ao Mwsnwm_wmm_s.ﬁmmm. Centralbasin.A_obj*(l/tau_wat_ret - Centralbasin.v_geo - (Ppt 476408 476408 4.7E+08 4.7E+08 476408
CentralBasin water F_upo Wm%.ﬂm AOlmumss,m:ummEalmmm. Centralbasin.A_obj*(1/tau_wat_ret - Centralbasin.v_geo - (Ppt 4.7E+08 4.7E+08 4.7E+08 4.7E+08 4.7E+08
CentralBasin F intercept if(time < t_agri, 0.0, (n_irri_cereal*lai_cereal*Isc_cereal*area_cereal) +
- P (n_irri_root*lai_root*Isc_root*area_root) + (n_irri_veg*lai_veg*lsc_veg*area_veg))
. L if(time < t_agri, 0.0, (n_irri_cereal*]_irri_cereal*area_cereal) +
CentralBasin F_irri - s " - A o N
(n_irri_veg*|_irri_veg*area_veg) + (n_irri_root*Lirri_root*area_root))
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Table 6. Water fluxes in the Inner basin.

Water fluxes in the Inner basin

Outer Inner Central
t.aqu
t< t< t< t< t< t< <=t< t>=

Parameter Ecolego Expression t_sea taqu t_sea taqu t_sea taqu t_agri tagr
InnerBasin lower regolith F_bal F_bal_out - F_bal_in
InnerBasin lower regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 3.3E+04  3.3E+04 | 3.3E+04  3.3E+04 | 3.3E+04  3.3E+04
InnerBasin lower regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 3.3E+04  3.3E+04 | 3.3E+04  3.3E+04 | 3.3E+04  3.3E+04
InnerBasin lower regolith F_bti Innerbasin.v_geo*Innerbasin.A_obj
InnerBasin lower regolith F_bto
InnerBasin lower regolith F_dni
InnerBasin lower regolith F_dno if(time < Innerbasin.t_aqu, 0.0, F_upi + F_bti + F_tpi - Innerbasin.F_irri) 3.3E+04 | 3.3E+04  3.3E+04 | 3.3E+04  3.3E+04
InnerBasin lower regolith F_tpi if(time < Innerbasin.t_aqu, 0.0, Innerbasin.mid_regolith.F_bto)
InnerBasin lower regolith F_tpo if(time < Innerbasin.t_aqu, F_upi + F_bti, if(time < Centralbasin.t_aqu, 0.0, 0.0))
InnerBasin  lowerregolith  F_upi MWH_MMWmﬂ,___wﬂ_ﬂwwm\oﬂn_.%‘.mwmw%Bm >=Innerbasin.t_agri, Outerbasin.lower.regolith.F_dno, 33E+04 33E+04 | 33E+04 33E+04 | 33E+04 33E+04
InnerBasin lower regolith F_upo
InnerBasin upper regolith F_bal F_bal_out - F_bal_in
InnerBasin upper regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 4.8E+05 2.1E+06 2.1E+06 1.7E+06 1.7E+06 1.7E+06
InnerBasin upper regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 4.8E+05 2.1E+06 2.1E+06 1.7E+06 1.7E+06 1.7E+06
InnerBasin upper regolith F_bti Innerbasin.mid_regolith.F_tpo 4.8E+05 4.5E+05 4.5E+05 0.0 0.0 0.0
InnerBasin upper regolith F_bto if(time < Innerbasin.t_aqu, 0.0, if(time >=Innerbasin.t_agri, F_tpi - F_bti, 0.0))

upper regolith F_dni
InnerBasin upper regolith F_dno if(time < Innerbasin.t_aqu, 0.0, if(time >=Innerbasin.t_agri, 0.0, F_tpi - F_tpo + F_upi + F_bti)) 1.7E+06 1.7E+06 1.3E+06 1.3E+06 1.3E+06
InnerBasin  upperregolith  F_tpi ”m_ﬁ”mmwﬁmw%%wm.wmﬁ_ 0.0, Ppt*Innerbasin.A_obj + Innerbasin.F_irri - 5.6E+05 | 5.6E+05  5.6E+05 | 5.6E+05  5.6E+05
InnerBasin upper regolith F_tpo if(time < Innerbasin.t_aqu, F_bti + F_upi, ETp*Innerbasin.A_obj) 4.8E+05 4.0E+05 4.0E+05 4.0E+05 4.0E+05 4.0E+05
InnerBasin  upperregolith  F_upi M%memﬂ:ﬁmﬂﬁ_ﬁmﬂﬂm‘mhﬂam >=Innerbasin.t agri, 0.0, 11E+06 | 1.1E+06 1.1E+06 | 1.1E+06  1.1E+06
InnerBasin upper regolith F_upo
InnerBasin water F_bal F_bal_out - F_bal_in
InnerBasin water F_bal_in F_tpi + F_bti + F_upi + F_dni 8.8E+09 8.8E+09 8.8E+09 9.6E+05
InnerBasin water F_bal_out F_tpo + F_bto + F_upo + F_dno 8.8E+09 8.8E+09 8.8E+09 9.6E+05
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Table 6. Water fluxes in the Inner basin. (continued)

Water fluxes in the Inner basin (continued)
Outer Inner Central
taqu
t< t< t< t< t< t< <=t< t>=
Parameter Ecolego Expression t_sea taqu t_sea t_aqu t_sea taqu t_agri tagr
InnerBasin water F_bal F_bal_out - F_bal_in
InnerBasin water F_bal_in F_tpi + F_bti + F_upi + F_dni 8.8E+09 8.8E+09 8.8E+09 9.6E+05
InnerBasin water F_bal_out F_tpo + F_bto + F_upo + F_dno 8.8E+09 8.8E+09 8.8E+09 9.6E+05
InnerBasin upper regolith F_bti Innerbasin.mid_regolith.F_tpo 0.0 4.8E+05 4.5E+05 4.5E+05 0.0 0.0 0.0
InnerBasin upper regolith F_bto if(time < Innerbasin.t_aqu, 0.0, if(time >=Innerbasin.t_agri, F_tpi - F_bti, 0.0)) 0.0 0.0 0.0 0.0 0.0 0.0
InnerBasin upper regolith F_dni
InnerBasin upper regolith ~ F_dno mﬁwmm < Innerbasin.t_aqu, 0.0, if(time >=Innerbasin.t_agri, 0.0, F_tpi - F_tpo + F_upi + 0.0 1.7E+06 | 1.7E+06  1.3E+06 | 1.3E+06  1.3E+06
Pl : * : : : i
InnerBasin upper regolith F_tpi if(time < .Esm.}mm_:.ﬁmnz. 0.0, Ppt*Innerbasin.A_obj + Innerbasin F_irri 0.0 5.6E+05 5.6E+05 5.6E+05 5.6E+05 5.6E+05
Innerbasin.F_intercept)
InnerBasin upper regolith F_tpo if(time < Innerbasin.t_aqu, F_bti + F_upi, ETp*Innerbasin.A_obj) 0.0 4.8E+05 4.0E+05 4.0E+05 4.0E+05 4.0E+05 4.0E+05
InnerBasin upper regolith F_upi if(time < O:.ﬁm%mm_:.ﬁmw:‘ 0.0, if(time >=Innerbasin.t_agri, 0.0, 0.0 1.1E+06 | 1.1E+06  1.1E+06 1.1E+06  1.1E+06
Outerbasin.upper_regolith.F_dno))
InnerBasin upper regolith F_upo
InnerBasin water F_bal F_bal_out - F_bal_in 0.0 ) ) 0.0 0.0 0.0 0.0 0.0
InnerBasin water F_bal_in F_tpi + F_bti + F_upi + F_dni 8.8E+09 8.8E+09 8.8E+09 9.6E+05 0.0 0.0 0.0 0.0
InnerBasin water F_bal_out F_tpo + F_bto + F_upo + F_dno 8.8E+09 8.8E+09 8.8E+09 9.6E+05 0.0 0.0 0.0 0.0
InnerBasin water F_bti if(time < Innerbasin.t_aqu, Innerbasin.upper_regolith.F_tpo, 0.0) 0.0 4.8E+05 4.0E+05 0.0 0.0 0.0 0.0
InnerBasin water F_bto
InnerBasin water F_dni if(time < Innerbasin.t_sea, F_dno - (F_tpi - F_tpo) - F_bti, 0.0) 4.4E+09 4.4E+09 4.4E+09 0.0 0.0 0.0
InnerBasin water F_dno if(time < Innerbasin.t_aqu, F_upi + F_bti + F_tpi - F_tpo, 0.0) 4.4E+09 4.4E+09 4.4E+09 5.6E+05
InnerBasin water F_tpi if(time < Innerbasin.t_aqu, Ppt*Innerbasin.A_obj, 0.0) 5.6E+05 5.6E+05 5.6E+05 5.6E+05 0.0 0.0 0.0
InnerBasin water F_tpo if(time < Innerbasin.t_aqu, ETp*Innerbasin.A_obj, 0.0) 4.0E+05 4.0E+05 4.0E+05 4.0E+05 0.0 0.0 0.0 0.0
o _ . . . ; . B ;
InnerBasin water F_upi mﬂwﬁmm&ssm%mm_:.ﬁmmm. Innerbasin.A_obj*(l/tau_wat_ret - Innerbasin.v_geo - (Ppt 44E+09 44E+09 44E+09 0.0 0.0 0.0 0.0
InnerBasin water F_upo if(time <=Innerbasin.t_sea, Innerbasin.A_obj*(l/tau_wat_ret - Innerbasin.v_geo - (Ppt 4.4E+09 4.4E+09 4.4E+09 0.0
ETp)), 0.0)
InnerBasin F_intercept if(time <t 0.0 0.0 0.0
InnerBasin F_irri 0.0 0.0 0.0 0.0 0.0
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Table 7. Water fluxes in the Outer basin.

Water fluxes in the Outer basin

Outer Inner Central
taqu
t< t< t< t< t< t< <=t < t>=

Parameter Ecolego Expression t_sea taqu t_sea t_aqu t_sea taqu t_agri t_agr
OuterBasin lower regolith F_bal F_bal_out - F_bal_in
OuterBasin lower regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04
OuterBasin lower regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04
OuterBasin lower regolith F_bti Outerbasin.v_geo*Outerbasin.A_obj
OuterBasin lower regolith F_bto
OuterBasin lower regolith F_dni
OuterBasin lower regolith F_dno if(time < Outerbasin.t_aqu, 0.0, F_bti + F_tpi - Outerbasin.F_irri) 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04
OuterBasin lower regolith F_tpi if(time < Outerbasin.t_aqu, 0.0, Outerbasin.mid_regolith.F_bto) 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04
OuterBasin lower regolith F_tpo if(time < Outerbasin.t_aqu, F_bti, 0.0)
OuterBasin lower regolith F_upi
OuterBasin lower regolith F_upo
OuterBasin upper regolith F_bal F_bal_out - F_bal_in
OuterBasin upper regolith F_bal_in F_tpi + F_bti + F_upi + F_dni 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05
OuterBasin upper regolith F_bal_out F_tpo + F_bto + F_upo + F_dno 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05
OuterBasin upper regolith F_bti if(time < Outerbasin.t_aqu, Outerbasin.lower_regolith.F_tpo, 0.0)
OuterBasin upper regolith F_bto if(time < Outerbasin.t_aqu, 0.0, F_tpi - F_dno) 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04 3.3E+04

upper regolith F_dni
OuterBasin  upperregolith  F_dno MWMMMmm_,._hwwwmwm.ﬁw%_wﬁm..mmma&wma.wz-sa*8Em}mm:_.%Eﬁama?._u-ﬁ - 45E+05  45E+05 | 4.5E+05  45E+05 | 45E+05  4.5E+05
OuterBasin upper regolith F_tpi if(time < Outerbasin.t_aqu, 0.0, Outerbasin.upper_regolith.F_bto) 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05
OuterBasin upper regolith F_tpo if(time < Outerbasin.t_aqu, F_bti, 0.0)
OuterBasin upper regolith F_upi
OuterBasin upper regolith F_upo
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Table 7. Water fluxes in the Outer basin. (continued).

Water fluxes in the Outer basin (continued)

Outer Inner Central
taqu
t< t< t< t< t< t< <=t < t>=

Parameter Ecolego Expression t_sea t_aqu t_sea t.aqu t_sea t_aqu t_agri t_agr
OuterBasin water F_bal F_bal_out - F_bal_in 0.0E+00 0.0E+00 0.0E+( 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin water F_bal_in F_tpi + F_bti + F_upi + F_dni 0.0E+00 0.0E+00 5.6E+06 5.6E+06 5.6E+06 5.6E+06 5.6E+06 5.6E+06
OuterBasin water F_bal_out F_tpo + F_bto + F_upo + F_dno 0.0E+00 +00 5.6E+06 5.6E+06 5.6E+06 5.6E+06 5.6E+06 5.6E+06
OuterBasin upper regolith F_bti if(time < Outerbasin.t_aqu, Outerbasin.mid_regolith.F_tpo, 0.0) 0.0E+00 i+00 i+00 0.0E+ 0.0E+ 00 +00 0.0E+
OuterBasin upper regolith F_bto if(time < Outerbasin.t_aqu, 0.0, (1.0 - Outerbasin.phi_upp)*(F_tpi - F_tpo)) 0.0E+00 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05
OuterBasin upper regolith F_dni
OuterBasin upper regolith F_dno if(time < Outerbasin.t_aqu, 0.0, Outerbasin.phi_upp*(F_tpi - F_tpo)) 0.0E+00 i+00 1.1E+06 1.1E+06 1.1E+06 1.1E+06 1.1E+06 1.1E+06
OuterBasin  upperregolith  F_tpi Mﬁﬁﬂ%ﬁﬁ.ﬂwﬂﬁ%z 0.0, Ppt*Outerbasin.A_obj + Outerbasin.F_irri - 0.0E+00 1400 | 5.6E+06  5.6E+06 | 5.6E+06 5.6E+06 | 5.6E+06  5.6E+06
OuterBasin upper regolith F_tpo if(time < Outerbasin.t_aqu, F_bti, ETp*Outerbasin.A_obj) 0.0E+00 i+00 4.0E+06 4.0E+06 4.0E+06  4.0E+06 | 4.0E+06  4.0E+06
OuterBasin upper regolith F_upi
OuterBasin upper regolith F_upo
OuterBasin water F_bal if(time < Outerbasin.t_aqu, Outerbasin.mid_regolith.F_tpo, 0.0) 0.0E+00 0.0E+00 0.0E+( 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin water F_bal_in if(time < Outerbasin.t_aqu, 0.0, (1.0 - Outerbasin.phi_upp)*(F_tpi - F_tpo)) 0.0E+00 0.0E+00 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05 4.8E+05
OuterBasin water F_bal_out
OuterBasin water F_bti F_bal_out - F_bal_in 0.0E+00 0.0E+00 0.0E+( 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin water F_bto F_tpi + F_bti + F_upi + F_dni 4.5E+10 5.6E+06 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin water F_dni F_tpo + F_bto + F_upo + F_dno 4.5E+10 5.6E+06 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin water F_dno if(time < Outerbasin.t_aqu, Outerbasin.upper_regolith.F_tpo, 0.0) 0.0E+00 0.0E+00 0.0F 0.0E+00 0.0E+00 0.0E+00
OuterBasin water F_tpi
OuterBasin water F_tpo F_dno - (F_tpi - F_tpo) 4.1E+09 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin  water F_upi mﬁﬁmm mwssm%mms.rmmy Innerbasin.A_obj*(1/tau_wat_ret - Innerbasin.v_geo - (Ppt - 41E+09  1.6E+06 | 0.0F+( 3+00 | 0.0E+00 0.0E+00
OuterBasin water F_upo if(time < Outerbasin.t_aqu, Ppt*Outerbasin.A_obj, 0.0) 5.6E+06 5.6E+06 0.0E+( +00 0.0E+00 0.0E+00
OuterBasin F_intercept | if(time < Outerbasin.t_aqu, ETp*Outerbasin.A_obj, 0.0) 4.0E+06  4.0E+06 0.0E+00 0.0E+00 0.0E+00 0.0E+00
OuterBasin Firri mﬁqﬂmm m% uterbasin.t_sea, Outerbasin.A_obj"(l/tau_wat_ret - Outerbasinv_geo - (Ppt- | 41,55 g0g+00 | 005 0.0E+00 | 0.0E+00 0.0E+00  0.0E+00

57

22

SSM 2015



Table 8. Solid material fluxes (kg year) and their parameterisation (non-zero fluxes only).
Mass transfers are set to dynamic equilibrium at the bed sediment of aquatic systems,
sedimentation and resuspension rates are set equal. Accumulation of organic material
during lake and wetland periods is assumed to be atmospheric carbon via vegetation
that is not included in the dynamic transport model.

Parameter expression
Central water M_bti CentralBasin.sed_uh;)(:)i’?:iee:tfaelr;::ilr?.aAs_iggj_,E:fg),
water M_bto CentralBasin‘sed_r:];((tzll:;i:tfaelgta::ilr?.aAs_lzgj_,?g),
Uppe.r M_tpi if(time < CentralBasin.t_aqu,
regolith - CentralBasin.water.M_bto, 0.0)
Uppe'r M_tpo if(time < CentralBasin.t_aqu, CentralBasin.water.M_bti,
regolith - 0.0)
Inner Water M_bti InnerBasin.sed_L:fp(:)l’r‘Tr?nzIrrl;gi;':aAs_lzgj_,a:)?;)'
Water M_bto InnerBasin.sed_r:];((tili\?:nz:g::ir:is_lggj_,?g)l
Upper . if(time < InnerBasin.t_aqu, InnerBasin.water.M_bto,
regolith M_tpi 0.0)
:JeZ‘;Ti;h M_tpo if(time < InnerBasin.t_aqu, InnerBasin.water.M_bti, 0.0)
Outer Water M_bti OuterBasin.sed_t:gs:](:u:e?;::;:islz-I;Ej_,aoc.l(l;;
Water M_bto OuterBasin.sed_rllzsrc;eu:e?;:ir:is_lg-l:j_j)c.]gi
Uppe.r M_tpi if(time < OuterBasin.t_aqu, OuterBasin.water.M_bto,
regolith - 0.0)
Uppe.r M_tpo if(time < OuterBasin.t_aqu, OuterBasin.water.M_bti,
regolith - 0.0)
Outer Inner Central
t>=
Parameter t<t aqu t<t aqu t<t aqu t aqu
Central water M_bti 3.0E+03 3.0E+03 3.0E+03
water M_bto 3.0E+03 3.0E+03 3.0E+03
Upper regolith | M_tpi 3.0E+03 3.0E+03 3.0E+03
Upper regolith | M_tpo 3.0E+03 3.0E+03 3.0E+03
Inner Water M_bti 3.0E+04 3.0E+04
Water M_bto 3.0E+04 3.0E+04
Upper regolith | M_tpi 3.0E+04 3.0E+04
Upper regolith | M_tpo 3.0E+04 3.0E+04
Outer water M_bti 3.0E+05
water M_bto 3.0E+05
Upper regolith | M_tpi 3.0E+05
Upper regolith | M_tpo 3.0E+05
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Table 9. Sampled radionuclide specific parameters in the sensitivity analysis. Reference
case and geometric means values modified from report TR-10-07 (Nordén et al., 2010).

Radio-

Parameter nuclide RC Distribution GM GSD

kq inorganic material 73Se 2.20E-02 lognormal 2.20E-02 2.6
m3 kg %Nb 1.90E+00 1.90E+00 53
TR-10-07 Table 3-1 129) 7.10E-03 7.10E-03 5.1
226R3 7.30E+00 7.30E+00 2.2

210pg 2.10E-01 1.90E-01 5.0

210pp 7.70E+00 7.70E+00 5.4

kgq organic material Se-79 5.30E-01 lognormal 2.30E-01 3.8
m? kg! Nb-94 4.00E+01 4.00E+01 3.8
TR-10-07 Table 3-2 1-129 7.10E-01 2.40E-01 7.6
Ra-226 2.30E+00 2.30E+00 2.1

Po-210  6.60E+00 6.60E+00 5.0

Pb-210 4.30E+01 2.80E+01 5.8

kg marine ecosystems Se-79 3.40E+00 lognormal 3.40E+00 16
m? kg! Nb-94 2.00E+02 2.00E+02 4.7
TR-10-07 Table 3-3 1-129 3.30E+00 3.30E+00 2.1
Ra-226 4.00E+00 4.00E+00 3.1

Po-210 2.00E+04 2.00E+04 3.2

Pb-210 2.50E+02 2.50E+02 2.7

kq freshwater ecosys- Se-79  8.40E+00  lognormal  8.40E+00 2.1

tems
m? kg! Nb-94 2.30E+02 2.30E+02 3.2
TR-10-07 Table 3-4 1-129 1.00E+01 1.00E+01 3.7
Ra-226 7.40E+00 7.40E+00 3.1
Po-210 1.00E+01 1.00E+01 3.2
Pb-210 5.40E+02 5.40E+02 2.9
Radio-
Parameter nuclide RC Distribution GM GSD
CR game Se-79 4.31E+01 lognormal 2.11E+01 1.2
kg dw kg* dw Nb-94 4.57E-01 2.33E-01 34
TR-10-07 Table 4-10 1-129 2.16E+00 7.48E-01 13
Ra-226 8.54E-01 4.09E-01 1.1
Po-210 4.14E+01 2.11E+01 5.5
Pb-210 8.11E-02 4.14E-02 5.5
CR B35:B106natural Se-79 2.24E+01 lognormal 6.12E+00 2.4
kg dw kg dw Nb-94 2.04E-03 2.04E-03 3.5
TR-10-07 Table 4-2 1-129 2.86E-01 4.39E-01 4.8
Ra-226 7.14E-02 7.14E-02 4.6
Po-210 1.22E-01 1.22E-01 4.2
Pb-210 1.07E-02 1.07E-02 2.4
CR mush Se-79 2.02E+01 lognormal 5.52E+00 24
kg dw kg dw Nb-94 1.84E-03 1.84E-03 3.5
TR-10-07 Table 4-6 1-129 3.08E-02 3.08E-02 2.3
Ra-226 2.71E+00 2.71E+00 4.6
Po-210 1.10E-01 1.10E-01 4.2
Pb-210 1.20E-02 1.20E-02 2.4
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Table 9. Sampled radionuclide specific parameters in the sensitivity analysis. Reference
case and geometric means values modified from report TR-10-07 (Nordén et al., 2010).
(Continued.)

Radio-
Parameter nuclide RC Distribution GM GSD
CR pasture 79Se 2.24E+01 lognormal 6.12E+00 2.4
kg dw kgt dw %Nb 2.04E-03 2.04E-03 3.5
TR-10-07 Table 4-2 129) 2.86E-01 4.39E-01 4.8
226Ra 7.14E-02 7.14E-02 4.6
210pg 1.22E-01 1.22E-01 4.2
210pp 1.07E-02 1.07E-02 2.4
CR cereal 79Se 2.27E+01 lognormal 5.78E+00 2.4
kg dw kgt dw %Nb 1.38E-02 7.11E-03 1.9
TR-10-07 Table 4-3 129 1.16E-01 1.16E-01 3.2
226Ra 1.69E-02 1.69E-02 12.0
210pg 2.36E-04 2.36E-04 1.01
210pp 1.11E-02 1.11E-02 3.6
CR root 79Se 1.99E+01 lognormal 5.61E+00 2.4
kg dw kg dw 9Nb 4.18E-03 4.18E-03 14
TR-10-07 Table 4-4 129 1.02E-01 1.02E-01 14
226Ra 1.02E-02 1.02E-02 6.8
210pg 2.81E-03 2.81E-03 5.8
210pp 1.58E-03 1.58E-03 7.4
CR veg 73Se 3.42E+01 lognormal 9.18E+00 24
kg dw kg dw 9Nb 2.14E-02 2.14E-02 1.3
TR-10-07 Table 4-5 129 3.11E-01 3.11E-01 3.7
226Ra 1.38E-01 1.38E-01 6.7
210pg 1.12E-02 1.12E-02 6.9
210pf 1.22E-01 1.22E-01 13
TF milk 79Se 4.00E-03 lognormal 4.00E-03 1.8
day kg* fw 9Nb 4.10E-07 4.10E-07 5.8
TR-10-07 Table 4-7 129| 5.40E-03 5.40E-03 2.9
226Ra 3.80E-04 3.80E-04 2.0
210pg 2.10E-04 2.10E-04 1.4
210pf 1.90E-04 1.90E-04 3.7
TF meat 79Se 1.50E-02 lognormal 1.40E-03 3.9
day kg' fw %Nb 2.60E-07 2.60E-07 7.9
TR-10-07 Table 4-8 129| 6.70E-03 6.70E-03 2.1
226Ra 1.70E-03 1.70E-03 7.9
210pg 5.00E-03 1.70E-03 1.7
210pp 7.00E-04 7.00E-04 1.7
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Table 9. Sampled radionuclide specific parameters in the sensitivity analysis. Reference
case and geometric means values modified from report TR-10-07 (Nordén et al., 2010).
(Continued.)

Radio-
Parameter nuclide RC Distribution GM GSD
CR fish (marine) 79Se 2.16E+01 lognormal 2.16E+01 19
kg dw kgt dw %Nb 7.65E-02 7.65E-02 2.1
TR-10-07 Table 5-10 129) 4.95E-02 4,95E-02 2.1
226Ra 3.29E-01 3.29E-01 3.1
210pg 8.55E+00 8.55E+00 2.0
210pp 2.12E-01 2.12E-01 6.1
CR crustacea 79Se 1.66E+01 lognormal 1.66E+01 1.2
kg dw kgt dw %Nb 2.81E+00 2.81E+00 2.3
TR-10-07 Table 5-5 129 6.48E-01 6.48E-01 3.5
226Ra 8.64E-02 4.32E+00 1.5
210pg 4.32E+01 4.32E+01 1.2
210pp 1.66E+01 1.66E+01 4.6
CR fish freshwater 79Se 1.50E+01 lognormal 1.50E+01 2.9
kg dw kg dw 9Nb 9.68E-02 9.68E-02 7.3
TR-10-07 Table 5-6 129 1.32E-01 1.32E-01 2.8
226Ra 2.55E-02 8.36E-02 5.5
210pg 8.80E-01 8.80E-01 2.1
210pp 1.19E-01 1.19E-01 2.9

Table 10. Characteristics of the compartments in the modules of the basin. Data are mod-
ified from TR-10-01 (L6fgren, 2010) and TR-10-02 (Aquilonius (2010). Other parameters
are assumed for GEMA-Site on the basis of the analysis in Klos (2015).

Name Unit Value PDF Min Max Reference
A |
rea Ce;:;an m? 100000  uniform  5.0E+03 1.0E+05  assumed
Area Ibnar;?r: m? 1000000  uniform  1.0E+03  1.0E+06 assumed
Area ?}::'r: m? 10000000 uniform 1.0E+04 1.0E407  assumed
i i- TR-10-01
porosity agr m3 m3 0.81 uniform 0.77 0.85 0-01,
cultural soil p337
porosity gla- 5 15 0.64  uniform  0.55 075 101002
cial clay p388
-10-01
porosity peat  m3m-3 0.89 uniform 0.76 0.95 TRpgg,go !
TR-10-02
N 3.3 . ’
porosity till  m3m 0.21 uniform 0.18 0.27 0389
gouter - 0.697202  uniform 0.2 0.5 assumed
agri :
Py - 0.740741  uniform 0.5 0.95 assumed
f - 0.932812  uniform 0.4 0.6 assumed
Pty year 19000 uniform 11200 20000 assumed
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The Swedish Radiation Safety Authority has a
comprehensive responsibility to ensure that society

is safe from the effects of radiation. The Authority
works to achieve radiation safetyin a number of areas:
nuclear power, medical care as well as commercial
products and services. The Authority also works to
achieve protection from natural radiationand to
increase the level of radiation safety internationally.

The Swedish Radiation Safety Authority works
proactively and preventively to protect people and the
environment from the harmful effects of radiation,
now andin the future. The Authority issues regulations
and supervises compliance, while also supporting
research, providing training and information, and
issuing advice. Often, activities involving radiation
require licences issued by the Authority. The Swedish
Radiation Safety Authority maintains emergency
preparedness around the clock with the aim of

limiting the aftermath of radiation accidents and the
unintentional spreading of radioactive substances. The
Authority participatesininternational co-operation
inorder to promote radiation safety and finances
projects aiming to raise the level of radiation safetyin
certain Eastern European countries.

The Authority reports to the Ministry of the
Environment and has around 300 employees

with competenciesin the fields of engineering,

natural and behavioural sciences, law, economics

and communications. We have received quality,
environmental and working environment certification.

Stralsakerhetsmyndigheten
Swedish Radiation Safety Authority

SE-17116 Stockholm Tel: +46 87994000
Solna strandvég 96 Fax:+4687994010

E-mail: registrator@ssm.se
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